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ABSTRACT

Currently, the design of Reinforced Concrete (RC) walled type structures such as RC
containments in nuclear power plants (NPPs), offshore oil platforms, and other industrial facilities
are designed following the Element-by-Element Level (ELD) technique. In this technique, the
walls are not considered as single isolated units, and different portions (or sections) of the walls,
which will be referred in this document as RC panels, need to be designed. As commonly accepted,
the design demands of RC panels are a combination of in-plane and out-of-plane forces/moments,
which interact simultaneously. The ACI 349 and the ACI 318.2-19, do not provide a clear design
guideline for the design of RC panels, and for this reason, a new design approach based on the
design concepts and formulations of these ACI codes will be proposed and developed in this
thesis. The results of this ACI-Panel-Based-Design-Approach (PACI) will be verified by using
experimental data of twenty-one RC panels subjected to different combinations of in-plane and
out-of-plane forces. The results from the PACI approach —represented in the suggested
reinforcement areas, and in the estimated nominal capacities of the panels resulting after
introducing those suggested reinforcement areas into calibrated numerical models developed in
Abaqus and/or Shell 2000— will be compared against the experimental results. These results will
also be compared against the results of the more sophisticated “sandwich” model approach
applicable for RC shells (or panels) proposed by the Eurocode. Finally, after designing a critical
panel of a typical Steel Composite (SC) RP-1000 power plant, the applicability of the PACI design

approach will be verified for use in industrial applications.

Keywords: RC panels, Industrial facilities, non-linear analysis, in-plane and out-of-plane
forces interaction, ABAQUS.
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1. INTRODUCTION

1.1 Statement

Industrial facilities, such as nuclear power plants and offshore oil platforms among others,
are characterized as having interconnected Reinforced Concrete (RC) walls forming a labyrinth
shape as show in figure 1.1a. According to Coronado C. et al. (2014), the most accurate technique
for the design of these facilities is known as the Element Level Technique with Membrane force
Interaction (ELE-MFI). In this technique, the walls are not treated as single and/or isolated
structural entities as usually done in conventional buildings. Instead, different sections (or
portions) of the walls are designed according to the variations of the internal design demands (or
stresses) displayed by a 2D or 3D finite element shell numerical model as shown in Figure 1.1b.
In 2D or 3D models with shell elements, the internal design demands for the design of the panels
is a set of eight internal demands which act simultaneously as shown in Figure 1.1b. These internal
demands are classified as: three in-plane or membrane forces (Nx, Ny and Nyy); three out-of-plate
forces or bending moments (Mx, My and Myy); and two out-of-plate shear forces (vx; and vyz). One
of the virtues of the ELE-MFI technique is that it considers the interaction between the in-plane
and the out-of-plate forces.

Lateral

Displ. (mm) 3 Plate Forces

3 In-Plane Forces

1.1a Example of a “Labyrinth” 1.1b Set of Internal design demand for RC panels or
Industrial Facility. shells extracted from a 3D finite element model.

Figure 1.1. Example of a “Labyrinth” Industrial Facility and internal demands of RC shells

The American Concrete Institute (ACI) codes (the ACI-318.2-19 and the ACI-349) provide
very clear design guidelines either for the design of “stick” reinforced concrete (RC) members
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such as beam and columns or for RC walls in residential buildings. However, these codes do not
provide a clear design guideline for RC shells or panels, in which the interaction between the
in-plane and the out-of-plane forces must be considered. Even the ACI-349 code, which is
devoted to the design of safety-related facilities in which the use of RC shells is more frequent
than in conventional buildings, does not present an explicit design procedure for these types of
elements. In fact, the first commentary of chapter 19 of the ACI-349 immediately refers to the
ACI-318.2-19 code, which is devoted to the design of thin RC shells applicable in conventional
buildings. In turn, the ACI-318.2-19 alludes to chapters 10 and 11 of the generic ACI 318-19 for
the design of RC members subjected to bending moments and axial forces, and shear and torsion,
respectively. In other words, both, the ACI 318.2 and the ACI 349 are dependent codes of the
generic ACI 318-19 code. It must be stressed, however, that the design procedures in chapters 10
and 11 of the ACI 318-19 code are mainly intended for “stick” elements, which are subjected to
no more than two or three internal demands, but not for shells, which are subjected to eight internal
demands as previously explained. It is important to clarify that the ACI 318.2-19 used to be part
of the generic ACI 318-19 codes until the ACI-318-11 version, and it was located in chapter 19.
From the ACI 318-14 version onwards, the ACI committee removed this chapter and created the
dependent ACI 318.2-19 code, which is devoted to the design of thin RC shells for conventional
buildings.

Some previous researchers have also emphasized the need of a design guideline for RC shells
in the American codes. For example, Coronado et al. (2009), who estimated the required
reinforcement ratios for a heat sink reservoir tank in a nuclear facility by considering different
seismic analysis and different design methods for RC walls, declared that the ACI-349 does not
advise how to consider the interaction between the in-plane and the out-of-plane forces/moments
during the design stage. Coronado et al (2009), explained the three more popular design methods
followed by the designers used in the consulting field (in absence of a clear design guideline) for

the design of RC walls.

e The first method is the Standard Method, which is the simpler but has two very coarse
considerations. First, the walls are treated as global (or isolated) structural members

disconnected from other walls, which is far from reality, especially in industrial facilities.
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Second, only the in-plane axial and bending moment interaction (P-M) is considered,
neglecting thus, the effect of the out-of-plane forces are during the design.

e The second is the Element Level Design method (ELM) in which the walls are not treated
as global units as in the case for “stick” elements. In the ELM method, different sections
(or portions) of the walls are designed using section cuts. In addition of the conventional
P-M interaction, some interaction between the axial forces and the out-of-plate forces is
considered.

e The third method, the Element Level Design Method with Membrane force Interaction
(ELE-MFI) is deemed the most accurate because it considers all the internal force as
displayed by the FEM similar to shells. Full interaction between the in-plane forces and
the out-of-plane forces is considered in this method.

It is important to highlight that either due to ignorance, or for the sake of simplicity, there is
an imminent risk of unsafe designs if the interaction between the in-plane and the out-of-plane
forces is not considered during the design of the shells. According to Adebar and Collins (1994),
disregarding the effect of the out-of-plane shear during the design of RC shells could lead either
to conservative or unsafe results. Coronado et al. (2009), used the Shell-2000 software, which was
developed by Bentz (2000), to estimate the required reinforcement areas in the that critical panel
of the reservoir tank. The Shell-2000 software is based on the Modified Compression Field Theory
(MCFT) proposed by Vecchio and Collins (1986). Bentz (2000) showed the capability of Shell-
2000 by reproducing numerically the capacities (load vs deformation) curves of the RC panels
tested by Kirschner (1986) and Kirschner and Collins (1986) and by Adebar and Collins (1994) as
well. It must be highlighted that the reinforcement in Shell-2000 must be estimated by a trial
and error process, until the set of the eight nominal capacities of the panels become equal to or

greater than the eight internal demands. Shell-2000 will be extensively used in this thesis.

While Coronado et al. (2009) condemned the lack of a design approach for the design of
RC walls in industrial facilities (in which if properly designed walls must be treated as shells)
Rahimian (2017) did the same for the ACI 318-14. It is significant to recall that the procedure for
the design of RC thin shells used to be included in the ACI-318-14 and previous versions. Starting
from the ACI 318-19 version, the ACI committee removed the design procedure for RC thins shells
from the generic ACI 318-14 and created the dependent ACI 318.2-19 code. This ACI 318.2-19
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code, it is important to clarify, only deals with the design of RC thin shells. Rahimian (2017) said
that the ACI-318-14, currently referring to the ACI 318.2-19, does not present any design criteria
for the design of RC shells subjected to membrane actions. It is worthy to mention that a membrane
element, which is subjected to only three internal in-plane forces, is a special case of a shell
element. Rahimian (2017) developed a method to design RC membranes using the familiar
concepts of the Modified Compression Field Theory (MCFT) proposed by Vecchio and Collins
(1986) and the rotating angle field theory (RA-STM). The Rahimian method consists of building
a capacity stress interaction diagram in function of the principal stresses (o1 and o2) of the panels.
If the principal stress demand acting on the RC membrane element, represented by the two
principal stresses remains inside this capacity principal stress diagram, the design will be
considered satisfactory. This method, like the Shell-2000 software, requires of an initial guess of
the amount of reinforcement in the panels in order to generate the capacity interaction diagram.
Also, it is important to highlight that the Rahimiain method is only applicable for membrane
elements, which are only subjected to in-plane forces, and not for shell elements which are

subjected to in-plane and out-of-plane forces simultaneously.

The British Standards Institution (2004) or Eurocode-2 (2004), contrary to the ACI codes,
does provide a very complete design approach for the design of RC shells. This approach, known
as the “Sandwich” model, follows a very rigorous design procedure based on mechanics and
plasticity concepts of reinforced concrete. This sandwich model approach will be referred in this
document as the EC2 design approach. One of the main features of the EC2 approach is that it
considers the interaction between the in-plane and the out-of-plane forces for the estimation of the
reinforcement of the panels. Nevertheless, such rigorous design procedure can be complicated, and
therefore, difficult to implement at industrial level. Blaauwendraad (2010) used the experiments
of Kirscher and Collins (1986) and Marti et al (1987) to validate the results of the EC2 approach

with satisfactory results, although he also warned about its limitations.

This thesis, therefore, will present a simplified approach (or guideline) for the design of RC
shells which will be entirely based in the ACI 318.2-19 and the ACI 349 codes. This approach will
be referred in here as the ACI-Panel-Based-Design (PACI) approach. The three main features of
this PACI approach are:
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1. It will meet the requirements for the estimation of steel reinforcement in RC shells
stipulated in chapter 6 of the ACI 318.2-19, and in chapter 19 of the ACI 349 codes;

2. It will consider the interaction between the in-plane and the out-of-plane forces/moments
similarly to the “sandwich” model approach proposed by the Eurocode-2, although in a
more simplified way;

3. Contrary to the Rahimian method and to the Shell-2000 software as well, it will not require
an initial guess (or assumption) of the amount of required reinforcement. Instead, it will
directly compute the required reinforcement areas of the panels as a function of the internal

design demands.

The PACI approach is intended for daily design applications in the consulting field. The results
of the PACI approach will be validated by comparing them against experimental data and against
the results of the more rigorous EC2 sandwich model approach. Specifically, the results to validate
are: (a) the areas of reinforcement (or reinforcement ratios) suggested by the approach; and (b) the
estimated numerical capacities of the panels after introducing those suggested reinforcement areas.
These capacities are calculated using calibrated numerical models developed in Membrane-2000,
Shell-2000 and/or Abaqus. In addition, the applicability of the PACI approach will be evaluated
by designing a panel using actual design demands from a typical RP-1000 nuclear power plant

model.

To provide an overall view of this research, this document has been organized into eight
chapters as follows: Chapter 1 introduces the research along with its motivation and primary goals;
chapter 2 provides the theoretical background of the research such the explanation of the EC2
sandwich model approach, and the theoretical development of the non-linear numerical models;
chapter 3 is devoted to the development and explanation of the PACI design approach, which is
the main intellectual contribution of this thesis; chapter 4 gives the methodology of this research,
which explains how the main the goal and the objectives of this investigation were reached; chapter
5 deals with the simulation and calibration of the numerical models developed in Shell-2000,
Membrane-2000 and Abaqus (Dassault Systemes Simulia Corp. 2013); chapter 6 focuses on the
validation of the PACI approach against experimental data and the results of the EC2 design

approach; chapter 7 is devoted to the application of the PACI and the EC2 design approaches in

21



industrial applications; and finally, chapter 8 summarizes the most important contributions and

conclusions of this research.

1.2 Motivation and Research Need

The motivation behind this research can be explained by highlighting the three main

contributions associated with it:

(1) The development of a simplified yet safe design approach for RC panels based on the
concepts and formulations of the ACI 349 and/or the ACI 318.2-19;

(2) The exploration of the more rigorous “Sandwich” model design approach for RC panels

proposed by the Eurocode for industrial applications;

(3) The development and calibration of non-linear models of RC panels subjected to in-plane
and out-of-plane demand forces in finite element analysis software (like Abaqus), which are

limited in the literature.

1.2.1 Development of the ACI-Panel-Based-Design-Approach (PACI)

The lack of a design approach for RC walls (or panels) in industrial facilities, usually
produces non-optimal or conservative designs, which in turn, not only generate elevated and
unnecessary costs, but also construction issues such as reinforcement congestion. The
conservatism in these facilities can be demonstrated by both experimental evidence, and in-field-
background evidence. Regarding experimental evidence, early, Farrar et al., (1993) confirms this
conservatism by arguing that as a consequence of their heavy (massive) construction, RC walls in
nuclear facilities typically have very large seismic capacities regarding its seismic demands. More
recently, Prabir et al (2013) also confirmed this perception after analyzing the results from the
CAMUS experiment in 1990 in which a five-story 1/3 scale RC shear building was subjected to
near-field ground motions. Labbé et al. (2016) also pointed out the seismic margin design of squat
walls, which have similar features to walls existing in nuclear facilities. They found that this
margin in design is highly dependent of the frequency content of the signal; and they conclude that
when the frequency content of the input is relatively higher than the natural frequency of the wall,

the seismic margin increases.

22



With respect to in-field feedback, the conservatism in the design can also be corroborated
with the good seismic performance of the TEPCO Kashiwazaki-Kariwa Nuclear plant in Japan.
This nuclear facility only experienced minor cracks in the structural walls, even when the actual
seismic demand (in terms of acceleration) was almost 5 times the expected acceleration design
demands (IAEA 2011). Similarly, the apparent good performance of the Fukushima Daiichi
Nuclear Power Plant, after the great East Japan Earthquake in 2010, also demonstrate this excess
of conservatism. This same feedback of conservatism has been also experienced in the US. In
2011, the North Anna Power plant (VA) was struck by an earthquake that exceeded its design
capacity. Despite this, the plant did not suffer structural damage. Reitenbach and Hylko (2015)
stated that according to engineering analysis: “the structure could have withstood a quake well
above that experienced”. It is also important to highlight that the lack of design guideline (or of a
design approach) for RC panels might not only produce conservative but also un-conservative
designs. Adebar and Collins (1994), referring to the design of RC shells in offshore platforms,
stated for example that not considering the effect of the out-of-plane shear for the design of RC

panels can lead either conservative or un-safe results.

Therefore, the statement of this project can be condensed to the following question: Would
it be possible to improve and optimize the design of RC panels in industrial facilities by developing
a consistent design approach capable of accounting for the interaction between the in-plane and
out-of-plane force demands, while remaining rooted in the ACI 349 and/or the ACI 318.2-19
concepts and formulations? One way to tackle this problem, and a possible answer to the statement
question, is to develop a more consistent and efficient design approach capable of accounting for
the effects of simultaneous in-plane and out-of-plane forces on the capacity of the panels. The
main contribution of this research project is the development of a design approach based on the
ACI 349-13 and the ACI 318.2-19 assumptions and recommendations. This design approach will
be named in this document as the American Concrete Institute Panel-Based-Design-Approach
(PACI).
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1.2.2 Exploration of the Eurocode “Sandwich” Model Approach (EC2) in industrial
facilities.

Another motivation of this research is to evaluate the safety of the EC2 sandwich model
design approach when it is applied in industrial facilities. It must be mentioned that the EC2 design
approach was developed for bridge applications and not for industrial facilities. In addition, being
aware that applying the design methodology of this sandwich model can be difficult to
implement in a day-to-day design basis; this thesis will develop an easy flow-chart design
guideline, and provide explanations to help understand some concepts and assumptions behind the
approach. This flow-chart will facilitate the implementation of the EC2 approach in the consulting
field. The reliability of the PACI design approach will be compared against this more rigorous
shell mechanics-based design approach proposed by the Eurocode, which will be referred in this
document as the EC2 sandwich model approach. The results of this sandwich model approach,
which applies cracking criteria, and accounts for the principal stresses and directions to estimate
the in-plane reinforcement of the panels, will be taken as the reference values to validate the results

the proposed PACI design approach.

The development of the PACI design approach and the exploration of the EC2 design
approach will be useful to reduce the level of conservatism in the design of RC panels in industrial
facilities, helping thus, to mitigate the environmental impact. Reduction in the consumption of
concrete, as the primary material in industrial facilities, and steel reinforcement are vital in order
to keep the competitiveness in the sector, and to mitigate the carbon dioxide (CO2) gas emission
to the environment. According to Yazdani et al. (2017), concrete is the most utilized construction
material and the second most consumed material after water. Yazdani et al. (2017) also states that
by optimizing the design of RC structures, the environmental impact could be mitigated, and it

will also promote environmental sustainability.

1.2.3 Development of numerical models of RC panels in Abaqus

Finally, as an important activity to validate the simplified design approach, non-linear
numerical models of RC panels will be developed in this thesis. Three software programs will be
used for the development of the numerical models: Membrane-2000, Shell 2000 and

Abaqus.  Shell-2000 and Membrane-2000 are sectional analysis (not finite
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element) software programs which have been widely implemented for the design and verification
of RC shells. In contrast, there are limited studies using Abaqus for the modeling of RC panels.
The numerical models are calibrated against experimental responses of RC tests panels subjected
to in-plane and out-of-plane forces. These numerical models should be able to reproduce the
capacity curves as well as to predict the damage progression and failure mode of the panels. The
development of these calibrated numerical models will be essential to corroborate if the areas of
reinforcement suggested by the PACI and the EC2 design approaches are enough to satisfy the
corresponding design demands of the panels.

Abaqus has gained a lot of popularity for the modeling of RC members. Just in this last
decade, several works devoted to the modeling of columns, beams, walls and slabs of reinforced
concrete members can be found in the literature. For example, Charalambidi et al. (2012) analyzed
the response of RC columns for different levels of confinement provided with FRP jacketing. Zeng
(2017) also developed numerical models in Abaqus to analyze the response of RC columns with
different levels of conventional transverse confinement. Xu and Zhang (2017) simulated the
response of RC columns subjected to axial and cyclic lateral load proposing and axial-shear-
flexural interaction scheme by which they successfully captured the pinching effect in the
hysteresis loops during the test. Khani et al. (2018) also modeled the response of RC columns

strengthened with Steel Fiber Reinforced Polymer (SFRP) but subjected to earthquake records.

Like for columns, there are also several studies focused on the modeling of RC beams in
Abaqus. Ahmed (2014), for instance, simulated the response of RC beams subjected to impact
loads. Demir et al (2016) modeled the non-linear static behavior (push over) of RC deep beams.
Alrazi et al (2017) simulated the loading-unloading-reloading pattern for two flexural RC
beams loaded at four points along its length. Emtiaz et al (2017), on the other hand, simulated the
response of a typical slab-column connection in order to predict their seismic capacity and propose
design recommendations. Regarding RC walls, Raseta et al (2018) performed a comparative
analysis in the non-linear static response (or pushover) of RC walls using Abaqus and Open Sees.
Gebreyohaness et al (2012) simulated the response of non-ductile RC walls with low
reinforcement ratio with boundary elements. Li et al (2017) simulated the dynamic response in
terms of peak accelerations and maximum displacement for different records of a three-story

superimposed shear RC wall. Kezmane et al (2016) simulated the response of a RC squat wall
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strengthened with FRP composite material. Finally, Sengupta and Li (2016), who developed
seismic fragility curves for the assessment of light reinforced concrete walls, also used Abaqus to

predict the hysteretic behavior of the walls.

As can be seen, at least to the best knowledge of the author of this thesis, there is not much
research focused on the modeling of RC shells, or more specifically RC panels in Abaqus. Perhaps
one of the few works involving RC panels is the recent research of Ren et al (2015), who tested
six RC hybrid panels reinforced with CFRP tendons and uncoated steel tendons, subjected
to quasi-static linear load applied along the panels. Ren et al (2015) modeled the experimental
response of their panels (force vs displacement) also using the CDP model in Abaqus. Therefore,
one of the main contributions of this research is the development of numerical models in Abaqus
capable of reproducing and/or predicting the non-linear static response of RC panels subjected to
different load combinations. Moreover, all the research briefly described had two features in
common. First, all of them used 3D solid finite elements, and second, they only used the well-
known Concrete Damage Plasticity (CDP) model. The numerical models in this research will be
developed using Layers Composite Shell (LCS), instead of the conventional 3D solid models, in
order to demonstrate their accuracy and efficiency in computational cost. In addition, not only the
CDP concrete model will be explored in this thesis, but also the other concrete models available
in Abaqus which are the Smeared Cracked (SMC) model, and the Brittle Failure Cracking (BFC)
model.

In contrast to the small amount of research available in the literature devoted to the modeling
of RC panels -especially in Abaqus- there is a significant amount of experimental work devoted to
the testing of RC panels. Among those experimental research that will be analyzed in here, which
will be vital for the fulfilment of the main goal of this thesis are: the research of Kirscher (1986)
and Kirscher and Collins (1986), who tested RC subjected to in-plane shear and/or bending
moment; the research of Vecchio and Collins (1982) who tested RC panels subjected to in-plane
shear and in-plane tensile forces; the research of Polack and Vecchio (1994) who tested RC panels
subjected to axial loads and out-of-plate bending moment; the research of Belarbi and Hsu (1995)
who tested panels subjected to axial tension and compression forces; the research of Marti et al.
(1987) who tested panels subjected to twisting moment only; and the research of Adebar (1989)
and Adebar and Collins (1994) who tested RC panels subjected to the combined actions of out-of-
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plate shear and its associated bending moments plus in-plane shear. These experimental works are
crucial for the development of this thesis, and the modeling and calibration of the panels are one
of the main objectives of this research. The calibration on the experimental response of these RC
panels will be used to validate the results, not only of the PACI approach, but also of the EC2
approach. There has been other research that is worthy to mention such as Mansour and Hsu (2005)
and Ohmori et al (1989) who tested RC panels subjected to cyclic in-plane shear, although they
will not be included in the panels to analyze.

1.3 Goal

The primary goal of this research is to develop a comprehensive design approach for
reinforced concrete (RC) panels or walls (used in industrial facilities) that account for the
fundamental behavior / mechanics of RC wall panels subjected to combined in-plane and out-of-
plane forces / moments. This is a fundamental contribution because the current ACI codes do not
include design approaches or methods that directly account for the fundamental behavior and
effects of combined in-plane and out-of-plane forces. The design approach will be expressed in
terms of the modifications to the traditional reinforced concrete design methods and approaches
expressed in ACI 349, and used extensively in the United States and abroad, and therefore will be
referred to in this study as the ACI-Panel-Based-Design Approach (PACI). The comprehensive
design method / approach is expected to optimize the design of RC walls in safety-related nuclear
facilities; however, this remains to be evaluated as part of the research.

1.4 Objectives

To develop a comprehensive design approach for reinforced concrete (RC) wall panels
subjected to combined in-plane (membrane) and out-of-plane (plate) forces/moment demands
while accounting for fundamental behavior, mechanics, prior research, and the traditional RC
design approaches (for individual force demands) provided in ACI 349. It will be referred to in
this study as the ACI-Panel-Based -Design-Approach (PACI).

To validate the results of the PACI approach by analyzing experimental results from twenty-
one RC panels tested under combine in-plane and out-of-plane forces. The results (in terms of

amount of reinforcement) obtained by the PACI approach will be compared against those provided
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during the experiment in order to evaluate the safety of the approach. The limitation of this
verification is that in most tests the whole set of eight (8) (in-plane and out-of-plane) demand

forces cannot be applied simultaneously because of set-up limitations.

To validate the results of the PACI design approach by comparing them against the results
of a more “rigorous” design approach proposed by the Eurocode 2, which is referred to in this
study as the Eurocode Design Approach (“EC2”). This comparison / evaluation will focus on the
amount of reinforcement required in the RC wall panels, when subjected to membrane and plate
forces. More optimized designs are expected from the “EC2” given the assumptions and design
simplifications used in the PACI approach, which will be rooted in the traditional RC design
approaches that are used for daily (regular) design in the industry.

To implement the PACI approach by using it in a more realistic design scenario using
analytical data. Analytical data here refers to the estimated design demands (including combined
in-plane and out-of-plane force / moment demands) obtained from the detailed finite element
analysis of a real nuclear power plant model. These sets of combined demands will be obtained
from the Design Control Document DCDs for NPPs (for example, AP1000(R), US-APWR(R),
etc.) published in the public domain. In contrast to experimental data, this analytical data will
provide the complete set of eight demands in wall panels. The RC wall panels (or simply panels)
will be designed for those analytical demands following the PACI approach as well as the EC2
approach. In this case, since there is no experimental data to compare with, the safety of the
approaches will be evaluated by conducting non-linear finite element analysis of those RC panels
using numerical models and tools such as Abaqus and/or Shell-2000.

1.5 Hypothesis

(1) A simple and safe design approach can be developed for RC wall panels subjected to
combinations of in-plane and out-of-plane force/moment demands. (2) Such a design approach can
be based on the current ACI design code principles and assumptions, while accounting for the
fundamental behavior and mechanics of RC wall panels subjected to combinations of force
demands. (3) The resulting design approach will be conservative with respect to results from
representative experiments, numerical simulations, and more complex / comprehensive design

approaches based on sandwich plate theory.
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2. LITERATURE REVIEW

This chapter focuses in the literature review of this thesis. The literature review has been
breaking down into three parts: a) the description and explanation of the Eurocode Sandwich
model approach (EC2) for the design of the RC panels; b) the theory required for the modeling
and non-linear analysis of the RC panels; and c) the description and limitations of the software
utilized for the modelling of the RC panels, Abaqus, Shell-2000 and Membrane-2000.

2.1 The Eurocode “Sandwich Model” Approach (EC2)

Sandwich model approaches for RC panels are not new, and they have been proposed before
over almost four decades ago. But before going into the history and development of the sandwich
models, it is convenient to have a global description of the approach and at least to understand
their basic assumptions. In the sandwich models, the RC panel is virtually divided in three layers:
Two outer layers, (top and bottom layers), and one inner (or central) layer as shown in Figure 2.1.
The main assumption for these models is that the outer layers will be only designed to resist
membrane forces produced by the combined action of the in-plane forces and the plate forces
(moments), while the inner layer will resist the out-of-plane shear forces only. Now, a brief history
about the development of the sandwich model methods can be given.

2.1.1 Historical Notes about the development of the Sandwich Models

One of the first sandwich models can be attributed to Gupta (1986). This model only
considered the actions of the in-plane forces (nx,ny, nNxy) and the plate forces (mx, my and myy),
whereas the and the out-of-plane shear forces (vy., vy,) were left out. Some years later, Marti (1991)
made possible the inclusion of these out-plane shears demands. Then, the work of Gupta (1986)
and Marti (1991) were compiled into the MC90 (1993) -CEB-FIP model code 1990 for concrete
structures- giving arising to the first standardized sandwich model procedure applicable for RC
panels. In spite that the MC90 sandwich dealt with both, the in-plane and the out-of-plane forces,
it had two remarkable two limitations: First, the model assumes an unique and averaged lever arm
for all reinforcement layers inside the panel. Second, Blaauwendraad (2010) stated that when

assembling the equilibrium equations, in order to estimate the required reinforcement areas, some

29



terms were missing -perhaps referring to the additional membrane forces that rises because of the
presence of transverse shear reinforcement when provided-. Because of these two limitations,
Blaauwendraad (2010) classified this model as basic sandwich model. Years later, the International
Federation for structural concrete, fib (2008), in its bulletin 45, also proposed other sandwich
model approach, capable of accounting with the additional membrane forces produced by the
presence of transverse shear reinforcement. Nevertheless, the approximation of a unique and/or

averaged lever arm between the reinforcement layers continued.

A more accurate three layer sandwich model was proposed by Lourenco and Figueiras
(1993) and (1995). This model was considered by Blaauwendraad (2010) as an advanced three-
layer sandwich model because the two limitations contained in the MC90 model, were considered
and removed. In contrast to the MC90 sandwich model approach, the Lourenco and Figueiras
model does not assume that the resultant internal forces in the concrete and in the reinforcement
coincides, eliminating the assumption of an unique lever arm. After setting internal equilibriums
equations the different lever arm distances are found through a iterative process, in which different
cases for reinforcement placement are considered: a) Reinforcement required in both faces, top
and bottom; b) reinforcement required in the top face only; c) reinforcement required in the bottom
face only; and d) reinforcement not required in either of the two faces. Each case follows its own
formulation to compute the amount of required reinforcement. Although finding in which case the
RC panels falls requires of the iterative process, the first iteration is usually enough to reach this
end. The detailed explanation about the implementation of this sandwich model is found in the

work of Lourenco and Figueiras (1993).

Recently, the Eurocode (EN 1992-:2:2005) also proposed a three-layer sandwich model.
This sandwich model will be named in here as the EC2 design sandwich model approach. The EC2
approach is based on principal stress and cracking criteria. As an advantage of the EC2 approach
regarding the Lourenco and Figueiras (1993) model, is that the EC2 approach does not required
any iteration to find out in what faces (or layers) the panels require reinforcement or not. For this
aim, the EC2 dictate if the layers require reinforcement by applying the cracking criteria based on
plasticity theory for concrete materials. Blaauwendraad (2010), classified the EC2 sandwich model
approach as basic sandwich model. However, it must be noticed that in this sandwich model, the
designer defines the level of sophistication for the design by choosing either a single averaged
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lever arm, or different lever arms for the typically four reinforcement layers. Similarly, this model
also provides a procedure to estimate the additional membrane forces acting in the outer layers,
when transverse shear reinforcement has been provided. In other words, the Eurocode Sandwich
model could be classified either as basic or advanced, depending on the desired level of

sophistication and/or accuracy required/preferred by the designer.

In this paper, it will be shown that even under the assumption of a unique lever arm for all
reinforcement layers inside the panel, the Eurocode Sandwich Model provides very satisfactory
results when compared against experimental data and after verifying with non-linear analysis. The
authors believe that the implementation of this approach will help to reduce the currently existing
high level in conservatism in the design of RC walls in industrial facilities. The conservatism,
mainly represented in elevated and unnecessary reinforcement ratios in RC walls, is good from a
safety perspective, but also haul problems such as congestion of reinforcement, and waste of
economic resources. In the author's opinion, the Eurocode Sandwich model, despite its theoretical
consistency and sophistication level, has not received been widely/fairly explored for industrial
applications, include those non-safety related nuclear facilities. For this reason and being one of
the main motivations of this paper, it intends to evaluate the suitability and accuracy of the

Eurocode sandwich model for RC panels in industrial/nuclear facilities.

2.1.2 General Description

The procedure of the Eurocode Design Approach (“EC2”) is described in the appendix LL
of the Eurocode 2 (2005). As shown in figure 2.1, the EC2 approach is known as the “Sandwich
Model”, because it divides the RC panel into three layers: the inner layer with thickness tc, and
two outer layers identified as the superior layer and the inferior layers with thicknesses ts and ti,
respectively. A flowchart for the application of the EC2 design approach is provided in Figure 2.2
As shown in Figure 2.2, the design procedure can be described in two design stages: stage 1, in
where the out-of-plane shear capacity of the inner layer is verified; and stage 2, in where the in-
plane reinforcement for the outer layers, as wells as for the inner layer when apply, is estimated

31



Stage 1: Design the Inner Layer
.,.

Axial Force (y)

"o Stage 2: Design the Outer Layers ®

Figure 2.1. Design Stages in the Eurocode Sandwich Model Approach

The flowchart in Figure 2.2 shows the step-by-step procedure to complete the two design
stages. In the first stage, the inner layer will be designed assuming that it will only resists the out-

of-plane shears forces (v,, and v,,). The main objective in this first stage consist in verify if the

inner layer is capable to resist the maximum out-of-plane shear demand (vg4,) by only considering
the contribution of the concrete. If the shear capacity of the inner layer, after only considering the
contribution of the concrete is not enough to resist the out-of-plane shear demand, then (TSHR)
needs to be provided. The procedure and explanation about how to estimate the required out-of-

plane shear reinforcement will be given in detail later.

In the second stage, the two outer layers will be designed as membrane elements, assuming
they will only resist membrane or in-plane forces. The in-plane forces are divided in in-plane axial
forces and in in-plane shear forces, which result from the combined effect of the six remaining
internal forces (nedx , Medy , MEdxy, Medx , Medy and Medxy). One of the main features of this EC2
sandwich model approach is the estimation of an effective thickness for the outer layers and for
the inner layer. The estimation of the thicknesses layers follow an iterative process that will be
described in detail in the next paragraphs. It is important to highlight that in that case where
Transverse Shear Reinforcement (TSHR) is required for the inner layer, it will produce in-plane

forces in the same inner layer, and therefore, it will have to be designed in the same way as the
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outer layers. In other words, when TSHR have been required, the inner layer will probably also
require in-plane reinforcement, just as the outer layers. An explanation for each design step in both

design stages as shown in the flowchart in figure 2.2 will be given next.

STAGE 1. Out-of-plane shear Design/ Verification
of the Inner Layer

[

Step 1.1 Compute the Principal Out-of-plane Shear Force
(vEdo)

Step 1.2 Assume Initial Thicknesses (tc) and

Compute VRdc and Verify that VRde = vEdo |

Modify
Thicknesses

TSHR is Not
Required

Provide (TSHR)

Step 1.3 Compute New VRd c and
Verify that: VRd c=min(VRd,s ,VRd,max) = vEdo

<>

Step 1.4 Estimate membrane Forces
in the Inner Layer and design it as a membrane element

| END OF STAGE 1 |

STAGE 2. Design for In-plane Reinforcement for the
Inner/Outer layers

Step 2.1 Estimate membrane forces in the Outer Layers
(Add membrane forces from the Inner layers when apply)

Step 2.2 Compute the Principal compressive stress
(opce) and its associated direction (8pee) for

Step 2.3 Are the QOuter Layers (and/or @
the Inner layer cracked?

&

Verify that:

| Step 2.4 Provide In-plane Steel reinforcement | Coe < fo
pc — Jo

<>
PO |

\.0/ | Step 2.5 Verify that: ocd=ocd_max @ END

Figure 2.2. Flowchart Design for the Eurocode Sandwich Model Approach.

33



2.1.3 Design Stage 1: Out-of-plane shear design/verification of the Inner Layer

From the flowchart in Figure 2.2, it can be appreciated that the design of the inner layer
can be completed in either two or four steps, depending on whether Transverse Shear
Reinforcement (TSHR) is required or not. When the contribution of the concrete in the out-of-
plane shear capacity of the panel (V 4.), is equal to, or greater than the principal out-of-plane shear
(Vgao), the design of the inner layer will be completed in just two steps (steps 1.1 through 1.2),
because TSHR will not be required. On the contrary, if Vg 4. is less than the principal out-of-plane
shear (vgq4,), two additional steps (steps 1.3 and 1.4) are needed to complete the design of the inner

layer since TSHR have been required.

Step 1-1. Compute the Principal out-of-plane Shear Force (Vggq,)

Although the computation of the v, is very simple (if the designer is just limited to apply
the formulas as they appear in the Eurocode), a detailed explanation about the assumptions and the
procedure to compute it will be given in here. First, it is important to highlight that the vz, will
be acting in a plane defined by the principal out-of-plane direction or angle (¢,), which can be
given at any angle (¢) that varies from O rad to [1/2 as shown in Figure 2.3a. In order to find the
principal angle ¢,, at which the principal out-of-plane shear demand (vg4,) IS associated, it is
important to understand how the magnitudes of the normal and tangential out-of-plane shears v,,,
and v,,, respectively, vary as a function of the angle ([J) and of the coordinated out-of-planes shear
demands vgg, and vgq,. This variation can be investigated by doing equilibrium of the out-of-
plane forces in the free diagram bodies in figures 2.3b and/or 2.3c. From the free body diagram in
figure 3b, it can be seen that an internal out-of-plane shear (v,,) must appear to maintain
equilibrium. This v,,, will be acting parallel to the plane that is perpendicular to the n-direction
and along the z-axis (v,,,). In the same way, from the free body diagram in figure 2.3c, it must be
clear that an out-of-plane internal shear (v,,) must also appear in order to maintain equilibrium.
This v, will be acting parallel to the plane that is perpendicular to the t-direction and along the z-
axis. The variation between the internal out-of-plane shears v,,,, and v, in function of vg4,, vgq,

and the angle ¢ are given in Equations 1 and 2, respectively.
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Figure 2.3. Variation and relationship between the external out-of-plane shear (vgq, and vgq, )
and the principal out-of-plane shear (vgg,)-

The equilibrium for the out-of-plane forces in the panel were done assuming that the length
of any of the two oblique planes in figures 2.3b or 2.3c have an unit value. Thus, considering for
example figure 3b, the length of the plane parallel to the x-axis, will be 1 sin ¢, while the length
of the plane parallel to the y-axis will be 1 cos ¢. Therefore, the out-of-plane forces acting on the
xz-plane will be the product between the out-of-plane and its corresponding length, vg4, sin ¢. On
the other hand, the out-of-plane shear acting on the yz-plane will be the product between the out-

of-plane and its corresponding length, (vg4, cos @). Finally, after doing summation of forces in
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the z-direction for the out-of-plane forces, equation 1 gives the variation of the out-of-plane (v,,)
in function of the initial out-f-plane shears (vgq, and vggy,) and of the angle (¢). Similarly, after
doing equilibrium of forces in Figure 2.3c, equation 2 gives the variation of the out-plane

transverse shear (v,).

Vnz = VEax COS @ + Vggy Sing  Eq (1)

Viz = Vedx SINQ + Vggy COS @ Eq (2)

Knowing the relation between the vy, v¢;, Veax, and vgg, in function of the angle (¢), the
next step consists in find out what will be the principal angle ¢ (where ¢ = ¢,) which is
associated to the maximum or principal out-of-plane shear (Vgq,). Since both, v,, and v,,, are

sinusoidal functions, their maximum values are found after derivating them with respect to the

angle ¢ and equating them to zero. Moreover, when derivating v,,, in equation 1, it became the

. . . . d
exact same expression of v,,, in equation 2. In simpler words ( :(’;Z = Vtz)- It means, that when

v, reaches its maximum values, v, reaches its minimums, and vice versa, which is demonstrated
in Figure 2.3d. Consequently, after equating equation 2 -which gives the maximum values for

equation 1(v,,)- to zero, the principal angle (¢,) is found through equation 4. Finally, the
maximum out-of-plane shear (Vg4 ), associated with the principal angle (¢,), can be found after

replacing the cos (¢,) and the sin (¢,), in equation 1. From figure 2.3b it is clear that the cos (¢,)
= Vgax/Vgdo, and that the sin (¢,)= Vgay/Veq,, and thus, the maximum out-of-plane shear (vgg,),
can be found as shown in equation 5. This ends the explanation about how the formulas to compute

@, and vg4, came up in the EC2 approach.

@, = arctan [@J
)@

Vedo =4/ Vde2 + VEdy2 (5)

Step 1-2: Assume an initial thickness and estimate the out-of-plane shear capacity of the RC
panel without considering TSHR.
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For this step, an initial thickness of the inner layer must be assumed. According to
Blaauwendraad (2010), a good starting point is to assume that the thickness of the outer layers will
be 20% of the total thickness of the wall (0.2tw). Thus, the thickness of the inner layer can be
initially assumed as 0.6 tw. With an assumed thickness (tc), the next step is to compute an initial
out-of-plane shear capacity of the panel assuming that there is no need of TSHR. This means that
only the out-of-plane shear capacity that is only provided by the concrete (Vrdac) Will be
considered. To compute Vrdc, the EC2 sandwich model assumes that along the direction of the
principal out-of-plane shear (¢,), which is computed with equation 5, the panel behaves like a
beam, and it can be estimated with equation 6. In equation 6, Crq, is taken as 0.18 and [I¢ is the

safety factor that can be taken as 1.0.

C
Vige =[ Re K, (100p, f, )" + klacp}tcd > (Vi + K0 10

c

where,

p, = P, COS* @, + p, sin’ g, (6)

K=1+, /20% <2.0

N
— Ngg
O

Equation 6 accounts for the effects of the longitudinal reinforcement (p;) and the axial
stress (o) on the shear capacity of the panel. Both effects are a function of the pricncipal out-of-
plane shear angle ¢,. g, is the axial stress produced by the force Ng, which acts perpendicular
to the plane of the maximum out-of-plane shear. Although the Eurocode 2 does not advise how to
estimate this this Neq force, a possible option is given through equation 7. As shown in equation
7, the Ngg force is also a function of the angle ¢,,, and it can be found by doing equilibrium of in-
plane axial forces as shown in Figure 2.3b. The Ng, force can be positive or negative, meaning
tensile and compressive force, respectively. If positive, the sign of the axial force (Ng;) must be
introduced as negative in equation 7 to capture the reduction in the shear capacity of the panel. If
negative, on the contrary, the sign of the axial force (Ng;) will have to be introduced as positive

to capture the increment in the shear capacity of the panel. Since it is not clear how to estimate this
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Ned force, its contribution in the out-of-plane shear capacity of the panel will be neglected when

applying the EC2 approach in this thesis.

— 77de + 77de + 77de + 77de COS(¢)

N
Ed 2 2 (7)

It is important to point out that in this step, it is dictated whether TSHR is or not required.
If the shear capacity provided uniquely by the concrete is greater than the principal out-of-plane
shear, (Vg qc > Vgqo ), then, TSHR is not required, and the design of the inner layer will be
completed. On the other hand, if Vg 4. > Vgq,, then, TSHR is required, and the two additional

steps, step 1.3 and step 1.4, are required to complete the design of the inner layer.

Step 1-3: Estimate and verify the out-of-plane shear Capacity of the RC panel considering
TSHR.

This step is only necessary if the out-of-plane shear capacity only provided by the concrete

(Vr.ac) is not enough to resist the principal out-of-plane shear (Vgq4,); or in other words, when V 4.

is less than Vg, . In this the case, the out-of-plane shear capacity of the panel will only depend

upon the TSHR, and the contribution of the concrete will be neglected. The new out-of-plane shear
capacity of the panel, now only provided by the TSHR, is estimated as the minimum value between
the shear capacity provided only by the THRS ( Vg4 5) and an upper shear capacity limit (Vzg max)-

Equation 8 shows how to compute Vzg s and Vg max-

Vedo = A f e COLO
Vg o = Minof
ol max = aswbwzvl fcd fywd c0t¢9
' cotd +tané Eq (8)

It is clear from Equation 8 that Vg, s and Vrgmax, are both dependent of the angle (6),
which is an approximate angle that define the direction of the concrete compressive struts in a strut
and tie model for the panel. A typical way to estimate this angle is by equating the principal out-

of-plane shear (Vgq4,) to the value of (Vg 4.) in the same Equation 8. This will imply an iterative
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process in which a certain amount of shear reinforcement must be first assumed in terms of spacing
(s) and bar area (Asw). The final consideration is that this angle & must remain inside the range
when its cot (0) is limited by 1.0 and 2.5. The new out-of-plane shear capacity of the panel, which
only accounts for the contribution of the TSHR, is now verified against the principal out-of-plane
shear. If the new Vy 4. is less than Vg4, means that the design is not satisfied, one of the next two
options must be followed. First, provide additional Transverse shear Reinforcement, and/or
second, increase the thickness of the Panel. Blaauwendraad (2010) and the bulletin 45 of the (fib
2008) suggests that in practice, it is better to increase the thickness of the panel instead of providing

TSHR. The design is satisfied when V ;. became equal to or greater than Vgg,.

Step 1-4: Compute the additional membrane forces after TSHR has been provided.

As said before, this step is only necessary if transverse TSHR have been required in the
inner layer. The presence of THSR, will rise membranes forces in the inner layer. The magnitude
of these membrane forces, resulting from the presence of the THRS, are found using Equations 9a
to 9c. The inner layer will be then subjected to an in-plane axial force acting on the x-direction
(ngaxc), an in-plane axial force acting on the y-direction (ngg4y.), and to an in-plane shear force
(MEaxyc), as well. With these membrane forces acting in the inner, it will need to be designed as
membrane elements similarly to the outer layers. The procedure about how to design the outer
layer will be explained later. It is convenient to anticipate that to maintain equilibrium, the outer

layers of the panels will take half of those membrane forces raised in the inner layer.

14
ndec = o COtH

VEdx Eq (9&)
V_ >

77Edyc = = COte
Ve Eq (9b)
VeV

ndeyC — Edx " Edy C Ot 0

VEdx Eq (9C)
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2.1.4 Estimate the in-plane reinforcement for the outer layers, and the inner layer.

Z

Figure 2.4. Computation of the axial membrane Force over the outer Layers.

The outer layers will be designed as membrane elements. It means that they will only resist
in-plane forces. Figure 1 shows the in-plane axial forces and the in-plane shear forces, by which
the outer layers will be designed for. Following the flowchart in figure 2.2, five steps are required
to design the outer layers: 1. computation of the in-plane forces; 2. determination of the principal
stresses and principal directions; 3. evaluation of the cracking condition of the layer; 4. estimation
of the amount of reinforcement if needed; and 5. verification of the compressive stress capacity.
Again, it is important to recall that in the case in which TSHR has been provided, these five steps
will not only apply for the design of the outer layers, but for the inner layer as well. These five

steps will be explained more in deep in below.

Step 2-1: Estimate the in-plane forces over the outer layers and in the inner Layers.

The membrane forces acting on the outer layers are divided into axial membrane forces
and shear membrane forces. The magnitude of those membrane force depend upon: the magnitude
of the internal membrane forces (nNedx, Nedy, Nedxy), the magnitude of the internal plate forces (Meax,
Medy and Medxy) and the lever arm distance (dz). The lever arm distance (d.) is the distance between

the centroid of the bars from one reinforcement layer to another, as shown in figures 2.4 and 2.5.
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Z /ft
Figure 2.5. Computation of the in-plane shear membrane forces over the outer layers.

There were two very important considerations before computing the forces acting on the
outer layers. First, it was assumed that there is only an unique averaged lever arm distance between
the four reinforcement curtains as shown in Figure 2.6. This unique averaged lever arm distance
(d;) goes from the middle line between the vertical and the horizontal reinforcement curtains in the
top face, to the middle line of the vertical and the horizontal reinforcement in the bottom face. In
reality, there will be two lever arm distances: one lever arm distance (dx;) between the
reinforcement curtains running in the x-direction, and another lever arm distance between the
reinforcement curtain running in the y-direction (dy;). However, the authors believe that the effect
of this assumption, considering the thickness of the panels in industrial facilities, will be negligible

for design purposes. In addition, this assumption will considerably simplify the computations.

The second assumption is that the centroid of the vertical and horizontal reinforcement
curtains in both faces will always be forced to coincide with the centroid of the outer layers, as
indicated in Figure 2.6 as well. If the centroid of reinforcement curtains does not coincide with the
centroid of the outer layers, there will be an eccentricity between the reaction forces taken by the
outer layers, and the forces that will be taken by the reinforcement curtains. This eccentricity,
therefore, will produce an internal bending moment in the outer layers, and the computation of the
forces taken by the reinforcement curtains will become a little trickier, which will be in opposition
to the purpose of this paper. Nevertheless, it is worthy to mention that by increasing the thickness

of the outer layers and leaving the reinforcement with eccentricity is a good option to reduce the
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compressive stresses of the concrete in the outer layers, but without increasing the total thickness
of the wall. In such a case where eccentric reinforcement is needed, the Appendix LL of the
Eurocode gives the formulas to compute the forces that will resisted for the reinforcement. The
author believes, however, that for practical design applications this level of accuracy might not be

worthy.

Y : d,
]_.Z Z; s z,

Top x
Botton x

Topy -~ - Botton y

Top Layer Bottom Layer

Figure 2.6. Assumption of the Unique Lever arm distance and Identification of the
Reinforcement Curtains (or layers).

Following the previous two assumptions, the membrane forces over the outer layers are
computed by doing simple statics as shown in Figure 2.4. From Figure 2.4, it can be seen that the
design membrane forces over the outer layers are the summation of the decomposition (or
resulting) of the internal axial forces (ngqy, 07 ngq,), plus the decomposition of the out-of-plate
bending moments (mgg, or mgq,, ). For example, the in-plane design axial force for the bottom
layer (ngqxp) and the in-plane design axial force for the top layer (ngqy:), both acting along the
x-direction are computed using equations 10a and 10b, respectively. Similarly, the in-plane design
axial bottom force (ngq,,) and the in-plane design axial top force (ngq,), both acting along the
y-direction are computed using equations 10c and 10d, respectively. In the set of equations 10,
the first term represents the action of the total internal axial demand forces (ngqy or nggy), the
second term represents the effect of the out-of-plate bending moments (mgq, or mgqy,), and the
third term in the formulas accounts for the presence of TSHR. If no THSR is provided this third

term will be canceled off.
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(dz —Zb) + mde +lvédx

Meaw = Meox ot
d, d,  2vg, Eq (10a)
d,-z) my 1vi,
Meaxt = Meax ( d : ) B dEd * E o ootd
, . VEdo Eq (10b)

d -z m 1ve
Meayo :77Edy( d b)_ dEdy 2,

, z 2 Veg Eq (10c)
(d ~ Zt) Mgy 1 Védy
_ z _ + = cotd
Medyt = TTeay d, d, 2vg Eq (10d)

Equations 11a and 11b, on the other hand, give the magnitudes of the in-plane shear
membrane forces acting on the top and bottom layers respectively. Similar to the case of the axial
in-plane forces, the total in-plane shear forces over the layers is the summation of the
decomposition of the direct shear force (nedxy) plus the decomposition of the twisting moment
(medxy) over the outer layers. If positive convention for shear is assumed, the resulting shear forces
for direct shear and twisting moment will be added in the bottom layer, while the shear forces will
be subtracting in the top layer. Similarly, to find the membrane axial membrane forces, the first
term in Equations 11 represents the action of the total internal shear demand forces (neaxy); the
second term represents the effect of the effect of the twisting moment (meaxy); and the third term
accounts for the presence of TSHR. Again, if THSR has not been required this term will be

cancelled off.

d,-z) m :
Mesns = o ( zd b) i gdxy " > VEdX cotd
, ) Edo Eq (11a)
(d —Zt) Megy 1 Ve,
_ z _ X — X cotd
Meagt = Meay d, d, 2vg, Eq (11b)
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Step 2-2: Computation of the Principal Stresses and Principal Directions.

The stresses in the outer layers (top and bottom) are obtained by dividing the membrane
forces that were computed in step 2.1 over the assumed thickness of the corresponding layer.
Figure 8 shows this procedure step by step. The thickness (t) in figure 2.7a can be either the
thickness of the bottom or the top layer. Figure 2.7b shows the original state of stress after dividing
the membrane forces over the corresponding thickness as explained. From this original state of
stresses, the principal stresses and the corresponding principal directions can be computed, either
by using the typical stresses transformation formulas of the Cauchy stress tensor, or the very
familiar Mohr circle. Figure 2.7c shows the how the principal angles and stresses are found by
using the Mohr circle. The most valuable parameters in this step are: the principal (or maximum)

compressive stress in the concrete (o,.); and its corresponding angle or direction (6,),. The angle
6, goes from the principal compressive stress g, to the x-axis, represented by the original state
of stresses in figure 8b. These two parameters, o, and 6, will be needed to complete steps 4 and

5, respectively.

Top or Bottom
Layer

(@) In-plane or Membrane (b) Computation of the in- (c) Principal Stresses and
Forces plane stresses Directions

Figure 2.7. Determination of the principal stresses and principal angles.

Step 2-3: Evaluation of the Cracking condition.

Evaluating the cracking condition of the outer layers -as well as in the inner layers when
apply- is a crucial step in the EC2 sandwich model approach. It is crucial because depending on
if any of the layers is cracked or not, it will or will not need reinforcement. To verify whether the

element is cracked or not, a cracking criterion, presented in equation 11, must be applied. This
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cracking criterion is based on plasticity theory for concrete material, and it adopts the failure
surface proposed by Ottonsen (1977). The construction of this failure surface mainly depends upon
the principal stresses of the material at given point and upon the four parameters a, 8, ¢1 and c».
An explanation regarding these four parameters will be given later. The principal stresses are
accommodated in terms of the stress invariants of the stress tensor I1, J2, and Jz. 11 is the trace of
the stress tensor, and J, and Js are the second and third invariants of the deviatoric part of the stress
tensor, respectively. For convenience, the cracking criterion in the EC2 has been normalized

against the compressive concrete media strength fcm, as shown Equation 12.

A/ J
CI>=aJ—§+/1 2, g

2 2
cm fcm fcm Eq (12)

A graphic interpretation of the failure surface for applying the cracking criterion is given
in Figure 2.8. If the state of principal stresses (oy, o, and a3) on the outer layer, represented by an
aleatory point in the Westgard space, remains inside the failure surface, it means that the layer in
analysis (inner or outer) is un-cracked. On the contrary, if that point resides outside of the failure
surface, it means that the layer in analysis (inner or outer) is cracked. Now, for design purposes, it
is enough to say that any layer of the RC panel will be considered as un-cracked if the inequality
in equation 5 is satisfied (® < 0), and as cracked if it is not satisfied (& > 0). If the layer is un-
cracked, it will be enough to verify that only the maximum compressive principal stress (o; or g,)
is less than or equal to the design compressive strength fcq. If this is the case, then the design of the
outer layers will be done in only two steps (step 1.1 and step 1.2 in figure 2.2) because steel
reinforcement was not required. On the other hand, if the element is found to be cracked, then in-
plane steel reinforcement will be required moving forward to step 1.3. As said before, the yield
surface also depends upon the four parameters o, B, c1 and c2. The Eurocode gives all the
formulation to find all these parameters, which can be programmed in a spreadsheet, and they will
not be reproduced in this document for the sake of brevity. As an alternative for design, instead of
following the long formulation procedure from the Eurocode, and/or avoiding the development of
an spreadsheet if desired, Chen and Han (2007) and/or Chen (1982) provides approximate values
to estimate all these parameters. The fib CEB-FIP Model code (1990) (MC-1990), in its chapter
five, also provides charts to estimate the o, 3, c1 and the c, parameters to apply this cracking

criterion.
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-0,

Figure 2.8. Yield Surface 3D-view, represented in the Haigh-Westergaard space. Taken from
Chen (1993)

A simpler way to understand the Ottonsen Cracking criteria is by considering the especial
case of bi-axial stress condition in where there is no out-of-plane stress (o3=0); and when at least
one of the other principal stresses (o1 Or 62) is in tension. This special case is represented in Figure
2.9 which was obtained using the experimental data of the PV panel series selected in this thesis.
The continuous line represents the cracking surface of the PV series after assuming average values
for the maximum compressive concrete stress (f°c) and the maximum tensile stress (fi) of 20MPa
and 2MPa, respectively. The dots, on the other hand, represents the maximum principal stresses
pair2 (o1 and o) at which the PV23, then PV24 and the PV 28 panels were subjected. It was only
necessary to build the tensile-compressive zone of the whole failure surface because all the stress
combinations had a principal compressive stress and a principal tensile stress. As appreciated, all
points are outside the failure surface, meaning that under those stress conditions, the panels are

cracked, and in theory, steel reinforcement will be needed.

pv2s @02

ol/fcm
PV24 0.15
(<)
fal 1 g
PV23 o ' B
005 | &
2
Tension - Compression zone 0 2
-1 -0.8 -0.6 -0.4 -0.2 0 0.2

o,/fcm

Figure 2.9. Representation of Ottesen Cracking criteria (or failure surface) for the PV series
panels in the special bi-axial case
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Step 2-4: Providing Reinforcement in the Outer Layers.

If any of the outer layers (or inner layers when applicable) are found to be cracked, then
steel reinforcement needs to be provided. As mentioned earlier, the angle 6,,, found in step 2.2 is
required in this step. Figure 2.9 shows how the reinforcement will be positioned inside the RC
panel. It will be assumed that the direction of the reinforcement will be in parallel with the vertical
and horizontal edges of the panel. A better alternative to optimize the amount of reinforcement
would consists in positioning the reinforcement bars aligned with the principal directions.
However, there two drawbacks when considering this option. First, it is not practical for
construction purposes and it will cause delays and extra costs. The second drawback is related to
the fact that in actual design there are several design combinations, which produce different state
of stresses and principal directions, and therefore, it will be difficult (if not impossible) to align

the reinforcement in such a way that allows to satisfy each one of those combinations.

F tdyT
! T Edxy
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_____ X
p SN
NEdx
S\ Bnrr

Figure 2.10. Orthonormal position of the Reinforcement Curtains in any of the faces

To estimate the required reinforcement areas for any of the outer layers, it is necessary to
compute the axial forces that will be resisted by those reinforcement curtains. Equations 13a gives
the magnitude of the force that will be resisted for the reinforcement running in the x-direction,
while equation 13b gives the magnitude of the force for the reinforcement running in in the y-
direction. As shown in the equations 13a and 13b, the magnitudes of those forces are function of

the angle 6,., which is the angle that controls the interaction between the axial and the shear

membrane forces. Equation 13a and 13b indicate that the magnitude of the forces must be positive

(or greater than zero). If the magnitudes of the forces are negative, meaning compressive forces,
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steel reinforcement will not be required. However, even if reinforcement is not required in a
particular direction, a minimum reinforcement ratio for construction proposes and/or fulfillment

of service conditions need to be provided.

Fix = Mea = Meay COt(QPCC ) 20 Eq (13a)
Ftdy = Neay — Meaxy COt(epcc) >0 Eq (13b)

After obtaining the forces that will be resisted by the reinforcement in the x-direction and
in the y-direction, the required reinforcement area per unit length can be obtained through
Equations 14a and 14b, respectively. The reinforcement area per unit length is obtained by dividing
the forces that the reinforcement must resist in the x-direction (Fwx), and in the y- direction, (Fay),

over the yielding stress of the reinforcement f,,; = £, /vs

Kx = Ftdx/ys Eq (14&)

A%y = Ftdy/ys Eq (14b)

Step 2.5. Verification of the compressive stress capacity of the concrete.

In this step, the compressive stress demand in the concrete over the outer layers (6,.) needs
to be verified against the compressive concrete capacity (0.4 max)- The concrete compressive
stress demand (6,.) is found with equation 15a, while the concrete compressive capacity is found
with equation 15b. Similar to the design forces that need to be resisted by the reinforcement, the
concrete compressive demands also depends on the principal compressive angle 6. It can be
observed that for the typical case in where 6, = 45°, the magnitude of the compressive demand
will be twice the shear stress. The concrete compressive capacity, on the other hand, depends on
the magnitude and direction of the principal stresses. As can be noticed, the concrete compressive
capacity will be higher if the principal stresses in the outer layer are in compression, and

oppositely, it will be lower if one of the principal stresses is in tension.
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1
|:C0t (Qpcc ) + W:I < ch_max

O-cd = z-><y
Eq (15a)
0851, 238%t 5 16 <0
l+a
ch_max =
f, {o.ss%(o.ssv)] if o, v o, >0
g Eq (15b)

This final sub step is also of vital importance because here it is where the iterative process
between the design of the inner layer and the outer layers take place. This iterative process can be
better illustrated by using Figure 2.6, and imaging variable magnitudes of lever arm distances
between the top and bottom reinforcement layers in any direction. For example, if the lever arm is
small it will imply that the thickness of the outer layers will be big, and therefore, the compressive
stresses in the concrete in the outer layers will be low. On the contrary, if the lever arm increases,
the thickness of the outer layers will decrease, and the compressive stresses over those layers will
be higher. It is also worthy to note the tradeoff between the lever arm distance, the compressive
stress in the outer layers, and the efficiency of the design of the panel represented by the amount
of required reinforcement. For example, decreasing the lever arm distance will reduce the
compressive stresses in the outer layer, but it also implies that more reinforcement area will be
required. On the contrary, increasing the lever arm distance by reducing the initial assumed
thickness of the outer layers will reduce the amount of required reinforcement, but at the same

time, it will increase the compressive stress demand.

2.2 Theoretical concepts for the non-linear analysis and modeling of RC members
2.2.1 Uniaxial Behavior of Concrete in Compression

There are several models to represent the compressive behavior of the unconfined and/or
confined concrete. Among those models are the Hognestad model (Hognestad 1951), the Kent and
Park model (Kent and Park 1971), the Popovich’s model (Popovics, 1973) and the Mander model
(Mander et al.,1988), just to name a few. The well-known Hognestad parabola model will be used
in this study. The required parameters to build the Hognestad parabolic model are: The Young (or

the Elastic) modulus of the concrete (Ec); the maximum compressive strength of the concrete f’c,
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usually taken as 80% of the compressive strength of the cylinder at 28 days; the strain associated
to that maximum compressive strength, e, the ultimate compressive ¢, taken as 0.0038, and the
compressive strength at that maximum compressive strain, taken as 85% of f’c. All these values
will be provided in a case by case basis in chapter five, which is devoted to the modelling of the
panels. Figure 2.10 shows how to build a typical Hogenstad compressive model for concrete.
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Figure 2.11. Hognestad parabola model for concrete in compression

2.2.2 Behavior of Concrete in Tension

The behavior of concrete in tension can be split in behavior before cracking and behavior
after cracking. In most common practical situations for RC panels (or any other structural
members) the concrete will be always cracked since the maximum tensile strength is very low
when compared to its maximum compressive strength. Therefore, before defining the uniaxial
behavior of the concrete in tension, it is necessary to have a good understanding about the behavior
of the cracked concrete, and how it can be modelled. According to Chen (1982) there are three
approaches than can be used for the modeling of cracked concrete: fracture-mechanics model,
discrete crack model and smeared crack model. Chen (1982) also recommends that if a detailed
representation of the cracking formation is desired, the fracture mechanics model and the discrete
cracked models will be more appropriate for this purpose. The smeared cracked model on the other
hand, will be more appropriate if the main objective is to reproduce the load deformation-
deformation overall response of the RC member, without focusing in the cracking formation itself.

Since one of the objectives of this thesis is to reproduce the calibrated load vs deformation curves
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of the panels tests in order to estimate the capacity of the panels after introducing the reinforcement
areas suggested by the PACI and the EC2 approaches, the smeared cracked model will be adopted.
In addition, it is important to anticipate that both software, Shell 2000 and Abaqus, use the smeared
cracked approaches in its formulation.

Discrete cracked models

The discrete crack models are more in agreement with fracture mechanics since they treat
the cracks as displacement discontinuities. In the discrete crack models the cracks are forced to
occur in the vicinities or boundaries of the finite elements, which biases the formation of the cracks
and is perhaps the main drawback of these models. According to Menin et al (2009), the discrete
crack model is more recommended when the failure of the specimen is governed by a few dominant
cracks, which can also be taken as an advantage, since this failure mode do not represent the failure
mode for most of the cases in reinforced concrete members. Jendele et al (2001) confirm that the
discrete crack model is preferred either for the analysis unreinforced concrete or reinforced

concrete members with very low reinforcement ratios.

Smeared Cracked concepts

Two important assumptions are considered in the smeared cracked models. First, the size
or width of the cracks are very small compared to the size of the RC member; and second, those
micro-cracks are uniformly spread through the member. Thus, the failure mode of the RC member
is governed by the formation of several “small”- or spread-uniforms cracks, instead of a few
macro-crack as in the case of the discrete crack models. According to the Abauqus theory manual,
the smeared cracking models is suitable for most of the application in reinforced concrete.
Maekawa et al (2003) also says, that the smeared cracking model has a higher range of applicability
than the discrete crack model, especially when these are enhanced with the concepts of multi-
directional fixed model. The smeared crack models can be also classified into three approaches in
accordance with the assumed crack direction model: Rotating cracking model, fixed cracking
model, and multi-directional fixed cracking model. The rotating cracking model is assumed in
Shell 2000, whereas the fixed crack model is employed in Abaqus. For these reasons, only the

rotating and fixed crack model will be explained in this study.
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Rotating Smeared Crack Models

In the rotating models, once the crack forms -after the material met a predefined cracking
failure criterion- the direction of the crack is assumed to follow the direction of the principal
stresses. An example of this case is a RC panel subjected to subjected to tensile and shear forces
in where the cracks open first in the direction perpendicular to the maximum principal tensile
strength, once the maximum tensile strength of the concrete (ft) is reached, and then, the direction

of the crack will be change by the tensile-shear combined effect.
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(a) Rotating Crack Model (b) Fixed Crack Model

Figure 2.12. Rotating vs Fixed Crack Model. Kupfer and Bulicek (1991)

Fixed Smeared Crack Models

In the fixed smeared crack models, on the other hand, as its name indicates, the direction of the
crack remains fixed once they have been formed. This implies that the orientation of the cracks
does not corotates with the principal axis, which raise shear stress along the cracks. Figure 2.11
gives an illustration of the rotating vs fixed approaches. Rots and Blaauwendraad (1989) pointed
out that fixed smeared crack modes are more susceptible to overestimate the stiffness of RC
members than the rotating smeared crack models. In order to avoid this overestimation in the
stiffness, it is convenient to include a shear retention behavior (which will be explained later) into

the numerical models.

Tension Softening and Tension Stifenning.

Regardless the choosing between rotating or fixed smeared crack models, the behavior of the
concrete in tension after cracking must be defined. According to Maekawa et al (2003) the behavior
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of the cracked concrete in tension can be classified in tension stiffening for the case of reinforced
concrete members; and in tension softening for the case of unreinforced concrete members. When
using discrete crack models, the tensile behavior of the concrete after cracking, either tension or
tension softening, can be directly simulated in the discontinuity (in the crack). However, when
using smeared crack models, since there are no discontinuities, the only option to simulate the
tensile behavior of the concrete after cracking is to modify the material properties. In accordance
to Elenas et al (2006), the tension stiffening for the case of reinforced concrete members can be
modeled by modifying either the steel reinforcement, or the concrete material properties itself.
Figure 2.12 shows how to modify the steel reinforcement or the concrete to account for the tension
effect in reinforced concrete members. As will be shown in the section five, only the modification
of the concrete material option will be used in this study. As shown in figure 2.12 the tensile
behavior of the concrete after cracking in plain concrete is more brittle than the behavior of the

reinforced concrete because of the absence of steel reinforcement.
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Figure 2.13. Modified Stress vs strain of material constitutive models to account for the tension
stiffening effect. (Taken from Eleneas et al 2006).

Tension Softening models

Among the most common tension softening models for unreinforced concrete (although
also used for reinforced concrete) are: the Hillerborg (1976) model, the fib CEB-FIP Model Code
1990 (MC-1990); the fib CEB-FIP Model Code 2010 (2010) (MC-2010), and the Wittman model
Wittman et al (1988) which will not be used in this study. All these models are given in terms of

stress vs displacement curves as shown in Figure 2.14.
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Figure 2.14. Comparison of Tension Softening curves for a 20 MPa compressive strength
concrete.

Hillerborg (1976) indicated that the area under the curve (energy) that better fits with the
experiment results has a simple triangular shape. Thus, the Hillerborg (1976) model is the simplest
tension softening model which assumes a linear loss in tensile strength of the concrete after reaches
the maximum tensile strength (fi). The fib-90 and the fip-10 softening models, propose a bilinear
stress vs displacement curve to model the post-cracking behavior of the concrete in tension as
shown in Figure 2.14. Three points are required to define or customize the tension softening effect
in the concrete for these models 1. The point at maximum tensile strength (f;) which is reached
when the concrete reached the tensile elastic strain limit &; 2. The point at 20% of the maximum
strength (0.20f;) of the fib-90 and thefib-10 model are used, and 3. The ultimate tensile strain at
which the tensile stress becomes zero, depends of the Energy factor (Gf). As an example, figure

2.13 shows the fib-90 and the fib-10 tension softening models for a concrete with a typical mean
compressive strength (f’c) of 20 MPa.

The Energy factor (Gr) is the most important variable to define the tension softening effect
for all models. Gt represents the area under the stress vs opening cracking displacement in Figure
2.17, and it is considered as a material property. According to Uchida et al (1991), the fracture
energy factor can adopt values between 0.1 to 0.15 N/mm for unreinforced concrete. In all
softening models, the displacement at which a crack begins to propagate (w,,) is a very sensitive

value especially in the numerical models developed in Abaqus. The w¢r mainly deepens upon the
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tensile the energy factor and the maximum tensile strength. In the Hillerborg model which assumes
a simple linear loss in strength, the displacement at which a crack begins to propagate (w,,) is

calculated using equation 24.
Gr
we =2— Eq(24)
ft

In the fib MC-1990 tension softening model, the Energy factor (Gf) depends upon the
maximum tensile strength, which is estimated as a function the mean compressive strength f’cm Of
the concrete, and the aggregate size. On the other hand, Gr only depends upon the tensile strength
of the concrete in the fib MC-2010 model. The formulas to compute the energy factor Gy, the
displacement at 20% of the tensile strength (w1) and the maximum or ultimate tensile strain (wc)
for the MC-1990 tension model are given in equations 25a, 25b and 25c, respectively. fib MC-
2010 model tension model, the a,; and the a factors depends are independent of the aggragte size
and they adopt values of 73 and 1.0, respectively. In the fib 90 model, on the contrary they adopt
different values.

Gf =Qag * f;-%z Eq (25&)
W, = a * fftin Eq (25b)
wy = Zfi; — 0.15w, Eq (25¢)

Tension Stifenning models

Several models are available to account for the tension stiffening effect in the cracked
concrete for reinforced concrete members. The Vecchio and Collins (1982), the Collins and
Michael (1987), the Belarbi and Hsu (1994), the Bentz (2005) and the Shima et al (1987) models.
In contrast to the softening models which are more commonly represented by stress vs
displacement curves, the tension softening models are represented by stress vs strain curves as

shown if Figure 2.14.
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Figure 2.15. Shima et al (1987) Tension Stiffening curve for a 2.0 MPa tensile strength concrete.

The Shima et al (1987) model will be adopted in this this study. According to Maekawa
and Pimanmas (2003), the Shima et al (1987) model is suitable for RC members reinforcement in
two direction with typical reinforcement ratios ranging from 0.1% to 2.0 %, just as the RC panels
that will be analyzed in this research. An additional feature of this tension stiffening model is that
according to the same Maekawa and Pimanmas (2003), it can be applied regardless the size
element, crack spacing and even the orientation of the steel reinforcement. Equation 26 shows how
the Shima et al (1987) model tension stiffening model can be developed as a function of the
maximum tensile strength of the concrete and the type of reinforcement. The values of the
parameter “c” in equation 26 are 0.4 and 0.2, for deformed bar and wire mesh, respectively. f; is
the maximum tensile strength of the concrete, ¢, is the tensile strain cracking or the limit tensile
elastic strain given by f/E, where E is the Elastic modulus of the concrete; &, is the ultimate

tensile deformation usually taken as 10 times the limit elastic tensile strain (10¢;).

a(e) = fe - (eru/€)° Eq (26)

It is important to highlight that for the modeling for the majority of the RC panels in chapter
5, the maximum tensile strength (f;) in equation 26 was not taken as the splitting tensile cylinder
test or the three-point flexural test values reported from the experiment. The maximum tensile
strength (fi) was initially estimated by using the approximate equation from the design codes (i.e
ACI 318), which is a function of the maximum compressive of the concrete (fc), and then

calibrated, when possible, by capturing the cracking strength of the panels (i.e Cracking moment)
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from their respective capacity load deformation curves. The Shell 2000 manual also suggests that
ft value must not be taken as the value reported form the split o direction tension tests, but it must
be estimated using the approximate equations in design standards codes, which computes the f;
value as a function of the maximum compressive stress (f°c) of the concrete. According to
Maekawa et al (2003), the tensile strength of the concrete in an RC member is usually less than
the tensile strength measured from the cylinder test, and they recommend to calibrate the tensile
strength of the cracking by matching the cracking load (i.e cracking moment or cracking shear)

from the experimental capacity curve.

Shear retention

When using fixed smeared concrete approaches, it is necessary to include a shear retention
model in order to account for the reduction in shear transfer of the concrete along the surface of
the cracks. A shear retention model accounts for the loss in shear stiffness as the cracks in the
concrete opens. As said before, the no inclusion of the shear retention when using smeared fixed
approaches might result in overestimation in the shear stiffness of RC members. In addition,
according to Borst et al (2004), the inclusion of this shear retention factor improves the results of
the fixed cracking models and reduces convergence issues during the analysis. The results are
improved mainly because the shear retention factor captures at some extent the friction and the

aggregate interlocking.

2.2.3 Modeling of Steel Reinforcement

There are several models to simulate the behavior of conventional steel reinforcement. Steel
reinforcement models can be classified in naked bar models and in embedded bar models. In the
naked bar models, the strains vs strain curves representation is estimated from experiments in
where a bar is tested alone in a typical tensile test. In the embedded bar, on the other hand, the test
is conducted in a reinforced concrete member considering the effect of the surrounding concrete
matrix. Maekawa et al (2003) said that the behavior of single isolated tested bar is different from
the behavior of the same bar but embedded in the concrete matrix. Specifically, Maekawa et al
(2003), affirms that a lower effective yielding stress is expected in RC members. The reduction in

the yielding stress depends of the bar diameter and the spacing of the reinforcement. Moreover,
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Belarbi and Hsu (1994) literally said “Yielding of a reinforced concrete panel occurs when the
steel stress at the cracked section reaches the yielding strength of the bar.” The reason why a
reinforcing bar in a RC cracked member might reach yielding before than in a naked bar is because
of the variation of the stress level along the bar in a RC as shown in Figure 2.16. As can be seen,
the stress in the bar near to the cracks are higher than the stress of the bar at midpoint between the
cracks. The opposite occurs for the stresses in the concrete, in where they are minimum at the

cracks, and maximum at midpoint.
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Figure 2.16. Variation of the stress along an embedded bar between two cracks. (taken from
Belarbi and Hsu (1994)

Models for naked bars

Among the most common steel reinforcement “naked” bar models are: the bilinear model
with no hardening, the bilinear model linear hardening and without yielding plateau, the trilinear
model with hardening with yielding plateau, and the trilinear model with yielding plateau and
parabolic hardening. The trilinear model with parabolic hardening might be considered the most
accurate for mild or convectional reinforcement as shown in Figure 2.17. However, for most of
the numerical models developed in this thesis the “naked” bar trilinear model with yielding plateau
and linear hardening was enough to reproduce a good representation (or an acceptable calibrated
response) of the panels. The trilinear model with linear hardening require six basic parameters:
The Elastic modulus (Es), the yielding stress (fy) and its corresponding yielding strain of the bar
ey, the strain at hardening initiation (esh); and the stress and the strain at rupture fy and &su,

respectively. All these were obtained from the experimental report of each panel. The continuous
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line in Figure 2.17 shows the idealized stress vs strain curve for a naked bar using the trilinear

model with hardening.
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Figure 2.17. Models for “Naked” mild steel reinforcement bars

Models for embedded bars

Some authors such as Shima et al (1987), Belarbi and Hsu (1994) and Maekawa et al (2003)
developed idealized stress vs strain curves for embedded bars. The two first authors developed
simplified bilinear models, while the Maekawa et al (2003) developed a trilinear model that
consider the parabolic hardening in embedded bars. Maekawa et al (2003) also proposed a
multilinear model in order to simplify the construction of the parabolic portion of the model.
Although Maekawa et al (2003) said that the simplified bilinear give reasonable results for wall
structures with relatively low tensile stress, the simplified multilinear model for embedded bars
will be used in this thesis. Figure 2.17 compare the strain vs stress curves for a naked bar and an

embedded bar using the simplified multilinear model proposed by Maekawa et al (2003).

As can be seen in figure 2.17, four lines comprise the simplified multilinear model for
embedded bars. The first line corresponds to the initial elastic behavior the bar and is limited by
the average yielding stress of the embedded bar. As said before, the most important difference
between the naked and the embedded bar behaviors is the reduction of the yielding stress in the

embedded bar, which is defined by the average yielding strain and stress point (_sy ,fy). The average

yielding stress (fy) is a function of the reinforcement ratio in the direction of analysis (px or py),

59



the tensile strength of the concrete (fcr), and of course, the yielding strength of the naked bar (fy)
as shown in Equation 28a. The yielding average strain (g,) is found by diving the yielding average
stress over the Elastic modulus (Es) of the bar. The second line is limited by the point (g, fyl) in
which the bar reaches the actual yielding strength of the “naked” bar. The third line goes from the
point (Eshl,]_‘yl) to the point (Eshz,fyz) which simplifies the parabolic behavior of the bar after
hardening. Finally, the fourth line that goes from the point (Eshz,fyz) to ultimate (or rupture)
average strain and strength point (g, f,). This final point trends to the actual rupture strain and

stress of the naked bar when the reinforcement ratio is greater than the critical reinforcement ratio
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Figure 2.18. Models for “Embedded” mild steel reinforcement bars

The multilinear model proposed by Maekawa et al (2003) is built by following equations 27a
through 27d.

fsee) = Ese for € <%, .Eq(27a)

_ ) (731 ~ ?y) for ¥, <& < &y -Eq(27b)

Esh1— gy

fso =7, +(

( 1) for €41 < e < &y, ..Eq(27c)

fs(g) _ ]—Cyl ( E—&sp1

Esh2—Esh1

fowr =Fot (522)

Esh2

( _yz) for g4, < &< &, .Eq(27h)
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The formulas to estimate the yielding average stress point Ey ,fy), are given in equation 28a
and 28b. The formulas to estimate the first intermediate hardening, the second hardening point,
and the rupture (or final) point are given in Equation 29, 30 and 31, respectively. However, the
formulas to obtain all the additional factor in those equations will not be reproduce for space
limitation, and they can be consulted in Maekawa et al (2003).

e Yielding Average strain Point

f,=f,|10~ (g—z)] Eq (28a)
g, = ’_cy/ v Eq (28b)
fCT

Where p., = .
y

e First Hardening point
Ean = (9 A2 eykokuy Eq (292)
Fu=T,+(f,~7,)0 Eq (29b)
e Second Hardening Point

Eon1 = (%) Eq (30a)
Esn1teu

fy, =102 [7y1 + (1 - e(T)) (1-01fu-7y1)] Eq (30b)

e Rupture or ultimate stress point

vo2z(fe)”
fﬁl—w% (Z;z(fy) }fu Eq (31a)

Ey = —kxin (1 _ JuTn ) Eq (31b)

101~y
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2.2.4 Basic concepts of plasticity for concrete materials

According to Chen (1982) there are two basic theories to develop appropriate constitutive
equations for plastic materials as concrete: the total-strain or also called deformation theory; and
the flow or also called incremental theory. The Concrete Damage Plasticity (CDP) model for
concrete materials in Abaqus for example, is based on the flow theory. For this reason, the basic
concepts of theory of plasticity, as well as some basic concepts of continuum mechanics will be
remembered first. Among those mechanics basic concepts are: the definition of the effective stress
tensor, the hydrostatic stress tensor and the deviatoric stress tensor. Regarding the flow theory,
which is also known as the incremental flow theory, three are three concepts that must be settled:
a) the initial yielding surface shape, b) the hardening rule concept, and c) the rule of plastic flow
concept. Each one of these concepts will be explained after providing some explanation about the

generalities of the plasticity theory.

Flow theory

In accordance to the incremental flow theory, the total strain in a point inside a stressed
body can be represented by the sum of the elastic strain (£¢!) plus the plastic strain (7!), as shown
in Equation 32a. Now, the Effective Stress (@) is defined as the multiplication of the fourth order
stiffness tensor (D&'), and the subtraction of the elastic strain minus the plastic strain as show in
Equation 32b.

gtot = gel 4 gpl ..Eq (32a)
o = D& (e — &P ..Eq (32b)

The effective stress tensor can be also represented into two parts: The hydrostatic part
(o,,1), and the deviatoric part (S), as shown in Equation 33a. The hydrostatic part is represented
by the unit tensor (I) multiplied by an scalar quantity known as the hydrostatic pressure (o,,). The
hydrostatic pressure (o) is nothing else that the average of the axial stress in the effective stress
tensor, or is simple terms 1/3(g, + o, + a3). Therefore, the deviatoric part of the stress tensor (S)
can be found as the subtraction of the effective stress tensor minus the hydrostatic part (o,,I) of

the effective stress tensor () as shown in equation 33b.
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o=o0,l+S .Eq (33a)

.Eq (33b)
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The Haigh-Westergaard Stress space

A geometric representation of the hydrostatic and deviatoric parts of the stress tensor are
given in Figure 2.19. First, it is convenient to point out that the stress space in Figure 2.19 is
defined by a set of three coordinate axis, which coincides with the three principal stresses
(04, 0,, 03) and are perpendicular to each other. This space is known as the Haigh-Westergaard
Stress space. In other words, instead of using the conventional coordinated system defined by three
arbitrary vector basis (X1, X2, X3), the Haigh-Westergaard space uses the axis of the principal

stresses (o1, 62, ¢ 3) as the coordinated axis.
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Figure 2.19. Hydrostatic and Deviatoric part of the Stress tensor.Taken from Chen and Han
(2007)

An arbitrary point (P) in the Haigh-Westergaard represents the state of stress of a material
point in an stressed body, as shown in Figure 2.18. If the point P, is represented by the vector OP,
this vector can be represented by a hydrostatic part and a deviatoric part. The hydrostatic part
(ON), is the projection of the vector (OP) along the hydrostatic axis, which is the line formed by

all the points under the condition of o1= 62= 1. As noted, the hydrostatic axis has the same director
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cosines with respect to all coordinate axis. In other words, the hydrostatic part can be defined as
the dot product between the OP vector and the hydrostatic axis. On the other hand, the deviatoric
part can be found as the vector subtraction of the original state of the principal state of stresses,
represented by the vector (OP) minus its corresponding hydrostatic part, represented by the vector
ON. A deviatoric plane, therefore, is characterized for not having any normal stress in its plane,
representing thus, a state stress of pure shear. As a physical interpretation, the hydrostatic part of
the tensor is associated with the axial strains and controls the change in volume of the finite
element, while the deviatoric part is associated with the shear stresses and governs the distortion

of the element.

The Yield Surface Concept
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Figure 2.20. Hydrostatic and Deviatoric part of the Stress tensor.
Taken from Chen and Han (2007)

A yield surface can be understood as a scalar field that is given in terms of the invariants
of the Effective Stress Tensor. Since the yield surfaces are given in terms of the principal stresses,
they can be better visualized and interpreted in the Haigh-Westergaard space, as shown in Figure
2.19b. For concrete materials (contrary to metallic materials) an appropriate yielding surface must
be pressure dependent. It means that the yield surface change in function of the hydrostatic
pressure. In Figures 2.19b and 2.19c, it is clear how the surface expands as the hydrostatic pressure
increases. From a physical point of view, any element (or finite element) with a state of principal

stresses located inside this yielding surface is considered to behave as elastic. On the other hand,

64



if the state of principal stresses is represented by point that is located outside the yield surface, it

implies the material point is in the plastic range.

The Hardening Rules (or loading Functions)

The hardening rule defines how the yield surface changes in shape and size as the plastic
deformations increase. The three typical hardening rules are: The isotropic rule, the kinematic rule
and the mixed rule. Figure 2.20 gives the graphic representation of each hardening rule in a Bi-
dimensional state of principal stress s1 and s2.
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Figure 2.21. Hardening Rules Representations in bi-dimensional stress. Taken from Chen and
Han (2007)

In the Isotropic hardening, in accordance with Figure 2.20a, the initial yield surface only
expands but not rotates or distorts. This hardening rule is only suitable for monotonic application
where the Bauschinger effect can be neglected. In the kinematic hardening, the initial yield surface
keeps its original shape (do not distorts) but shift its origin to another position. In other words, the
yield surface does not expand or distort but only translate. In the kinematic hardening, represented
in Figure 2.20b, the Bauschinger effect can be partially captured and therefore it is suitable at some
extent for cyclic loading applications. The mixed hardening combines the Isotropic and Kinematic
assumptions. This means that the initial yield surface not only expands but also translates from its
original position. The mixed hardening rule, represented in Figure 2.24c, is the most suitable for

concrete materials.
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Figure 2.20a shows typical loading functions for steel materials in bi-axial stress. In steel
materials, the initial yield surface in tension are the same as the initial yield in compression if the
Bauschinger effect is neglected. However, a graphic representation of work-hardening or
hardening rule for concrete applications is given in Figure 2.21b. In concrete applications, the
failure in tension substantially differs to the failure in compression. Figure 2.21b shows the initial
yield surface, the subsequent loading surfaces (surfaces after initial yield surface), and the final
failure surface. Figure 2.25a shows the yield surface and the loading surfaces in a bi-axial state of
stresses, while Figure 2.25b shows the surfaces in a triaxial state of stresses but in a meridian plane.
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(a) Hardening rule in a bi-axial state of (b) Hardening rule in tri-axial state of stress for concrete
stress for concrete materials materials, represented in a meridian plane.

Figure 2.22. Biaxial and Triaxial state of Hardening with non-associated flow rule for concrete
applications.

In Figure 2.214a, it was assumed that the subsequent loadings as well as the final failure
surface follows a similar shape to the initial yield surface. When this hardening rule is assumed, it
is said that the material has an associated flow rule (the concept of flow rule will be explained
later). However, according to Chen and Han (2007) this assumption is not in agreement with the
most recent experimental research, in which it has been he found that the failure surface in concrete
members do not necessarily follows the same path and the same shape of the initial yield surface.
From figure 2.21b, on the other hand, it is clear that the initial yield surface has a close shape,
whereas the subsequent failure surfaces start to open. The intermediate surfaces (or loading
surfaces) stars to open change its size as the hydrostatics pressure increases. Figure 2.21b gives an
example of a material with non-associated rule flow, which is more in agreement with

experimentation in concrete materials.
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The Flow rule

Once a material point reaches the initial yield surface, the material enters in a state of plastic
flow if additional stresses or loads are induced. The plastic flow can be represented by the concept
of the flow rule. In this concept, the plastic-strain-increment vector &' and the subsuequent
loading surface are related through a plastic potential function (G). The definition of a plastic
potential function, similar to the definition of yield surface, is also given in terms of the invariants
of the effective stress tensor. According to Lubiner et al (1989), a potential plastic flow is useful
to capture the change in volume of the material (concrete in this case) when it is subjected to large
inelastic or plastic deformations. Equation 34 defines the flow rule for the material when it is
experiencing work-hardening, or in other words, when it is stressed beyond the initial yield surface
limit.
3G (0)

0

&Pl =) .Eq (34)

In Equation 34, £P!is known as the plastic strain increment vector that defines the change

of the loading surfaces as the plastic strains continues. A is always positive scalar known as the
hardening parameter or the plastic consistency parameter according to Lee at al (1998), and it

controls the length (or magnitude) of the plastic-strain-increment vector (£7!). On the other hand,

% is the gradient of the flow rule with respect to the effective stress tensor, and it defines the

direction of the plastic-strain vector.

2.2.5 The modified Compression Field Theory

The Modified Compression Field Theory (MCFT) is the theoretical foundation for the
Shell-2000 software developed by Bentz (2000). In the MFCT, the un-cracked and the cracked
concrete are treated as different materials. The cracked concrete is treated as an orthotropic
material and the smeared crack rotating approach is adopted to determine the cracks orientation.
The MCFT is intended for RC panels subjected to membrane (or In-plane) forces. Among the main
assumptions of the MCFT is that equilibrium of forces, the compatibility of strain between the
reinforcement and concrete, and the stress-strain relationship are done in term of average stress

and average strain.
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By average, it must be understood that both, strain and stress are measured assuming a
large distance inside the panel, in such a way that several cracks are crossed, and it allows to
average the strain and the stresses in the concrete and the reinforcement. As additional explanation
of this concept is given in Figure 2.23. Figure 2.23a illustrates the “average” stress of a concrete
plane between two cracks, while figure 2.22b shows the “averaged” stress on the surface of a crack.
In the first case (stress in the middle of two cracks) the tensile stress in the concrete are higher than
the average, whereas in the second case (stress on the surface), the tension stress can be considered
as zero. In the second case, in which the cut is in the vicinity of the crack, the stress in the

reinforcement is higher than in the first case.
_"’ !
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(@) Average Stress of the concrete (b) Average stress on a crack surface
between two cracks

Figure 2.23. Average Stress of the concrete between two cracks and Average stress on a crack
surface. Taken from Menin et al (2009)

In addition to the concepts of average stresses and strains, the MCFT is based in three basic
principles: 1. deformation compatibility relationship for the average strains in the concrete and
steel reinforcement; 2. equilibrium of forces between the average stress in concrete and
reinforcement; and 3. constitutive relationship between cracked concrete and reinforcement
represented by the tension stiffening. Other important assumptions of the MCFT theory are the
followings: The reinforcement is distributed uniformly over the panel; there is perfect bonding
between reinforcement and concrete ; and finally, the direction (or angles) of the principal stresses

are assumed to coincide with the direction of the principal strains.
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Deformation Compatibility Relationship

The MCFT assumes full compatibility of deformation (or full bond) between concrete and
reinforcement. Thus, the total deformation in x-direction and y-direction is the same for the

concrete and for the reinforcement as given by the equations 35a and 35b, respectively.
Ex = Ecx = &cx  E( (352)
£y = &y = &y Eq(35Dh)

Assuming a value of shear strain (y,,), and by using the well know morh’s circle it is
possible not only to find the principal strain in tension and compression for the concrete, but also
its associated direction (6). Equation (36a) gives the magnitude of the principal strain for the
concrete in tension and compression, while equation (36b) defines the orientation. The principal
strains, as well as the its associated directions are function of the axial strains (&, and ¢,) and the

shear strain (yy,).
1 1 2 5195
€c1r€c1 = 3 (ex + ey) + > [(ex + ey) + Yxy ] Eq (36a)

0 =Ltant [V—Y] Eq (36b)

Ex—&y

Equilibrium of Internal Forces

Doing summation of infernal forces in the panel according to figure 2.24a, and again using
the Mohr’s circle in figure 2.24b, the relation between the average principal stresses (fe1and feo )
and the average stress in the concrete (fcx) can be found. Equation 37a or 37b gives this relation. It
is important to note that these equations are valid because the cracked concrete is considered as an

orthotropic material in the direction of the principal stress.

fer = fex T t:IC:E;) ,where fo,, = 0y — Psxfox Eq (373-)
fer = fcy + C:)C;Eg) ,Where fcy =0y — Psyfsy Eq (37b)
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(@) Free body Equilibrium Diagram (b) Mohr’s circle

Figure 2.24. Internal Forces and principal stresses. Taken from Menin et al (2009)

Constitutive Material relationship

As explained before, the MCFT theory follows the smeared cracked theory, and the option
to mimic the tension stiffening is included in the concrete. The tension stiffening model used in
the MCFT is the model proposed by Veccio and Collins (1986), given in Equation 38. Like most
of the tension stiffening models, the Veccio and Collins model have two parts: the linear elastic
part which is limited by the maximum tensile strain cracking or rupture strain cracking ecr ; and
the plastic part which the principal strain exceeds ¢ . In equation 38, &c1 is the maximum or
principal tensile strain, Ec is the modulus of Elasticity of the concrete, f; is the maximum tensile
strength of the concrete.

&1Ec if ifec < &

fcl = i

. Eq (38)
1+/200e,, ifécy > &cr

2.3 Software for the Non-linear analysis and modelling of RC members
2.3.1 Abaqus

Abaqus is a multipurpose commercial software based on finite elements and developed by
Dassault, 2013. It can be used to analyze and model any type of solid, such as soils, rocks, concrete,
and even fluids subjected to external forces. Several researchers has used it before to model the

complex non-linear behavior of different RC structural members such as beams, walls and panels
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in a lees proportion, as explained in the introduction of the document. Mechanics related problem
can be solve by using any the two available solvers in Abaqus. The Abaqus/Implicit solver and the
Abaqus/Explicit solver. Abaqus/Implicit is more suitable for static or quasi-static problems, while
Abaqus/Explicit is for dynamic problems. Both solvers will be used for the modeling of the RC
panels depending on the selected concrete material constitutive model. For example, for RC panels
using the Concrete Damage Plasticity (CDP) and the Brittle Failure Cracking (BFC) models, the
explicit solver will be used, while for RC panel using the Smeared Concrete Cracked (SMC)

model, the implicit solver will be used.

The construction of the numerical models in Abaqus are more time consuming and
cumbersome than in Shell-2000 (especially for novice users). This is one of the disadvantages of
Abaqus regarding Shell 2000. However, Shell-2000 is more limited, not only because it is as
sectional analysis software and not as finite element package, but also because the constitutive
material models (either for concrete or steel reinforcement) are predefined and cannot be modified.
It is worthy to mention that the selection of the concrete material model in Abaqus (CDP, BFC or
SMC) requires not only of a better understanding of solid mechanics, but also a better lecture of
the failure mode and the loading application forces over the panels during experimentation. The
more relevant aspects for the modelling of the RC panels in Abaqus are the choosing of the finite
Elements, the loading application procedure, and the material constitutive models for the concrete.

Each one of these aspects will explained next.

The selected finite elements in Abaqus

Two types of models were developed in Abaqus: 2D shell models for the modeling of the
SM and the PV series panels; and 3D solid models for the SP series panels. The Shell element
identified as S4R, which is a 4-node doubly curved general-purpose shell with reduced integration
and hourglass control was used for the 2D models. A representation of the S4R element is given
in Figure 2.25a. The S4R is a Layer Composite Shell (LCS) element which allows to simulate
sections with different material properties as is the case of the reinforced concrete. A very
important feature and limitation of the LCS elements is that they enforce full deformation
compatibility between the concrete and the reinforcement. Sener et al (2015), who used the LCS

elements for the simulation of an 1:10 scaled Steel Composite (SC) nuclear power plant, also
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warned about this limitation. The default amount of five integration points along the thickness of
the panel as shown in Figure 2.24b, was assigned to the S4R shell element. The Abaqus manual
says that this default amount is enough for most non-linear analysis. In the LCS elements, the
reinforcement is modeled (or introduced) as smeared layers. The position of the different
reinforcement smeared layers located inside the panels are specified taking as reference the middle
plane of the panel as shown in Figure 2.24c. In addition to the location of the reinforcement,

Abaqus requests the area per bar and the spacing between them.
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Figure 2.25. The Layer Composite Shell (LCS) SR4 finite element for the 2D Models in Abaqus.

Regarding the 3D solid models, two finite elements were used: the finite element identified
as the C3D8R for the modeling of the concrete; and the finite element identified as the B31 for the
modeling of the reinforcement bars. The C3D8R is defined in the Abaqus manual as a continuum
8-node linear (or first order) brick with reduced integration and hourglass control. A representation
of the C3D8R is given in figure 2.26a. Perhaps the main advantage of the C3DR8 element is the
reduction in analysis time since it since it only uses one integration point. However, the main
disadvantage of the C3DRS, also associated with its unique integration point, is that they become
susceptible to the well-known Hourglassing effect. Sun (2006) said that the Houglassing effect
must be controlled because it causes to the element to become very flexible. The Hourglassing
effect in all numerical models with the C3DR8 was controlled by using a refined mesh. Not only
in the 3D models, but also in the 2D models, the mesh size was 50mm (2in). Finally, the B31 is
defined in Abaqus as a 2-node linear beam element. This element makes part of the Timoshenko
(or shear flexible) beam types, which can be subjected to very large axial strains. Another
important feature of the B31 element is that its transverse shear behavior is independent to the

axial stretching and bending. A representation of the B31 element is given in Figure 2.26b.
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2
(a) C3D8R 8-node linear (b) B31 2-node linear beam.
brick.

Figure 2.26.The continuum C3D8R and the B31 finite elements for the 3D models in Abaqus.

The loading application Procedure in Abaqus

Two important aspects were considered when imposing (or reproducing numerically) the
loads in the Abaqus models. First is related to selection between deformation or force control
procedure; and second, the definition of the load application time. Regarding the first aspect, the
out-of-plate bending moment demands were load were simulated by applying deformation control
by imposing rotations. The membrane forces (in-plane axial and in-plane shears) were simulated
by applying force control procedure. This will be explained in more detail later in a case by case
base in chapter 5. The second aspect, definition of the loading application time, define how fast
(or how slow) the loads (applied either as deformation or force control) will be applied during the
numerical analysis. If the loads are applied too fast, the analysis will be fast, but it will trigger
dynamic effects in the response of the numerical which would reduce the accuracy if the models.
It is pertinent to mention that all tests analyzed in here can be considered as quasi-static tests which
lasted between 1 and 2 days to be completed. If the loads are applied too low, the chances of
triggering dynamics effects will be low, but the analysis or running time will be very high, which
will make the calibration process very tedious, and inefficient. For most of the 2D numerical
models in Abaqus, the time analysis step was set up in 2.0 sec, while for the 3D models it was set
in 0.75 sec. For efficiency, mass scaling factors of 5e® and 9e® were specified for the 2D and the
3D models, respectively. At the end of each analysis it was verified that the dynamic effect in the
response of the models were negligible by keeping the ratio between kinetic energy and the internal

deformation energy less than 2%.
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The constitutive models for concrete materials

There are three available constitute concrete material models in Abaqus: The Brittle failure
Cracking (BFC), the Concrete Damage Plasticity (CDP), and the Smeared Cracking (SMC)
models. A brief description of the theory behind each model will be given in this section. Also, an
explanation regarding the most sensitive parameters foreach one of those concrete models will be
provided. An important difference between the models is that the BFC does not require the
definition of the uniaxial compressive behavior of the concrete, whereas the CDP and the SMC
models do. The BFC does not require definition of the uniaxial compressive behavior of the

concrete because it assumes this behavioral as linear elastic, being this one of its main drawbacks.

The Concrete Damage Plasticity Model (CDP)

The CDP model in Abaqus is based on theory of plasticity, and specifically on flow theory.
The three most important steps in flow theory are the definition of: a) an initial yielding surface

shape, b) a hardening rule, and c) a rule of plastic flow. The yield surface is given in terms of the

vector of plastic deformation, ?:pl:[.i:'i’l, ?:i’l], and the Invariants of the effective stress tensor (@),
as shown in Equation 39, where Iy is the first invariant (or trace) of the Effective stress tensor, and

J2 is the second invariant of the deviatoric part of the Effective Stress tensor (S).

F(@,8") = —[aly + /3], + BE) Gmax) = ¥(Omax)] = F.(E) =0 .Eq(39)

A vyield surface can be understood as a scalar field that is given in terms of the invariants
of the effective stress tensor. Since the yield surfaces are given in terms of the principal stresses,
they can be better visualized and interpreted in the Haigh-Westergaard space, as shown in Figure
2.19. The most sensitive parameters to define yield surface in the CDP models are: the fuo/ feo ratio,
and the Kc. This ratio fho/ fco IS related to the constant o in the yield surface and affects the volume
in the hydrostatic axis. K¢ constant is the ratio of the second invariant of the tensile meridian to the
second invariant of the compressive meridian, for a specific hydrostatic pressure. The parameter
K. controls the shape of the yield surface, and its effect is more tangible in a deviatoric plane as
shown in Figure 2.20c. It will be expected that for smaller values the material will enter in the

elastic regime faster than when introducing larger values.

74



Abaqus uses a non-associated plastic flow for the CDP models. This means that either the
loading surface or the failure surface of the concrete have a proportioned shape to the initial yield
surface, or in in simpler words G # F. The potential plastic flow adopted by Abaqus is the Durcker
& pragger model with an hyperbolic approximation is given in Equation 40. Similar to the yield
surfaces, the plastic flow potential is also a function of the invariants 11 and J2, which were already

explained.

G(@) = /(eootanP)? + 3], — = Eq (40)

1
3

The potential plastic flow used in Abaqus for the CDP models is the Drucker and Prager
model (1952) with a Hyperbolic shape as shown in figure 2.25. The most sensitive parameters to
define this potential are: the angle B, the distance d’ and the eccentricity e. the angle 3 is known
as the dilatancy angle, and it defines the slope in the meridian plan p-qg of the plastic flow surface
(G). The meridian p-g plane is the equivalent compressive meridian in the yield surface. The
parameter d’ is the cohesion and it is the corresponding shear strength of the material when there
is no hydrostatic pressure (cm=0). Finally, the eccentricity (e), controls the behavior of the potential
flow at positive small and hydrostatic pressure. The eccentricity is defined as the ratio between the
cohesion (d’) and the tangent of the dilatation angle (). It is also important to clarify that this
potential assumes an associated plastic in the deviatoric plane, but a non-associated plastic in the
meridian planes of the surface.
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Figure 2.27. The Durcker & Pragger flow rule on a Meridian plane of the yield surface.

The Brittle Failure Cracking Model (BFC)

The Brittle Failure Cracking Model (BFC) for concrete materials in Abaqus is mainly

intended for cases in where the behavior or failure mode of the RC members (in this case RC
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Panels) is governed by tensile cracking. A brittle failure mode, with a sudden loss in strength after
maximum capacity is associated with panels controlled by tensile cracking. This model assumes a
linear elastic behavior for the concrete in compression, which is its most sensitive disadvantage.
However, in cases where the failure of the specimen is brittle and governed by tensile cracking,
this assumption is acceptable. One of advantages of this model is that it allows to remove (or
delete) elements with excessive distortion (after reaching a predefined cracking criterion) which
reduce convergence issues during the analysis. Another advantage of this model is that it assumes
the concepts of fracture energy to relate the formation and propagation of new cracks in the
concrete. The inclusion of fracture energy concepts besides facilities the crack formation detection
and is appropriate because it makes the analysis not be very sensitive to the mesh size. Finally, it

must be mention that BCF is only available for the Abaqus/Explicit solver.

The BFC for concrete in Abaqus uses the smeared cracked model approach, which is
combined with fracture-mechanics concepts. Abaqus employs the fixed crack model (or fixed-
multidirectional) approach to account for the effect of the cracked concrete. The BFC concrete
models allows to simulate the tension stiffening for reinforced concrete members, or the tension
softening for un-reinforced members, although it is more intended for the latter ones. The tension
softening in Abaqus can be introduced in the conventional form of stress vs strain (or cracking
strain) or in terms of stress vs cracking displacement. For un-reinforced members, it is
recommended to set the tension softening in terms of stress vs displacement rather that stress vs

strain.

A very important aspect to take in account with the fixed crack models is that due to the
potential misalignment between the principal direction and the initial fixed cracking direction,
additional shear stresses rises along the crack surfaces. Rots and Blaauwendraad (1989) indicated
that in smeared crack models stress-locking may rise, and the stiffness of the specimen may be
overestimated. A way to alleviate this increment in shear stiffens is to introduced shear retention
model, which can be explained in Figure 2.28, and is available for BFC models. The shear retention
model defines at what rate the shear stiffness of the RC members degrades as the cracks opens.
The shear retention model can be defined as a piecewise linear form or in a power law form, being

this latter one the chosen option in this study.
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Figure 2.28. Definition of the Shear Retention according to power law in Abaqus.

The main parameters to define the shear retention model in this option are the power law
factor (p) and the ultimate cracking displacement/strain (e). The power factor (p) accounts for the
rate of drop of the shear modulus (G) in function of the cracking displacement/strain. The
maximum displacement/strain cracking is function of the compressive strength of the concrete, the
size of the aggregate, and the diameter of the reinforcement bars among others. The failure criteria
is associated with the required number of cracks needed to remove a concrete element once the
cracking displacement/strain (failure value) has been reached. Three failure criteria can be
specified: Unidirectional, Bidirectional and Tri-directional. For the case of the RC panel no more

than two cracks (or bidirectional criterion option) can be selected.

The Smeared Crack Mode (SMC)

This model is called as an inelastic constitutive model for concrete in Abaqus. As its name
indicates, it uses a smeared crack model to simulate the response of the cracked concrete. This
model, as same as the BFC is more intended for members whose behavior and or failure mode is
controlled by cracking. The SMC model might be seen as a combination of the BFC and CDP
models. However, in contrast to the BFC, the smeared cracked model does not assume a linear-
elastic behavior of the concrete in compression, which offers an interesting alternative when the
specimen experiences high compressive stresses. The compression behavior in the SMC model is
also defined by a typical uniaxial compressive curve in terms of the plastic deformations. Like the
CDP model, the SMC proposes a plastic surface to simulate the nonlinear behavior of the concrete
but defined by more coarse elasto-plastic model. This coarse elasto-plastic model is not as accurate

as the CDP model, and it must be used with precaution being aware of its limitations.
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fo = 3V3ok ++/3]; V31, = 0 Eq (42)

Where,
1-rg o
a, = \/§1_—2rb§c where 15, = U_c: ~ 1.16
I, = trace(0)
1 _
2= E(S:E)

7.:Yield Stress in state of pure shear

The main difference between the coarse elasto-plastic SMC model of and the more accurate
CDP plasticity model are: 1. the yield surface is assumed linear and follows the coulomb model,
as shown in Figure 2.27; 2. it assumes an associated rule flow, which is not consistent with the real
behavior of the concrete, and usually over predict the capacity of the RC members; 3. The tensile
yield surface, which controls the cracking behavior is also assumed to be linear and not parabolic
as in the CDP model. Another important difference regarding the yielding surface of the smeared
crack model is that it is given in terms of the first (11) and second invariant (J2) of the stress tensor,
as can be seen if equation 41. The parameter A, and Kc that appears in the CDP model, which
control the yield surface shape when the element is subjected to tri-axial compressive stress are
omitted in this SMC model. Although this limitation may seem very drastic, it is important to
clarify that most of the walls or panels even in industrial facilities, as in other kind of buildings are

not subjected to tri-axial compressive stress, which may offer a good approximation.
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Figure 2.29. Approximate Yield surface used in the Smeared Crack Model in Abaqus
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The first step to define a SMC model in Abaqus is to specify a set four ratios. These four
ratios are: ratio 1, which is the ultimate biaxial compressive stress to the ultimate uniaxial
compressive stress; ratio 2, which is the absolute value of the ratio of the uniaxial tensile stress at
failure to the ultimate uniaxial compressive stress; ratio 3, which is the ratio of the magnitude of a
principal component of plastic strain at ultimate stress in biaxial compression to the plastic strain
at ultimate stress in uniaxial compression; and ratio 4, which is the ratio of the tensile principal
stress at cracking, in plane stress, when the other principal stress is at the ultimate compressive
value, to the tensile cracking stress under uniaxial tension. After that, the shear retention factor
and tensile criteria failure must be specified. Although not mandatory, the shear retention factor in

the SMC model is set up similarly to the shear retention factor in the BFC models.

The smeared cracked model will be used for those RC panels that failure in a brittle mode
with high compressive stress. Although the BFC models will be used in first place for these type
of panels, it will be verified if the compressive strains ort stresses do not exceed the elastic
compressive limit of the concrete (i.e. 0.30fc or 0.001 for stress and strain limit, respectively). If
the elastic limit of the concrete in compression is exceeded, then the SMC models will be used. It
is also important to mention that the Smeared cracked also allows to define a shear retention model
as same as the MFC model, already explained. One of the disadvantages of the Smeared cracked
models, which used implicit solvers is that is lack of numerical convergence, which produces a

premature stop during the analysis.

2.3.2 Shell-2000

Shell-2000 is a sectional analysis software developed by Bentz (2000). This software was
intended for the analysis, design and modeling of RC shell elements subjected to in-plane and out-
of-plane force simultaneously. Shell-2000 is based in the Modified Compression Field Theory
(MCFT) proposed by Vecchio and Collins (1986), and it has been corroborated against
experimental results with satisfactory results. For example, Bentz (2000) simulated the shear
capacity of square RC panels, tested by Adebar 1984, which were subjected to out-of-plane shears;
and the results experimental result of Kirschner (1986), who tested RC panels subjected to axial
and bending moment. Similarly, Polack and Veccio (1994), also reproduce analytically the

experiential response of 4 large-scale RC shell elements subjected to the combined action of in-
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plane shear and axial forces. Coronado et al. (2014) used this software in its analytical research,
where they computed demand capacity to demand ratio (CDRs) by considering the different

analyses seismic methods and design approaches.

Define Loading ? *
Constant +  Increment
Azisl Force % | 0.00 + | 0.00 kM/m
Aial Force Y | 0.00 + | 0.00 kM/m
I Plane Shear | 0.00 + | 1.00 kM/m
Moment = | 0.00 + | 013 kMrm/m
Maoment | 0.00 + | 0.00 kMm/m
Tarsional Moment | 0.00 + | 0.00 kMrmdm
Shear =2 | 0.00 + | 0.00 kMdm
ShearvZ | 0.0 + | 0.00 kM/m
For zsingle load level, only uze constart.
’Tl Cancel | Help |

Figure 2.30. Input for the Loading combination in Shell-2000

The main advantages of Shell-2000 with respect to Abaqus is that not only the material
constitutive models for concrete and reinforcement are already predefined, but also the loading
application procedure. These two advantages facilitates the development of the non-linear
numerical models in Shell-2000. The base curve for the concrete in compression in Shell 2000
follows the Popovic’s curve model, and the tension stiffening model in Shell 2000 is the tension
stiffening model proposed by Bentz (2000). Since Shell-2000 was specifically intended for the
analysis of RC panels, it is very easy to apply incremental and proportional loading for more than
one load, which is in agreement with the RC tested panels studied in this report. Figure 2.30 shows
how to assign the loads at which the panels are being subjected in Shell-2000. First, to indicate
that the loads are being applied incrementally, they must be introduced under the increment column
(or vector). After that, the user input the magnitudes of the corresponding forces (i.e. Nx, Ny, My).
As an example, Figure shows the load combination of panel SE7 tested by Kirscher and Collins
(1986), which was subjected to axial forces (Nx and Ny) plus bending moment about the x-axis
(My). It us useful to mention that the magnitude of the load can be also introduced in relative terms

instead of using the actual magnitude values. It is, instead of typing 235kN-m/m for the bending
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moment (M) and 1810 kN/m for the in-plane shear, it is also valid to input 0.13 and 1.00, which

are the relative values that were normalized over the in-plane shear.

Finally, another important difference between Abaqus and Shell 2000 assume different
smeared cracks approaches to account for the tension stiffening effect in the concrete. Abaqus
assumes Smeared fixed rotating models, while Shell 2000 assumes smeared rotating crack models.
In the smeared rotating models, it is not necessary to define a shear retention behavior as in the
cases of fixed cracked models, since the direction of the cracks co-rotates with the principal
directions and therefore no additional shear stresses rise along the crack surfaces. By using Shell
2000 will allow to indirectly evaluate which of the two smeared crack approaches (rotating or
fixed) will be more accurate in capture the behavior of the panels. No additional explanation
regarding the theory behind Shell 2000, nor detail about the construction of the model will be given
in this document for the sake of brevity. As mentioned before, this is a very friendly software easy
to catch up; and the MCFT theory, upon which this software is based on, has been available for

more than four decades ago.

2.3.3 Membrane-2000

Membrane-2000 was also developed by Bentz (2000) and its works very similar to Shell
2000. The same background theory and modeling recommendations for Shell 2000 apply to
Membrane 2000. The main difference between the Shell-2000 and Membrane-2000 is that this
latter only analyzes panels subjected to in-plane or membrane forces (i.e. Nx, Ny and Nyy) as shown
in Figure 2.1. The PV series panels, which subjected to membrane forces only, were modeled in

this software.

Define Loading >

Caongtant  +  Increment

Axial - 2 | 000 + | 000 MPa
Axial - | 0.00 + | 0.00 MPa
Shear | 0.00 + | 1.00 MFPa

Far a zingle load level, only use the "constant' values

0k | Cancel | Help |

Figure 2.31. Input for the Loading combination in Shell-2000.
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3. THE ACI-BASED DESIGN PANEL APPROACH

3.1 General Description

The ACI-Panel-Based-Design Approach (PACI) design approach, as its name indicates, is
entirely based in the formulation and procedures of the ACI-349 and the ACI-318.2-19 codes.
Most of the design considerations of the PACI approach are specified in numeral 19.4 of the ACI-
349 and in numeral 6.1 of the ACI-318.2-19 codes. These numerals provide the conceptual design
requirements to compute the steel reinforcement in RC shells. The design considerations of the
PACI approach can be summarized in existing design recommendations; and in additional design
recommendations. The existing recommendations refer to those recommendations from the ACI
349 and the ACI 318.2-14 codes, while the additional design recommendations refer to those that
were incorporated by the author. Figure 3.1 shows the convention that will be utilized to identify
the internal design demands in an RC panel, and to apply the formulation of the PACI approach:
Nx, and Ny are the in-plane axial forces acting in the x and y directions; Nyy is the in-plane shear
force; My and My are the out-of-late bending moments producing axial stresses along the x and y

directions; Myy is the twisting moment, and finally, Vx; and Vy; are the out-of-plate shears.

/
/

Z

Figure 3.1. Force Convention for the application of the “PACI” Design Approach.
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3.1.1 Existing Design Recommendations

The existing design recommendations for steel reinforcement of the PACI approach are
divided in general existing design recommendations from chapter 19 of the ACI 349, and in
specific existing design recommendations from the ACI 318.2-19. The general design
recommendations from the ACI 349 are: a) The tensile strength of the concrete will be neglected
to estimate the nominal bending capacity, the in-plane axial and the in-plane shear capacities of
the panels, in accordance with the numeral 19.4.1; b) the reinforcement must be provided in at
least two directions in accordance with numeral 19.4.2 (also from ACI 318.2-19) in order to
account for the large number of load design combinations which also produce several principal
stresses difficult to satisfy during the design; and c) the reinforcement required for flexural
demands shall be computed considering the axial membrane forces, in accordance to numeral
19.4.3, which implies an axial-bending moment (P-M) interaction procedure between the in-plane
axial forces (Nx and Ny) and the out-of-plate bending moments (Mx, My and Myy). A similar
approach, but only applicable for SC walls is in the Design Guide 32 (DG 32) developed by
Saahastaranshu and Varma (2017).

The specific existing design recommendations of the PACI approach from chapter 6 of the
ACI 318.2-19 are: a) steel reinforcement should be provided to resist the tensile stress produced
by the combined action of the in-plane (or membrane) forces and the out-of-plate bending
moments (Mx and My), and the twisting moment (Myy), in accordance to numeral 6.1.1; b) tensile
reinforcement should be provided in at least two directions, according to numeral 6.1.2 for the
reason previously explained; and c) reinforcement for shear must be computed following chapter
11, while reinforcement for bending must be computed following chapters 11 and 13, in
accordance to numeral 6.1.4.; d) the amount of steel reinforcement must be limited in such a way
that the reinforcement yield before any crushing of the concrete or buckling of the panel in order
to ensure a ductile failure mode of the panel, in accordance to numeral 6.1.5; and e) equal amount
of reinforcement must be provided in the outer faces in order to resist the out-of-plate bending
demands, even if in one of the two outer faces requires zero or less reinforcement than the opposite
face is required, in accordance with 6.1.9. This means that if for example, a reinforcement curtain
that is located at the bottom face of the panels and that is running along the x-direction (bot-x)
requires less reinforcement than the curtain that is located at the opposite face, top face in this case,

and also running in the x-direction (top-x), then, the bot-x curtain will be constrained to have the
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same amount of reinforcement required in the top-x curtain. This recommendation can be named

as the same direction opposite face reinforcement constraint rule.

3.1.2 Additional Design Recommendations

There are two additional design recommendations for the application of the PACI approach.
One design recommendation for the estimation of the in-plane reinforcement, and another one for
the estimation of out-of-plane or Transverse Shear Reinforcement (TSHR). The first
recommendation is supported by a constraint rule, similar to the opposite face rule just explained,
which will be called as the perpendicular direction same face constraint rule. The second
additional recommendation advises how to deal with the out-of-plane (or transverse) shear
demands (Vx; and Vy;). The PACI approach, in contrast to the EC2 approach, treats the out-of-
plate shear demands separately, and follow the design procedure in chapter 11 of the ACI 318,
which accounts for the effect of the axial forces to estimate the out-of-plate shear capacity of the
panel. Additional explanations regarding the perpendicular-direction-same-face constraint rule
will be provided next, while additional explanations regarding the computation of the TSHR will

be given in the next numeral.

The perpendicular direction same face constraint rule.

The perpendicular direction same face constraint rule, as its name indicates, forces to use the
largest amount of required reinforcement between the two component (or perpendicular) directions
(x ory) in the same face (or layer) of a panel, along the direction that requires less reinforcement.
In contrast to the opposite face constraint rule, which forces to impose the larger amount of
required reinforcement in the opposite face but in the same (or parallel) direction, the perpendicular
direction same face constraint rule forces to impose the largest amount of reinforcement in the
same face, but in the perpendicular direction. This rule implies that if for example, after finding
that the reinforcement ratio along the y-direction (either at the top or bottom layer) is lower than
the reinforcement ratio suggested along the x-direction, then, the same reinforcement ratio in the
x-direction must be provided in the y-direction, even if the approach suggested a lower

reinforcement amount.
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This “perpendicular direction same face constraint rule” was proposed for two reasons. First,
to account for the effect of the potential misalignment between the direction of the reinforcement
and the principal directions which is explained in numeral 6.1.7 of the ACI 318.2-19; and second,
because after applying the EC2 approach, which does consider the principal stress and directions
to estimate the required reinforcement, it was found that the EC2 suggested the same amount of
reinforcement in both orthonormal components (or perpendicular) directions (x and y). As said in
numeral 6.1.7 of the ACI 318.2-19, when there exists a deviation of more than 10 degrees between
the direction of the reinforcement and the principal directions -which will be highly likely in the
PACI approach because it does not account for principal stresses or directions- the design of the
panel will be governed by cracking limitations at service loads. The commentary for numeral ACI
6.1.7 in the ACI 318.2-19 says that one way to limit the crack width is by increasing the amount
of reinforcement, which is precisely what the perpendicular direction same face constraint rule
does. At the end of this chapter, it will be shown that the procedure to compute the membrane
forces that will be resisted for the reinforcement layer in the PACI approach is very similar to the

procedure of the basic EC2 sandwich model approach with slightly variations.

3.2 Computation of the Transverse Shear Reinforcement (TSHR) if needed

The PACI approach follows a very similar procedure to the EC2 approach to estimate the
out-of-place reinforcement for the RC panels. The main difference is that instead of computing
the maximum in-plane shear (vg4,) as a function of the two out-of-plane shears (Vx; and Vy;) like
the Eurocode does, the PACI treats the two out-of-plate shears separately as indicated in Figure
3.2. Transverse Shear Reinforcement (TSHR) will be only required if the out-of-plane (or
transverse) shear capacity provided by the concrete alone (V) is less than the out-of-plane shear
demands. In other words, if any of the out-of-plane shear demands (Vx: or Vy,) is greater that the
shear capacity of the panel only provided the concrete (V,), then TSHR is required. There are two
important considerations when computing the out-of-plate shear capacity that is only provided by
the concrete V. in the PACI approach: 1. not all the thickness of the wall will be considered to
estimate this V¢ ; and 2, the beneficial effect of the compressive axial forces (if it exists) on this V¢
will be disregarded. Equations 16a and 16b give the magnitude of the out-of-plane shear capacity
of the panel. As can be seen in both equations, the PACI approach only considers the contribution

of the concrete (Vexz).
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Figure 3.2. Out-of-plane shears

The PACI approach assumes that only 80% of the thickness of the panel is available to resist
the out-of-plane shear demand. This 80% is assumed following the recommendations of
Blaauwendraad (2010), who said that a good approximation to estimate the thickness of the outer
layers when applying the sandwich model approach is 20% of the thickness of the wall (0.2tw).
Thus, the effective thickness of the central layer of the panel, which will take most of the out-plane
shear demand, can be taken as the distance between the centroids of the outer layers. Assuming
that the thickness of the outer layers are 0.2tw, then the inner layers will have an effective thickness
of 0.8tw, as shown in figure 3.2. This assumption was in agreement with the findings in this
research. For example, when applying the EC2 approach in section 6, it was found that the average
thickness for the outer layers for the SE, the SM, the ML, and the SP series panels was about 21%
of their corresponding total thickness (0.21tw). The PV and the F series panel were not taken in
consideration for this calculation because they were only subjected to membrane forces. In

addition, the PV panels had a very small thickness of 70 mm.

Using an effective depth of 80% of the thickness of the wall to estimate the out-of-plane shear
capacity of the wall instead of the commonly accepted 90% for beams, it goes in agreement with
the fact that the PACI approach also assumes that the concrete in the outer layers is always cracked.
Therefore, the thickness corresponding to the outer layers cannot be accounted for the out-of-plane
shear capacity of the panel. Assuming an effective thickness of 0.8tw implies that at least the
covers of the panels will not be considered in the out-of-plane shear capacity of the concrete, and

thus, a significant portion of the thickness wall will be disregarded. The shear strength reduction
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factor ¢v in this case can be taken as 0.6 as recommended by the ACI-318 for seismic applications

and for special structural walls in the numeral 21.2.4.1.

I/;cz - ¢Vchz
Av,, =27 Eq(16a
Avy, = Yoz = vVeyz  Eq (16b)

dvfy
Where,
0.174/f/(0.6t,) for Ny <0

Vs = N
<z~ 10.172 (1 _ ),/ 77(0.6t,) for Ny >0
14z,
0.174FI(0.6t,) for N, <0
Veyz = N,

0.172 (1 _ )\/E(Obtw) for N, > 0
1at,

As can be seen in equations 16 and 16b, V¢ is punished (decreased) if tensile axial forces are
presents. However, V¢ is not increased when compressive axial forces are present. In other words,
the PACI approach, in contrast to the common practices in RC members, disregards the beneficial
effect (or the increment) of the V¢ when axial compressive forces are present. In equations 16a and
16b, Nx and Ny must be introduced as positive values if they are tensile forces, while they must be
introduced as zero if they are compressive forces This is assumed, again, to add conservatism to
the approach, and thus, avoiding a brittle failure. Another reason for this assumption is related to
the fact that the PACI approach does not account for the principal out-of-plane shear (vo) and its
associated direction (¢o), as the EC2 does. Hence, it will not be possible to know if the normal
force acting on the plane of the principal out-of-plane direction (¢o), explained in section 2.1.3, is
in compression or not. It will be more conservative, therefore, to disregard the beneficial effect of
the axial compressive force (if it exists) on the out-of-plane shear capacity of the panels. Also, it
must be recalled that the PACI approach, as well as the EC2 approach, assume that the axial forces
Nx and/or Ny) will be only resisted by the outer layers, and thus, zero (or very few) axial force will

be taken by the inner layer.
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It must be mentioned that some researchers, such as Blaauwendraad (2010) and the Fib CEB-
FIP bulletin 45 advise to increase the panel thickness instead of providing transverse reinforcement
(TSHR). They argue that placing TSHR is not practical for design purpose and it is time
consuming. As explained in section 2.1 if TSHR is required/placed, it will rise additional
membrane forces that needs to be taken into consideration to estimate the required in-plane
reinforcement areas. The PACI approach uses a simplified expression to estimate these additional
reinforcement areas based on the assumptions of the EC2 approach as will be shown at the end of
the chapter in table 3.1. If a more accurate procedure to estimate these additional is desired, the
consultants can follow the more accurate procedure proposed by EC2 approach or by the fib CEB-
FIP Model code (1990) (MC-1990)

3.3 Computation of the in-plane (longitudinal and/or Transverse) Reinforcement
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Figure 3.3. Computation of the Balanced Force for a RC panel.

One of the most important features of the PACI approach is the interaction between the axial
forces and the out-of-plane bending moments. The required amount of in-plane reinforcement will
depend on the magnitude of the axial forces acting in the two orthonormal directions of the panel.
As shown in Figure 3.3, three cases are considered: Case 1, when the axial loads are in tension;

case 2, where the axial loads are in compression, but their magnitudes are less than the balanced
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force; and case 3, when the compressive axial loads are greater than the balanced force (Nbal). As
noted, the two last cases depend upon the magnitude of the balanced force. The computation of
the balanced force follows the popular assumption of plane sections remain plane and the well-
known Whitney rectangular Stress block distribution for the concrete.

Equations 17 shows how to compute the balanced force of the RC panel. It is worthwhile to
mention that the third case is very unlikely to occur, since the balanced force in RC panels is
considerably higher when compared against the axial demands, considering the thickness and
robustness of the walls (or panels). The balanced force of RC panels either in the x or the y
direction can be found with equation 1, which is based on the well-known rectangular uniform
compressive stress Whitney Block for the concrete distribution, as shown in Figure 1. In Equation
1, €, is the maximum allowed comressive strain in the concrete, usually taken as 0.003; f, is the
typical yielding stress of the reificoement; and, d is the effective thicknes of the wall as shown in
fugure 2.12. B, , is the factor that correct the magnitude of the assumed unform commpresive stress
block. This factor takes a constant value of 0.85 for 17MPa <f. <28MPa; For f. values higher than

28 MPa, 5; decraeses at a ratio of 0.05 for every 7 MPa, but it never can be lower 0.65.

Npai = 0.85f apq — Asfy Eq (17)
Where,
Apar = P1 Chai
and
Eu
“bal = €, €

3.3.1 Analysis for when N is in tension

For the case when the panel is subjected to tensile forces, the PACI approach computes the
required refinement areas of the layers as the summation of: a) the required tensile (47°9) area due
to the in-plane axial forces Ny and Ny; b) the required area by flexion (4;°?) due to the combined
flexural demands of the out-of-plane bending moments My and My and the twisting moment Myy;
and c) the required reinforcement area by shear (4;°%) due to in-plane shear forces (Nxy) and the
twisting moment (Myy). Figure 2.13 illustrates how the axial forces that will be resisted by the

reinforcement curtains (or layers) are computed in the PACI approach.
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Required reinforcement Areas due to Tensile forces (477

To obtain the in-planes forces that will be resisted by the reinforcement in each layer, the
PACI approach assumes that the reinforcement layers have been placed symmetrically, and that
there is a unique lever arm between the layers in both direction as shown in Figure 2.13a. Figure
2.13b shows the distribution of the in-plane axial demand over each reinforcement layer along
directions x and y. By doing simple statics, it is clear that if the reinforcement layer are
symmetrically placed, the in-plane axial forces to be resisted by the reinforcement in each

coordinated directions (x and y) will be the half of the total in-plane internal demand (Nx).

Top-x X
@ @

Top-y

|
Top layer + Bottom layer

(2.13a) Middle plane (2.13b) In-plane Axial forces (2.13c) In-plane Shear forces
Reinforcement Centroid Distribution Distribution

Figure 3.4. Obtention of the In-plane axial and shear forces to be resisted by the reinforcement
layer.

Now, the required reinforcement areas along the x-direction (A7), and along the y-

direction (47", are obtained with the Equations 18a and 18b, respectively.

req _ 1 Nx
A = 2o Eq (18a)

At =1 Eq1
T T e, q (18b)
Required reifncorcement Area due to Flexure (4;°%)

For the case when the axial loads over the panel are in tension, it is assumed that there will
not be interaction between P and M, and the panel will be designed following the conventional

procedure of an under-reinforced RC member. In this case, is its assumed that the reinforcement
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in tension yields before the crushing of the cocnrete, and that the reinforcement in compression is
neglected for the computation of the flexural strength of the panel. In addition, the distribution of
the concrete stress in comporession is assumed as uniform following the rectangular Whitney
stress block approximation. Equilibrium of the internal forces in Figure 2.13b results in in Equation
19a, while, equilibrium of moments about the centroid of the rebar in tension results in equation
19b.

0.85f;a, = Asf, .Eq (19a)

YM,: Asfy( —%):M;Ot .Eq (19b)

The concrete stress block along the x-direction (a,) -necessary to compute the magnitude
and the centroid of the internal compressive force developed in the concrete- is found by solving
the quadratic equation 19c, resulting after combining Eq 19a and Eq 19b. Now, following a similar
procedure, the compressive stress block along the y-direction (a,,), is found through Equation 19d.
The effectice depth (d) in equations 19 will be taken as 90% of the total thickness of the wall
(0.9tw). This value of 0.9ty for the effective depth is in agreement with the assumption of 0.2t for
the equivalent thickness of the outer layers explained in the numeral 3.2 of this section. The total
out-of-plate bending moment demands about each coordinated axis M°* or M3°" is taken as the
sumation of the out-of-plate moment about the corresponding axis plus the twisting moment (Myy),
in order to satisfy the numeral 19.4.1 of the ACI-318.

2|M,€°t|

—2day, + —— B50p/] =0 ..Eq (19¢)
2|M§°t
—2da, + ——— 0B50n/] =0 ..Eq (19d)

where, Mt =M, + M,,

and Mt = My, + M,,,

The required reinforcement areas due to flexion, in the x and y directions are found with
Equations 19e and 19f, respectively.

0.85f/a,
A;i-q = Tfy Eq (198)
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req _ 085f;ay
Ayt = 2k _Eq (197)

Required reinforcement area due to in-plane shear (4;°?)

The first step to estimate the reinforcement areas due to the in-plane shear is to compute
the shear force that will be resisted by the reinforcement. This shear force is the result of the
combined action of the total direct in-plane shear demand (Vyy) and by the twisting moment (Mxy).
Again, by doing stiatics, it is clear that each reinforcemen layer (or curtain) in any direction will
take half on the total in-plane direct shear (Nyy), plus or minus the additional shear produced by
the twisting moment (Myy), as shown in Figure 2.13c. The additional in-plane shear produced by
the twisting is obtained by dividing the (Mxy) over the unique lever arm (d;). The forces due to the
direct shear and the twisting moment might be adding or subtracting each other, depending on the
their direction and the location of the reinforcement layer. For example, if the twisting moment
acting along the y-axis is possitive, as well as the in-plane shear, the force acting on the top (or
front ) layer will be negative, then, they will be subtracting. On the contrary, the resulting sherar
forces acting on the opposite layer (bottom or Back face), will be adding each other. Now, the
required refinforcemet areas due to in-plane shear and twisting moment in x-direction and y-
direction is given in Equation 20a and 20b, respectively. It is important to mention that in contrast
to the out-of-plane shear capacity where some contribution of the concrete is considered to reduce
the amount the reinforcement, the cocnrete contribution is totally neglected when estimating the
in-plane shear reinforcement in the outer layers. The reason for this is that the PACI apporach
always assume that the concrete at the extremes of the panes are always cracked, and therefore, no
contribution of the concrete for shear capacity must be considered. The shear strength reduction
factor ¢,, in equation 20a and 20b will be taken as 0.75 as recommended in numeral 21.2.1 of the
ACI-318.

req _ 1 Vux
Ay’ =3 (—(pvfy) ..Eq (20a)
Ared = 1 ( Vuy) .Eq (20b)
w 2 \pufy

Where,
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N M
Vu(xory) = % T :;y

3.3.2 Analysis for when N is in compression and less than or equal to Npal

In this case, there will be no required reinforcement due to axial forces, since the panel will
be subjected to compression. Therefore, only the required areas due to flexion ans shear will be
estimated in this special case. The contribution of the reinforcement in compression will be also

disregarded to compute the capacity of the section.

Requried reinforcemtne areas due to Flexion.

In this case, the axial vs Moment (N vs M) interaction will be considered. The internal
forces equilibrium inside the RC panel for any of the directions x or y, now considering a
compressive force, are given by equation 21a and 21b. It must be recalled that Nx and/or Ny,
depending on the direction of the analysis, have been assumed as lower than its corresponding

balanced force Npaix Or Npal-y.

0.85f/a = Asfy + Ny .Eq (21a)

SMg: Asfy (d — %) = MPC . Eq (21b)

The concrete stress block along the x-direction (a,.), necessary to compute the magnitude
and the centroid of the internal compressive force developed in the concrete, is found by solving
the quadratic equation 21c, which came up after combining Eq 21a and Eq 21b. Now, following a
similar procedure, the compressive stress block along the y-direction (a,), is found through
Equation 21d. Again, the effective depth (d) in equations 21 will be taken as 90% of the total
thickness of the wall (0.9tw).

INx|(2d—ty)+2|MEot

2 _ —
ay —2da, + o50p/] =0 .Eq(2lc)
2 |Ny|(2d—ty)+2|MPt|
ay — 2da,, + B500s! =0 .Eq(21d)
Where, M2t = M, + M,,
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And Mt = M, + My,

The required reinforcemet area due to flexion, in x-drection and y-direction, are found

using equations 21e and 21f, respectively.

0.85f/a,
A;;q = Tfy Eq (216)
req __ 085fc,ay
AyF = Tfy Eq (Zlf)

Requried reinforcement areas due to in-plane Shear.

The reinforcemet areas due to in-plane shear for when the axial loads are in compression
and less that the balanced force are found in the same way than when the axial loads are in tension.
Therefore, the formulas in equations 20a and 20b to find the areas due to in-plane shear in the x-
direction and in the y-direction, respectively will be also used for this case.

3.4 Analysis for when N is in compression and greater than or equal to Nbai

Similar to the case in where the axial compressive loads are lower than the balanced forces,
only the required areas due to flexion and shear will be needed in this case. Again, in order to add
conservatism to the approach, the contribution of the in-plane reinforcement in compression in the
capcacity of the panel will be disregarded in this sepcial case as well. The formulas to estimate the
in-plane reirnfocement areas required by the in-plane shear are the same than equations 20a and
20b. On the other hand, the formulas to estimate the in-plane reinforcement required by flexion
when N > Npa in the x-direction and in the y-direction are given by the equations 23a and 23b,
respectively. It is important to highlight that while in equations 21a and 21b, it was assumed that

that the reinforcememt in tension yielded, in equations 23a and 23b it did not.

ATe — 0.85f a,—N Eq (2
xF (pb(O.SS%—l)ES q (23a)
with,
N,|(2d —t,,) + 2| MLt
a§—2dax+|"|( w) + 2| My I:0

0.85¢,f/
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and

0.85f;ay—N

Areq _
(pb(O.SS%—1>ES

yF

Eq (23b)

Where,

|Ny|(2d —ty) + 2|M§°t|
2 =
ay — 2da, + 0850, 0

3.5 Analysis for when N is in compression and greater than or equal to Npai

Table 3.1 summarizes the set of equations to obtain the required reinforcement areas, for
any of the three cases analyzed in here: a) when Nx and/or Ny are tensile forces; b) when Nx and/or
Ny are compressive forces but their magnitudes are equal to or less than the balance forces (Nval);
and c) when Ny and/or Ny are compressive forces but their magnitudes are greater than the balance
forces (Nba)). As shown in table 3.1, when the axial forces acting on the panel are in compression

in the direction of analysis, there is no need to provide reinforcement due to the axial forces.

95



96

Table 3.1. Summary of Equations to obtain the required reinforcement areas in the PACI approach

Required Case 1: N is in tension Case 2. (N in compression but N<Na) | Case 3. (N in compression but N>=Npa)
areas
Ared ATed — 1 Ny No ADD'y No Apply
T xT 2 (ptfy
req _ 0-85fay req _ 0-85f ay req _ 0.85flay—N
xF — xF — 7 xF =
®ufy Pbf; d_
y y @5 (085 i 1) E,
req After solving, After solving, )
A W 2da t 2| Mot _ 2 — 2da. + IN,|(2d — t,,) + 2|ML°¢| o After soIvmg,N o —
S T ¢ 0850,1; 2 ~ 2da, + PN P IMTL_ g
e areo = L Moy e = Ty oL
4 x 20ufy * 2¢,fy ¥ Z¢ufy
2 2 2
ATl p v 21,05 Ve ve 2125 Ve
x v, f,, v, f,, v, f,
Total
Required | Ari = ALy’ + A" + AT + AV Aror = A’ + Ay + Ay Aror = A’ + Ay + Ay
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3.6 Conceptual comparison between the EC2 and the PACI design Approaches

Equations 23a, 23b and 23c compare how the EC2, the MC-1990 and the PACI approaches,
respectively, estimate the magnitude of the force that will be resisted by a reinforcement curtain
that is first, located at the bottom face of the panel; and second, running along the y-direction.
Comparing these three equations helps to understand some of the basic concepts of the PACI
approach. If the reinforcement layers haven been symmetrically placed inside the panel —as it is
assumed in the PACI approach— the first terms in all equations will be always half of the
corresponding total axial (1/2 Ny). The second term, corresponding to the areas required for
flexion, will be quite different because the PACI approach, contrary to the EC2 and the MC-1990
approaches, uses the P-M interaction to estimate this reinforcement area, as previously explained.
The third and fourth terms, in both equations, will become equal if: a) the cot 6y , in equation
23a, is assumed to be 1.0, neglecting thus, any interaction between the in-plane axial force and the
in-plane shear forces; and b) the reinforcement is placed symmetrically, meaning that half of the
total in-plane shear demand (1/2 Nxy) will be taken by this curtain reinforcement; and c) the value
of k, in equation 23b is assumed as 1.0, as recommended by the MC-1990. Finally, the fifth term,
corresponding the area required to resist the additional membrane forces when TSHR is required,
can be estimated conservatively by assuming that the cot () is always equal to 2.5, which is the
upper limit value indicated by the EC2 approach. It is worthy to recall that if TSHR is not required,
this fifth term will be canceled out in both equations. The 1.25 appears after dividing the upper
limit of 2.5 by 2, which comes from static, since each outer curtain will take half of the additional
membrane force that rise because of to the presence of THSR. This fifth term will be canceled out
in all three equations, 23a, 23b and 23c, if TSHR is not placed or required. It is worthwhile to
mention that all strength reduction factors in equation 23c must be taken as 1.0 to allow the

comparison between all equations.
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After considering all the assumptions and simplifications involved in the PACI approach,
and after comparing it against the EC2 sandwich model, it might be said that this approach is as a
mix of a basic sandwich model approach combined with the very familiar design concepts of
balanced force and Whitney stress concrete block for RC members loaded in flexural-compression
given in the ACI 349 and ACI 318 design codes.
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4. METHODOLOGY

The methodology of this thesis can be described in three phases: The development phase; the
validation phase; and the implementation phase. Two activities comprise the development phase.
The first one is the development of the simplified PACI design approach, and the second one is
the explanation and exploration of the EC2 design approach. The main products associated to this
development phase are: a) the creation of a spreadsheet in Mathcad to estimate the reinforcement
areas suggested by the PACI and the EC2 design approaches; and b) the development of a
flowchart design to facilitate the application of the EC2 design approach.

In the validation phase, the results of the PACI approach will be validated by using
experimental data. Two types of results will be validated in this phase: a) the areas of reinforcement
(or reinforcement ratios) suggested by the PACI approach; and b) the estimated numerical
capacities of the panels considering those reinforcement suggested areas. Three activities can be
identified in this validation phase: a) the selection of the experimental data; b) the estimation of
the reinforcement areas suggested by the two approaches and their comparison against the
experimental quantities; and c) the estimation of the numerical capacities of the panels after
introducing those reinforcement areas suggested by the PACI approach into calibrated numerical
models and their comparison against the experimental reported capacities. The product associated
to this last activity is the development of calibrated numerical models in Shell-2000, Membrane-
2000 and Abaqus. The results of the PACI approach will be also compared against the results of

the more accurate EC2 mechanics-based design approach in this validation phase.

In the implementation phase, the applicability of the PACI approach (as well as for the EC2
approach) for industrial facilities will be evaluated by using analytical data. In this thesis,
analytical data refers to the analytical set of demands extracted from the analysis of an actual
industrial facility (for example, AP1000(R), US-APWR(R), etc.). Contrary to the experimental
data, in which the set of demands consists of no more than two or three demands, the set of
demands in the analytical data consists of the complete set of eight internal design demands
estimated from finite element analysis (FEM). Two activities describe this last phase: selection of

the analytical data and estimation of the Capacity-to-Demand ratios (CDRs) of the panels. These
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CDRs will be useful to verify the safety of both design approaches. Figure 4.1 illustrates the
methodology of this thesis, highlighting all the products associated in each phase.

r-“

EC2 PACI
Design Approach Design Approach
|
Flow-chart -
Design Generic Mathcad spreadsheet
VALIDATION PHASE
Selection of Experimental

Comparisons of Reinforcement Areas:
PACT vs Tests vs EC2

Modeling and Calibration of RC Panels Tests

|

Comparisons of Panels’ Strengths:
PACT vs Tests vs EC2

!

IMPLEMENTATION PHASE

Selection of the Analytical Data

Estimation of the Capacity-to-demand
ratios (CDRs): PACI vs EC2

Figure 4.1. Flowchart methodology.
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4.1 Development Phase

Two activities comprise the development phase: a) the exploration and explanation of the
EC2 design approach, and b) the development of the ACI-panel-based-Design (PACI) approach.

4.1.1 Development of the PACI design approach

The theory, concepts and procedure of the PACI design approach will be developed in this
phase. The main feature of this approach is that it will be entirely based in the concepts and
formulation of the ACI-318.2-19 and the ACI-349 codes. The PACI approach will consider most
of the design requirements and rules for the estimation of the steel reinforcement in RC shells,
which are specified in chapter 6 and in chapter 19 of the ACI-318.2-19 and the ACI-349 codes.
An important feature of the PACI approach is that it will consider the axial load vs bending
moment (P-M) interaction to estimate the in-plane reinforcement, as specified in chapter 10 of the
ACI-318-19. For this end, the PACI approach uses the well-known concepts of balanced force
and Whitney stress block for concrete members. Three cases, depending on the magnitudes of the
axial loads acting on the panels will be considered: 1. When the axial loads are in tension; 2. When
the axial loads are in compression but their magnitudes are less than or equal to the balanced force;
and 3. When the axial loads are in compression, but their magnitude are greater than balanced
force. The PACI approach will also consider the interaction between the axial forces and the shear
capacity of the panels following the formulations of the chapter 11 in the ACI-318.

4.1.2 Explanation and exploration of the Eurocode (EC2) design approach

As mentioned in the introduction of this document, the EC2 sandwich model has not been
widely explored in industrial applications. One of the reasons for this is perhaps because some
concepts and procedures of the EC2 approach might be overwhelming and difficult to apply at
some extent. For example, the simultaneous verification of the out-of-plane shear capacity of the
inner layer of the panel, and the required amount of in-plane reinforcement, and the compressive
stress verification of the outer layers, can be a little tricky to follow because it implies a trial and
error process. Similarly, applying the cracking criteria of the EC2 approach, which is based on
principal stress and plasticity concepts, and by which it is determined if the panel requires

reinforcement in any of its layers, deserves additional explanation. Therefore, this activity will
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focus in the explanation of all the theory, procedure, and assumptions of the EC2 design approach.
The main product of this activity is the development of a flow chart design, which will facilitate

the applicability of the EC2 design approach.

4.1.3 Development of a spreadsheet for the estimation of the steel reinforcement.

A generic spreadsheet in Mathcad will be created in this activity. The details of the
calculations for the estimation of steel reinforcement areas will be given in this spreadsheet. The
EC2 and PACI design approaches will share the same input data in this generic spreadsheet. The
common input data in this spreadsheet are the thickness of the panel, the material specification for
the concrete and steel reinforcement, the cover and lever arm distances of the reinforcement
curtains (or layers) and the loading application pattern (i.e. Nx, Mx , Vxy, €tc). The spreadsheet will
compare the reinforcement areas suggested by the approaches in terms of reinforcement ratio or
expressed in area per unit length (i.e cm?/m) as expressed in the experiments. This spreadsheet is

the main product in this activity.

4.2 Validation Phase

In this phase, the results of the PACI approach will be validated by using experimental data.
Specifically, two types of results will be validated: a) the areas of reinforcement (or reinforcement
ratios) suggested by the PACI approach; and b) the estimated numerical capacities of the panels
considering those reinforcement suggested areas. Three activities can be identified in this
validation phase: a) the selection of the experimental data; b) the estimation of the reinforcement
areas suggested by the two approaches and their comparison against the experimental quantities;
c) the estimation of the numerical capacities of the panels after introducing those reinforcement
areas suggested by the PACI approaches into calibrated numerical models and their comparison
against the experimental reported capacities. The main product associated with this last activity is
the development of calibrated numerical models in Shell-2000, Membrane-2000 and Abaqus.
Likewise, the results of the PACI approach will be also compared against the results of the more
accurate EC2 mechanics-based design approach. Since the EC2 design approach has a more
rigorous design procedure than the PACI approach, more conservative results for this latter will

be expected.
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4.2.1 Selected RC panel tests.

Twenty one RC panel tests were selected to validate the results of the PACI approach: four
of the SE panels series subjected to in-plane shear and/or bending Moment, tested by Kirscher
(1986) and Kirscher and Collins (1986); four of the PV panel series subjected to in-plane tensile
forces and in-plane shear forces tested by Vecchio (1981) and Vecchio and Collins (1982); three
of the SM panels series subjected to axial Loads and/or bending moment tested Polack and Veccio
(1994); three of the F panels series subjected to axial tension and compression forces tested by
Belarbi and Hsu (1995); four of the SP series tested by Adebar (1989) and Adebar and Collins
(1994) subjected to in-plane shear and out-of-plane shear forces and moments; three of the ML
panel series tested by Marti et al (1987), which was subjected to twisting moment only. Figure 4.2
illustrates the loading application pattern of the selected experimental data.
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(d) F series (d) ML series (e) SP series
Figure 4.2. Loading Pattern for the Experimental data.
4.2.2 Estimation of the reinforcement areas suggested by the PACI and the EC2
approaches.

The procedure to estimate the required reinforcement areas suggested by the two design
approaches was as follows. First, it was assumed that the reinforcement areas provided during the

tests of the panels are unknown. Second, the set of capacities reported from the experiments (i.e
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Nxy, Mx, Myxy , etc) were taken as the design “demands”. Subsequently, with those design
“demands”, and keeping the original dimensions of the tested RC panels, the required areas of
reinforcement were computed following both, the PACI and the EC2 design approaches. The
reinforcement areas required by PACI and the EC2 the approaches will be called in this document
the PACI and the EC2 suggested areas. Finally, these suggested reinforcement areas will

be compared against the reinforcement areas provided during the tests.

Since all experiments reported the provided reinforcement area per layer inside the panel, it is
necessary to define a convention to identify each reinforcement layer. Four layers were identified
in all panels. Two layers of reinforcement running parallel to direction x, one located in the top
(Top-x), another one located at the (Bottom-x). Similarly, two layers running parallel to the y axis,
one at the top and the other one in the bottom of the panel, Top-y and Bottom-y, respectively.
Figure 2.6, which was repeated here in Figure 4.2 helps to visualize the layers identification in this
thesis. Comparing the suggested reinforcement areas against the experimental reinforcement areas
might be considered as an indirect way of validation. For instance, if the PACI (or the EC2)
approach suggest areas equal to or higher than the areas provided during the experiment it can be
inferred that the approach is safe. The contrary will be inferred if the any of the approaches
suggested lees amount of reinforcement. However, as will be shown later, non-linear analysis will
be conducted in order to estimate the nominal capacities of the panels after introducing those

suggested reinforcement areas.

4 l d,
]_.Z Z, k z,

Top Layer Bottom Layer

Figure 4.3. Identification of the Reinforcement Curtains (or layers).
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4.2.3 Estimation of the Numerical capacities of the Panels
Calibration of the numerical models for the experimental data

The response of the 21 RC panels tests selected in this research will be numerically
reproduced and calibrated in this activity. The numerical models must be able to reproduce the
non-linear response of the RC panel during the experimentation in terms of force vs deformation
capacity curves. The numerical models will be developed in Shell 2000, Membrane 2000, and/or
Abaqus. It will be tried first to develop the numerical models in Shell-2000 or Membrane-2000
since they are much easier to develop than in Abaqus. If any of these two software do not reproduce
the response of the panels with an acceptable level, then the numerical models for those specific
panels will be developed in Abaqus. These calibrated models will be needed to estimate the
numerical capacities of the panes after introducing the reinforcement areas suggested by any of

two design approaches (PACI or EC2).

Estimation of the numerical capacities of the panels

The procedure to estimate the numerical nominal capacities of the panels will be the
following. First, the PACI and the EC2 suggested reinforcement areas will be introduced into the
calibrated numerical models developed in Abaqus and/or Shell 2000. From those numerical
models, the numerical capacity curves (or load vs deformation curves) will be obtained. Finally,
the numerical set of nominal capacities (i.e. Nx, Nxy or My) for each panel, and for each
corresponding set of “demands”, will be extracted from those numerical capacity curves. The
PACI approach will be considered as safe if the numerical capacities are equal to or greater than
experimental capacities of the panels. Comparing the estimated numerical nominal capacities of
the panels against the experimental capacities is perhaps a more direct way of validation. As will
be shown later in chapter 6, there were several cases in which the EC2 approach suggested less
reinforcement areas than the reinforcement areas provided during the experiments. Despite this,
the estimated numerical capacities reached by the panels in the numerical models were close to the
experimental reported capacities, demonstrating thus, the accuracy and efficiency of the EC2

approach.
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4.3 Implementation Phase

In this phase, the applicability of the PACI approach for industrial facilities will be evaluated
by using analytical data. Analytical data is referred to here as the analytical set of demands
extracted from the analysis of an actual industrial facility (for example, AP1000(R), US-
APWR(R), etc.). Contrary to the experimental data, in which the set of demands consists of two
and no more than three demands, the analytical data consists in the whole eight internal design
demands typical in shells. The applicability EC2 approach, which has not been widely explored
in industrial applications, will be also evaluated in this phase. Two activities are identified in this

phase: selection of the analytical data; and estimation of the Capacity-to-demand ratios (CDRS).

4.3.1 Selection of the Analytical data

Two set of analytical demands were selected in this section. One set of demands (8
demands in total as typical for shell elements) was extracted for the load combination 4 of a critical
located shell element of the RP-1000 Steel Composite (SC) reservoir tank. The other set of
demands was extracted for the same critical located shell element under load combination 6. Load
combination 4 is characterized by low tension axial forces and relatively low out-of-plane shears
whereas, load combination 6 is characterized by high compressive load and high out-of-plate
shears. These design demand values are in the public domain and they can be found in the Design
Demands Documents (DCD) report authored by Westinghouse (2011).

4.3.2 Estimation of the Capacity-to-Demand ratios for the analytical data

The estimation of the Capacity-to-Demand ratios (CDRs) by which the safety of the PACI (as
well as the EC2) approach was verified will be conducted in this activity. The way to compute
these CDRs ratios is as follows. First, the set of demands for each analytical case were used to
estimate the required reinforcement following both the EC2 and the PACI design approaches.
Second, non-linear numerical models in Shell 2000, which considered those reinforcement areas
calculated in the first step, will be developed to reproduce the numerical capacity curves of the
panels. Third, the safety of the design approach was verified by extracting the set of nominal
capacities from the numerical capacity curves in step 2, and comparing them against the

corresponding analytical set of demands. The design will be considered as satisfactory if the
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individual nominal capacities from the numerical models are greater than or equal to the individual

analytical demands; or in other words, when the CDRs are greater than or equal to 1.0.
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5. MODELING AND CALIBRATION OF THE EXPERIEMTAL DATA

As mentioned in the methodology of this document, twenty one (21) panel tests were selected
to validate the results of the EC2 and the PACI design approaches. The selected panels series
analyzed in here were: four (4) panels of the SE series subjected to in-plane shear and/or Bending
Moment, tested by Kirscher (1986) and Kirscher and Collins (1986); three (3) panels of the PV
series subjected to in-plane tensile forces and in-plane shear forces tested by Vecchio (1981) and
Vecchio and Collins (1982); four (4) panels of the SM series subjected to axial loads and/or
bending moment tested Polack and Vecchio (1994); three (3) panels of the F series subjected to
axial tension and compression forces tested by Belarbi and Hsu (1995); three (3) panels of the ML
series tested by Marti et al (1987), which was subjected to twisting moment only; and four (4)
panels of the SP series subjected to in-plane shear and out-of-plane shear forces and its associated
out-of-plate bending moment tested by Adebar (1989) and Adebar and Collins (1994). Three
software were used for the modeling and calibration of the panels: Shell-2000, Membrane-2000
and Abaqus. The SM and the SP panel series were simulated in Abaqus, while the PV panel series
were simulated in membrane 2000. The rests of the panels were simulated in Shell-2000. The main
objective in this section is the calibration of the experimental response of all selected panels. The
numerical models developed in this section were able to reproduce the experimental capacity
curves of the panels within an acceptable accuracy. These calibrated numerical models will be
used to validate both design approaches later on in Chapter 6 . A brief description, as well as all
the modeling details for each test will be provided in this chapter. Finally, a comparison between
the experimental curve and the calibrated numerical curves will be also given for each selected

panel.

5.1 Modeling and Calibration of the SE series panels
5.1.1 Description of the SE series panels tests

The SE panel series were tested by Kirschner (1986). These panels were subjected to a
combination of in-plane shear and out-of-plane bending moment as indicated figure 5.1. Four of
the SE series panels were selected in this research: the SE1, the SE3, the SE4 and the SE7 panels.

The SE1 panel was only subjected to in-plane shear as shown in Figure 5.1a, which reached a
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maximum in-plane shear capacity of 1930 KN/m. The SE3 was only subjected to uniaxial bending
moment about the x-axis as indicate in Figure 5.1b, reaching a maximum flexural moment capacity
of 520 KN*m/m. Finally, the SE4 and SE7 which panel which were subjected to in-plane shear
and bending moment at Mx:Vxy proportions of 1:0.13 and 1:0.5, respectively. The SE4 panel
reached the maximums of in-plane shear (Vxy) and out-of-plate moment (My) of 960 kN/m and
480 KN-m/m. The SE7 panel, on the other hand, reached the maximums of in-plane shear (Nxy)
and out-of-plate moment (My) of 1810 kN/m and 230 kN-m/m. The panels were rectangular with
a length of 1500 mm, and with a thickness of 316 mm. The reinforcement of the panels consisted
in two reinforcement layers of designation bar 20M each 72mm (20M@72mm) running along the
x-direction, and two reinforcement layers of designation bar 10M each 72mm (10M@72mm)
running along the y-direction. An scheme of the reinforcement provided during the tests of the
panels in any of the faces (top or bottom) is shown in figure 5.1.

s
—
(a) SE1 Loading pattern (b) SE3 Loading pattern
e
£
g
2
- 20M@72mm
4—

(c) SE4 & SE7 Loading pattern  (d) Reinforcement details

Figure 5.1. Loading Application Pattern and Reinforcement details for the SE series panels.

5.1.2 Modeling details of the SE series panel Tests

The modeling of the SE series panels was conducted in Shell-2000. Although it was tried
to better capture the experimental response of the panels using Abaqus as well, it was not possible.

It seems that for the SE series panels, the smeared cracked rotating approach of Shell-2000 offers
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a better solution than the smeared cracked fixed approach assume in Abaqus. All the input for the
modeling of the SE series panels are summarized in figure 5.2. The screenshot in Figure 5.2 was
automatically displayed by Shell-2000 once the models have been completed. Figure 5.2 shows
the constitutive material models for the concrete and steel reinforcement in the left-interior portion;
the loading combination in relative terms just above the materials models; and the reinforcement
configuration of the reinforcement curtains inside the panel. All numerical model developed in
Shell 2000, including these SE series had two common aspects. First, the base curve for the
concrete in compression was defined by selecting the Popovicis/Thorenfeldt/Collins option; and

second, the compression softening was defined by selecting the Veccio and Collins 1986 option.
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Figure 5.2. Modeling details for the SE7 panel
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Table 5.1 in below summarizes all the specific values to define the behavior of the concrete
in tension and in compression, as well as the behavior of the steel reinforcement bars running in

both directions x and y.

Table 5.1. Material constitutive data for modeling of the SE series panels

Concrete SE1 SE3 SE4 SE7
Cylinder strength (MPa) 42.5 46.1 42.2 41.8
Tension strength (Mpa) 2.0 2.0 3.9 1.0
Peak strain (mm/m) 2.5 2.7 2.5 2.7
Aggregate size (mm) 10 10 10 10
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Table 5.1 continued

Tension stiffening factor 1.0 1.0 1.0 0.8

Reinforcement Properties

#3 bars in | Elastic Modulus (MPa) 190000 | 200000 | 200000 200000

x-direction | Yield strength (MPa) 425 492 492 492
Strain at hardening (mm/m) 9.0 9.0 9.0 9.0
Rupture strain (mm/m) 50 50 50 50

620 620 620 620

Ultimate strength (MPa)

#2 bars in | Elastic Modulus (MPa) 200000 | 200000 | 200000 200000

y-direction | Yield strength (MPa) 479 479 479 479
Strain at hardening (mm/m) 9.0 9.0 9.0 9.0
Rupture strain (mm/m) 50 50 50 50
Ultimate strength (MPa) 611 611 611 611

5.1.3 Calibrated or Adjusted Responses for the SE series panels
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Figure 5.3. Comparison Between experimental and numerical load vs deformation curves for the

SE series panels.
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Figure 5.3 shows the calibrated numerical capacity curves for the SE series panels. Figure
4.3a correspond to the in-plane shear force vs shear distortion for panels SE1, which was only
subjected to in-plane shear. Figure 4.3b corresponds to the moment vs curvature capacity curve
for panels SE3 which was subjected to bending moment only. Figure 4.3c and 4.3d correspond to
the capacity curves for panels SE4 and SE7 which were subjected to the combined action of in-
plane shear plus bending moments. The numerical models captured very well the experimental
response for the SE1 and the SE3 panels. Specifically, these models were able to capture the
cracking capacities, the post cracking stiffness and the ultimate in-plane shear capacity of the
panels. For panels SE4 and SE7, subjected to simultaneous in-plane shear force and out-of-plate
bending moment action, the numerical model lost some accuracy especially for the cracking
capacity and for the post-cracking stiffness. However, the ultimate capacities for these two panels
were well captured by the models.

5.2 Modeling and Calibration of the SM series panels.
5.2.1 Description of the SM series panels tests

The SM panel series were tested by Polak and Vecchio (1994). These panels were subjected
to a combination of in-plane axial forces and out-of-plane bending moments as indicated figure
5.4. Three of the SM series panels were selected in this research: The SM1, the SM2 and the SM3
panels. The SM1 panel was only subjected to out-of-plane bending moment about the y-direction,
producing axial stresses in the x-direction, as shown in Figure 4.4a. This panel reached a maximum
out-of-plate bending moment capacity of 477 kN-m/m. The SM2 on the other hand, was subjected
to the combined action of compressive axial forces and uniaxial bending about the y-axis as
indicated in Figure 4.4b. This panel reached a maximum compressive axial force in the x-direction
of 1206 kN/m, a maximum of compressive axial force of 1684 kN/m in the y-direction, and a
maximum of out-of-plane bending moment about the y-axis of 421 KN*m/m. Finally, the SM3
was subjected to biaxial out-of-plane bending moment. This panel reached the maximums of 488
kN*m/m for the moment about the y-axis, which produces axial stresses in the x-direction (My);
and a maximum 151 kN/m for the bending moment about the y-direction, which produces axial
stresses in the y-direction (My). The panels were rectangular with a length of 1500 mm, and a

thickness of 316mm. All panels had a reinforcement ration of 1.25% for the bottom and top layers
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in the x-direction, and a reinforcement ratio of 0.42% for the bottom and top layers running in the
y-direction. Details of the reinforcement configuration are presented in Figure 5.4d. The
reinforcement along the x-direction of the panel consisted in two reinforcement curtains of
designation bar 20M each 75 mm (20M@75mm), while the reinforcement along the y-direction
consisted in designation bar 10M each 75mm (10M@75mm).
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(c) Loading pattern for (d) Reinforcement details
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Figure 5.4. Loading Application Pattern and Reinforcement details for the SM series Panels.

5.2.2 Modeling details for the SM series panels

The SM series numerical models were developed in Abaqus. The SM1 and the SM2 panels
were modeled using the CDP concrete model, while the SM3 was modeled using the BFC concrete
model. Although the first option was to develop these models in Shell-2000, it was not possible to
reproduce a consistent numerical response for panels SM2 and SM3 in this software. Specifically,
the models in Shell-2000 did no exhibit any non-linear response, and after several iterations, the
analysis stepped as soon the panels reached yielding. Figure 5.5 shows the modeling procedure as
well as the main input information to reproduce the calibrated numerical for the SM2 panel in
Abaqus. The curve to simulate the uniaxial behavior of the concrete in compression, shown in
Figure 5.5a, was defined using the hognestad parabola model, which was built by using the data
in table 5.2. The behavior of the concrete in tension in figure 4.5b, was defined by using the Shima
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tension stiffening model (Shima et al 1987), following equation 26, where ¢ was taken 0.2 because

the reinforcement consisted in conventional deformed bars. The values to define the tension

softening model are consigned in table 5.2. Finally, the uniaxial behavior of the steel reinforcement

in both directions are shown in figure 5.5c.
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Figure 5.5. Modeling details for the SM2 panel.

The calibration of the numerical capacity curves for the SM2 and SM3 panels against their

respective experimental curves were one of the more challenging among all numerical models

reproduced in this thesis. For the case of the SM2 panel, which was subjected to a combination of

axial load and bending moment, it was found after several trials, that after introducing the

reinforcement properties as exactly reported from the experiment (i.e, yielding stress and strain),

it was not possible to match the experimental response of the panels with an acceptable accuracy.

To calibrate the numerical curves for those two panels, it was necessary to modify the material

properties of the steel reinforcement as recommended by Maekawa et al (2003). Maekawa et al
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(2003) suggests that the yielding stress of a reinforcement bar embedded in concrete is lower than
the yielding strength exhibited by the same bar but in an isolated test. Figure 5.5¢ shows the
reduction in yielding stress for the bars running in both directions of the panels. As observed, the
yielding stress of the bars running in the x-direction drops from 425 Pa to 318 MPa, whereas the
yielding strength of the bars in the y-reduction drop from 430 MPa to 323 MPa. The ultimate
strength of the bars on the other hand, was introduced as reported. Table 5.2 summarizes the
material constitutive details to reproduce the calibrated numerical curve for the SM1 and the SM2

panel.

Table 5.2. Material constitutive data for modeling of the SM1 and SM2 panels

Concrete SM1 SM2
Modulus of Elasticity (MPa) 18000 23000
Poisson ratio 0.18 0.18
Concrete in Compression
Strength at elastic limit fe. (MPa) 33.60 37.63
Strain at elastic limit ece (mm/m) 0.93 0.94
Maximum Compressive strength fc, (MPa) 47 62
Strain at max compressive stress g, (mm/m) 2.0 2.6
Ultimate Compressive strength f., (MPa) 40 43.38
Ultimate compressive strain ec, (mm/m) 3.4 4
Concrete in Tension
Tension strength (MPa) 2.0 2.0
Strength at elastic limit (mm/m) 0.11 0.087
Ultimate strain (mm/m) 4.0 4.0
CDP model specialized parameters
Dilation angle (f) 10 10
Eccentricity (e) 0.1 0.1
fcb / fc ratio 1.16 1.16
Second invariant Kc 0.67 0.67
Reinforcement Properties
Elastic Modulus (MPa) 190000 | 200000
43 bars i x Yiel_d strength (MPa) 425 318*
direction Strain at hardening (mm/m) | 9.0 9.0
Rupture strain (mm/m) 50 50
Ultimate strength (MPa) 611 611
Elastic Modulus (MPa) 200000 | 200000
# bars in y- Yiel_d strength (MPa) 479 323*
direction Strain at hardening (mm/m) | 9.0 9.0
Rupture strain (mm/m) 50 50
Ultimate strength (MPa) 611 480

* Reduced yielding stress values.
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Figure 5.5d shows the boundary conditions and the applied forces for the simulation of the
SM series panels. The out-of-plane bending moment demand about the y-axis was applied as
deformation control by imposing rotation at the vertical edges of the panel. The axial loads, on the
other hand, were applied as force control using approximate values. The magnitude of this non-
reported axial forces were approximately estimated by multiplying the maximum bending moment
reported from the experiment (421 kN*m/m) by four (4) as indicated in the proportional loading.
Thus, the axial forces in tension and compression along the x-axis and the y-axis respectively,
were estimated in 1684 KN/m for panel SM2. The vertical edges of the panel were restricted to
translate in the out-of-plane direction (z-axis), and the x-y plane was restricted to rotate about the
z-axis as well. Inducing the out-of-plate bending moment as deformation control, allowed to
directly compare the bending moment capacity reported from the experiment, against the bending
capacities estimated through the numerical models after introducing the areas of reinforcement

suggested for each design approach.

Figure 5.5e shows the details for the introduction of the reinforcement inside the LCS
element. As explained in section 2, the areas of reinforcement of a single bar, the spacing between
the bars, and the location of each curtain layer must be specified in the LCS elements. Figure 5.5e
shows that all bars were #5 layers and spaced at the same distance of 75mm (#5@75mm) in all
layers. Figure 5.5e also shows the location of the reinforcement curtains the cross section, taken
as reference the middle plane of the panels. For the calibration of the experimental curve, these
distances were taken exactly as reported during the experiment. Finally, Figure 5.5f shows the
deformed shape of the SM2 panel as well as the size mesh of 25mm x 25mm. All panels were
simulated following the same procedure in Abaqus, but considering the specific reported concrete
material properties, and the magnitude and direction of the axial forces.

The SM3 panel on the other hand, which was subjected to biaxial bending moments,
particularly resulted being very sensitive to the ratio between the applied rotation about the y-axis
and the rotation about x-axis (6y/6x). It is worthy to clarify that the higher amount of reinforcement
in panel SM3 (as well as for all the SM panels) was placed running along the x-direction, as
indicated in figures 5.5¢ and 5.5d. The lower amount of reinforcement, on the other hand, was
placed running along the y-direction. Thus, the capacity moment curve (Mx-¢x) in figure 5.6¢ was

reproduced by imposing certain rotation about the vertical y-axis of the panels, whereas the
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capacity moment curve (My-¢y), in figure 5.6d, was reproduced by imposing a different rotation
about the vertical y-axis of the panels. The sensitive rotation ratio issue can be explained in the
following way. When imposing a high (6y/6x) rotation ratio, the experimental capacity moment
curve (Mx-¢x) was well captured by the numerical model. However, under the same rotation ratio
(6y/6), the experimental capacity moment curve (My-¢y) exhibited a sudden drop in strength after
yielding, which do not correspond to the reality of the test. The opposite occurred when imposing
a low rotation ratio. In this case, the experimental capacity curve (My-¢y) was well captured by the
numerical model, but the numerical capacity curve (Mx-¢x) lost accuracy, by also showing a

sudden lost on strength after yielding.

Table 5.3. Material constitutive data for modeling of the SM3 panel using BFC model in Abaqus

Concrete SM3-Mx and My
Modulus of Elasticity (MPa) 26600
Poisson ratio 0.18
Concrete in Tension FIP 90
Aggregate size (mm) 10
Tension strength (MPa) 1.4
Strain at elastic limit (mm/m) 0.053
Ultimate tensile strain (mm/m) 3.8
Brittle Shear Behavior: Power Law
Strain at total loss of tensile strength £ (mm/m) 3.8
Shear retention facto p 1.0
Brittle failure
Failure criteria Bidirectional
Direct cracking failure displacement (mm/m) 0.0951
Reinforcement Properties
Elastic Modulus (MPa) 200000
20M bars in the x- | Yield strength (MPa) 400.7*
direction Rupture strain 148
Ultimate strength (MPa) 611
Elastic Modulus (MPa) 200000
10M bars in the y- | Yield strength (MPa) 370.2*
direction Rupture strain (mm/m) 148
Ultimate strength (MPa) 480

* Reduced yielding stress values.

There were two solutions to overcome this rotation ratio sensitivity issue. First, the
development of two separately numerical models: One model to reproduce the experimental
moment capacity curve (Mx-¢x), associated with the strongest bending capacity of the panel; and

another model to reproduce the experimental moment capacity curve (My-¢y), associated with the
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weakest bending capacity of the panel. The two models for the SM3 panel were the same except
for the only difference in the applied rotation ratio. The applied rotations 6y and 6« to reproduce
the Mx-¢x curve were 0.67 rad and 0.14 rad, respectively; while applied rotations 6y and 0x to
reproduce the My-¢y curve were 0.14 rad and 0.52 rad. The second solution was to use the BFC
concrete model instead of the CDP concrete model. The models with BFC were not only less
sensitive to the rotation ratio, but also and produced more stable curves. Table 5.3 summarizes all
the values to define the concrete and the steel reinforcement properties for the BFC concrete model
in in Abaqus.

5.2.3 Adjusted Responses for the SM series panels

Figure 5.6 compares the calibrated numerical curve and the reported experimental capacity curve
for the SM series. Figure 5.6a corresponds to the moment vs displacement curve of the panel SM1
which was subjected to out-of-plate bending only. Figure 5.6b corresponds to panel SM2, which
was subjected to axial compressive and axial tension loads in y and x directions, plus out-of-plate
bending moment about the y-axis, which produces normal stress along the x-direction. Figures
4.6¢ and 4.6d correspond to panel SM3 subjected to biaxial moment.
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A common feature in all numerical curves in Figure 5.6 is the lack of accuracy in capturing
the stiffness of the panels after cracking. The reason for this is related to the fact that the Layer
Composite Shell (LCS) elements in Abaqus assume perfect bonding between the concrete and the
steel reinforcement, by which the reduction in stiffness provoked by the slippage between the two

materials is not captured. However, the cracking moment, the yielding moment, and the ultimate

flexural capacities were properly captured by the numerical models.
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5.3 Analysis and results for the PV series panels.
5.3.1 Description of the PV series panels tests

The PV series panels were subjected to the combined action of in-plane shear and axial
forces as shown in figure 5.7. Panels PV23, PV24 and PV25 were subjected in-plane shear plus
compressive axial forces, while panel PVV28 was subjected to in-plane shear plus tensile axial
forces. The load proportions (Nxy : Nx: Ny), at which panels PV23, PVV25 and PVV27 were subjected
were 1:-0.38:-0.38, 1:-0.69:-.69, and 1:0.8:0.8, respectively. The load proportion (Nxy: Nx: Ny), at
which PV28 panel was subjected was 1:+0.28:+0.28. The dimension of the panels, as well as the
reinforcement details are shown in Figure 5.7. The panels were rectangular with a length of 890
mm and a thickness of 70 mm. The reinforcement in all panels consisted in designation bar No 2
each 50 mm (#2@50mm) in both layers (top and bottom) and in both directions, as shown in figure
5.7c.

#2@50mm

+ = 4 =

(@) Loading pattern for the  (b) Loading pattern for (c) Reinforcement
PV23, PV24 and PV25 the PV 28 panel details
panels

#2@50mm

]

Figure 5.7. Loading Application Pattern and Reinforcement details for the PV series panel.

5.3.2 Modeling details and calibration of the PV series panels

Two software were employed to model the response of the PV series models, Abaqus and
Membrane-2000. Although the first option was to develop these models in Shell 2000, it was not
possible to reproduce a consistent curve in this software. Specifically, the models in Shell-2000
did no exhibit any non-linear response. After several iterations applying proportional loading, the
analysis for all PV series panels stopped as soon they reached yielding or even before. Since Shell-
2000 did not produce satisfactory numerical response, it was decide to develop numerical models
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in Abaqus. The model in Abaqus produced very satisfactory results but a very high price in time.
It was particularly difficult to calibrate the numerical response of these PV series using the SMC
concrete models. Then, (unfortunately or fortunately depending go the poon of view) the author
realized that because the PV panels were only subjected to membrane forces, the Membrane-2000
software can be used for the analysis. The results of Membrane-2000 were satisfactory, and they
were obtained very easily compared to Abaqus. It is worthy to mention that the numerical models
in Abaqus were developed long before the creation of the numerical models in membrane 2000.
However, since the work was already done, it was decided to show both results because it is useful
to compare the results between the software. As explained earlier, Abaqus assumes the smeared
fixed crack approach, while Membrane-2000 (same than Shell 2000) assumes the rotating smeared
crack approach. Details for the modeling of the PV panels in Membrane-2000 and in Abaqus will

be given next.

Modelling Details in Abaqus.

The Smeared Cracked Model (SMC) for concrete materials was used develop the
numerical models in Abaqus. Figure 5.8 explains the modeling procedure in Abaqus for the P\V28
panel in Abaqus. The curve to simulate the uniaxial behavior of the concrete in compression,
shown in Figure 5.8a, was defined using the hognestad parabola model, which was built using the
data in table 5.4. The behavior of the concrete in tension in figure 5.8b, was defined by using the
FIB 90 model, and the specific values are given in table 5.4. Finally, the uniaxial behavior of steel
reinforcement in both directions are shown in figure 5.8c. Like for the cases of the SM2 and the
SM3 panels, the yielding stress of the reinforcement for the PVV28 panel were slightly modified

(reduced) following the recommendation of Maekawa et al (2003).

Figure 5.8d shows the Boundary Conditions (BCs) and the applied forces for the simulation
of the panels. There was no need to specify any BCs in the model because the models reached
equilibrium itself just by applying the in-plane shear forces. The load application for these PV
series panels, different to the SM2 panel, in which the loads were applied as combination of
deformation and force control, was entirely applied as force control. This means that both, the in-
plane shear force, and the axial forces, were applied as force control, since there is no possible to

apply in-plane shear deformation (or distortion) to the LCS elements in Abaqus. The disadvantage
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of applying force control to impose the deformations is that the numerical strength (or capacity)
of the panels cannot be directly estimated as same as when deformation control is applied. In these
cases, the calibration of the models were conducted by imposing the maximum reported force
combination (Nx and Nxy) in each panel, and trying to match the corresponding maximum in-plane

shear deformation yxy.
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Figure 5.8. Modeling details for the P\V/28 panel.

Figure 5.8e shows the details for the modeling of the reinforcement inside the LCS element.
As can be seen in Figure 5.8e, the reinforcement was equal in all directions and in both faces,
which consisted in designation bar #2 each 50 mm (#2@50mm). The distances from the centroid
of the LCS element (central axis line of the cross section of the panel) to the centroid of each
curtain layer are also given in Figure 5.8e. For the calibration of the experimental curve, these
distances were taken exact as reported during the experiments. Finally. Figure 5.8d shows the
50x50 mm size mesh of the elements and the deformed shape in the final stage for the PVV28 panels

specifically. All panels were simulated following the same procedure in Abaqus but considering
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the specific reported concrete material properties, and the magnitude and direction of the axial

forces.

Modelling Details in Membrane 2000.

Figure 5.9 shows the main input for the modelling of the PVV28 panel in Membrane 2000.
As observed in the loading combination, the applied loading ratio between in-plane axial forces
and in-plane shear forces were 0.28:1.0. The clear cover of the reinforcement layer running in the
x-direction was set in 6 mm as specified in the experiment. As explained in the background, the
models in Membrane 2000 were a lot easier than in Abaqus. The advantage of having developed
the numerical models in Membrane 2000, is that it allowed to directly compare the capacity of the

panels in terms of forces and not in terms of deformation as was the case when using Abaqus.

Membrane Properties

X-Dirn Y-Dirn

A, (mm2/m) 1240 1240
P (percent) 1m 171
P, (MPa) 850 850

Crack Space (mm) 108 99

\\\\\\\

X-Reinforcement i Y-Reinforcement

Concrete shrinkage strain:
2layersof A;= 31 mm’@ 50 mm 2layersof A;= 31 mm’@ 50 mm

Loading (Nx,Nx.Vxy + dNx.dNy.dVxy

000, 000, 000 + 028, 028, 100

Concrete Rebar
= 190MPa__——_  {=a8QMPa All dimensions in millimetres

Minimum clear cover : 6 mm
y-steel, f = 480 P
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Figure 5.9. Main Modeling Inputs in Membrane 2000 for the P\VV28 Panel

PV28membrane

m2k m2k

Table 5.4 summarizes the material properties values utilized to develop the numerical
models in both software. As can be noted, the main differences are in the lower values of yielding
stress for the steel reinforcement. One possible explanation for this is that since Abaqus follows
the fixed smeared cracked approach, which might overestimate the higher stiffness in comparison
to the rotating smeared cracked approach assumed in membrane 2000. One way to compensate the
higher overestimation of the stiffness in the Abaqus models is to reduce the young modulus of the

steel reinforcement.
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Table 5.4. Material constitutive data for modeling of the PV series panels using the SMC model in Abaqus

Concrete PV23 PV24 PV25 PV28
Abaqus | Memb | Abaqus | Memb | Abaqus | Memb | Abaqus | Memb
Modulus of Elasticity (MPa) 20000 19424 23000 19277 23000 18979 20000 21461
Poisson ratio 0.16 - 0.18 - 0.18 - 0.18 -
Concrete in Compression
Strength at elastic limit fc. (MPa) 7.39 7.35 9.0 8.06 7.22 8.06 7.89 7.85
Strain at elastic limit gce (mm/m) 0.44 0.38 0.44 0.38 0.39 0.44 0.39
Maximum Compressive strength fc, (MPa) 25 25 20 20 19.25 19.2 19.0 19
Strain at max compressive stress g, (mm/m) 2.0 2.3 1.9 2.1 1.8 2.1 2.0 1.85
Ultimate Compressive strength f., (MPa) 15.93 21.5 21.48 18.5 15.4 17.83 15.93 17.83
Ultimate compressive strain ec, (mm/m) 3.4 3.45 3.4 3.15 3.4 3.15 34 2.7
Tension stiffening
Ratio 2 0.14 - 0.116 - 0.15 - 0.113 -
Maximum tensile strength (MPa) 2.66 - 2.0 - 2.89 2.0 2.15 -
Ultimate strain (mm/m) 4.5 - 4.0 - 2.84 - 6 -
Shear retention
pho_close 1 - 1 - 1 - 1 -
Eps_Max (mm/m) 4.5 - 0.1 - 2.84 - 6 -
Reinforcement Properties
#2 bars | Elastic Modulus (MPa) 175000 | 200000 | 185000 | 200000 | 167000 | 200000 | 185000 | 195000
in the x | Yield strength 420 518 492 492 466 466 N.A. 480
and vy | Strain at hardening (mm/m) 60 50 50 50 N.A. 50 150 50
directi | Rupture strain (mm/m) 127.6 130 130 130 50 100 50 150
ons Ultimate strength (MPa) 460 518 492 492 466 466 480 480




5.3.3 Calibrated or adjusted Responses for the PV series Panels

The comparison between the experimental and the numerical capacity curves for the PV
series panels are shown in Figure 5.10. The capacity curves of the PV series were originally
reported in terms of shear stress vs shear strain (or distortion). However, to be consistent with all
panels analyzed in here, the shear stress was converted to in-plane shear force per unit length by
multiplying by the thickness of the panels. Three curves are observed in figure 5.10: The black
and discontinuous line represent the experimental curve; the green and dotted line is the adjusted

(or calibrated) curve from Abaqus; and the green and continuous line represents the adjusted curve
generated in Membrane-2000.
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Figure 5.10. Comparison between experimental and numerical load vs deformation curves for the
PV series panels.
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Both, the numerical curves from Abaqus, and the numerical curve from Membrane-2000
show an acceptable agreement with the experimental curves. Both numerical curves were able to
capture very well the cracking and the ultimate in-plane shear capacities reported from the
experiments. The numerical curve from Abaqus for panel PVV24, however, does not show a good
agreement with the experimental curve after cracking. It is important to highlight that the results
of the EC2 and the PACI approach were validated only by using the numerical curves from
Membrane 2000. There were three reason for this selection: First, as just explained, the curve in
Abaqus for panels PVV24 was not consistent with the experiment. Second, the shell 2000 curves
show a better agreement at ultimate capacities with the experimental curves; and third, because the
Membrane-2000 curves give the maximum capacities of panels directly in terms of strength and

not in terms of deformation as was the case for the curves in Abaqus.

5.3.4 Modeling and Calibration of the F series panels Description of the F series panels tests

The F series panels were tested by Belarbi and Hsu (1995). These panels were subjected to
axial forces only. In-plane axial tensile forces along the x-direction, and in-plane compressive axial
forces along the y-direction. The panels were loaded with different ratios of compression over
tensile forces (Ny/Nx) in the following manner. The Ny/Nx loading ratios values for the F2, the F3
and the F4 panels were 2, 3, and 4 respectively. Panel F2 reached a maximum compressive stress
of 11.85 MPa, which correspond to a maximum compression load of 2110 kN/m. Panel 23 reported
a maximum compressive stress of 18.75 MPa, corresponding to a maximum compressive load of
3374 kN/m. Finally, panels F4 reached a maximum compressive stress of 20.85 MPa, which
correspond to a maximum compression load of 3753 kN/m. The dimension of the panels, as well
as the reinforcement details are shown in Figure 5.10. The reinforcement ratio in the x-direction
was 1.27 %, while the reinforcement direction along the y-direction was on only 0.54%.
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Figure 5.11. Loading Application Pattern and Reinforcement details for the PV series panel.

5.3.5 Modeling details and calibration of the F series panels tests.

The modeling of the F series panels was conducted in Shell 2000. Although it was tried to
better capture the experimental response of the panels using Abaqus as well, the Shell 2000 models
offered the same level of accuracy and at a much less time and effort. Figure 5.11 shows the details
for the modeling of the F2 panel. The material properties for the concrete and steel reinforcement
are shown in the left-interior portion of the figure; the loading combination in relative terms are
given just above the materials models; and the reinforcement configuration of the reinforcement
curtains inside the panel are shown almost in the center of the figure. Panel F4 and F5 were pretty
much the same but changing the material properties shown table 5.5, and of course, their respective
Ny/Nx loading ratio. Table 5.4 summarizes all the specific values to define the behavior of the
concrete in compression and in tension, as well as the behavior of the steel reinforcement bars
running in both directions x and y. For these panels there was no need to modify the yielding stress
of the reinforcement bars reported in the experiments.
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Shell Properties

X-0irn ¥-Dirn

X-Reinforcement Y-Reinforcement

Concrete shrinkage strain;

2 layers of 20M @ 267 mm 2 layers of #4 @ 267 mm
0,00 mmim

Loading (Constant + Increment;
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Figure 5.12. Example of general input data for the modeling of the F-series panels.
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Table 5.5. Material constitutive data for modeling of the F series panels in Shell 2000

Concrete F2 F3 F4
Cylinder strength (MPa) 40.0 43.0 42.2
Tension strength (MPa) 2.0 3.81 3.9

Peak strain (mm/m) 2.6 2.2 2.5
Aggregate size (mm) 10 10 10
Tension stiffening factor 1.0 1.0 1.0

Reinforcement Properties

Elastic Modulus (MPa) 200000 | 180000 | 190000
. Yield strength (MPa) 490 515 490
2>?-I(\j/lir§;risc'n|1n Strain at hardening_(mm/m) 20 20 9.0
Rupture strain 80 80 50
Ultimate strength (MPa) 530 490 530
Elastic Modulus 200000 | 180000 | 190000
44 bars in y- \_(ield strengt_h (MPa) 490 515 530
direction Strain at hardening (mm/m) 20 20 20
Rupture strain (mm/m) 80 80 80
Ultimate strength (MPa) 530 530 530

5.3.6 Adjusted or Calibrated numerical curves for the F-series panels

The agreement between the calibrated numerical curves and the experimental capacity
curves was acceptable. The numerical models in Shell 2000 capture very well the experimental
response of panels F3 and F4, and with less accuracy the response of panel F2. The error of the
maximum reported compressive stress capacity in the y-direction of the panels, and the maximum

estimated numerical capacities were 5%, 1%, and 5%, for panels F2, F3, and F4, respectively.
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Figure 5.13. Comparison between experimental and numerical load vs deformation curves for the
PV series panels

5.4 Modeling and calibration of the ML series panels.
5.4.1 Description of the tests

The ML panel series were tested by Marti et al (1987). Details about the F series panels
tests are given in Figure 5.14. These panels were subjected to twisting moment only as indicated
in figure 5.13a. Three panels, the ML1, the ML2 and the ML9 were selected in this research. These
reached the maximum twisting moment capacities of 45 kN*m/m, 69 KN*m/m, and 101 kN*m/m,
respectively. The panels were rectangular and had a length of 1700 mm, and a thickness of 200mm.
Each reinforcement layer for the ML1, the ML2 and the ML9 panels consisted in 10M@200mm,
10M@100mm, and 15M@2100mm, which also represents reinforcement ratios of 0.25%, 0.5%,

and 1%, respectively.

129



10M@200mm

10M@200m

f

(a) Loading pattern for the (b) Reinforcement details
ML series panels. for the ML1 panel

15M@200mm

10M@100mm

10M@100m

15M@200m

(b) Reinforcement details (b) Reinforcement details
for the ML2 panel for the ML9 panel

Figure 5.14. Loading application pattern and reinforcement detail for the F series panels.

5.4.2 Modeling details for the ML series panel.

The modeling of the ML series panels was conducted in Shell 2000. Although it was also
tried to reproduce the experimental response of the panels using Abaqus as well, it was no possible
to apply consistently the twisting moment in the LCS elements. The details for the modeling of
the ML2 panel, which are automatically displayed by shell 2000 once the model was completed,
are summarized in figure 5.15. The material models for the concrete and steel reinforcement are
shown in the left-interior portion of figure 5.15; the loading combination in relative terms are given
just above the materials models; and the reinforcement configuration of the reinforcement curtains
(r layers) inside the panel, are almost in the center of the figure. The details for the modeling of
ML1 and the ML9 models were pretty much the same, but changing some material properties and
of course, the reinforcement configurations explained in figure 5.14. The material properties for

each ML panel are given in table 5.6.
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Shell Properties
X-Dir'n Y-Dir'n {
A, (mm?/m) 4000 4000
P (porcent) 2 000 2000
Pt (MPa) 824 824
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18 mm up
182 mm up

Y-Reinforcement

15M @ 100 mm
15M @ 100 mm

166 mm up

34 mm up

000, 000, 000, 000, 000, 0.00, 0.00, 0.00+
0,00, 000, 000, 000, 000, 1.00, 0.00, 0.00

Concrete Rebar

ftc = 44.0MPa ll 500 MPa All dimensions in millimetres

Minimum clear cover : 10 mm

Enter Title Here
| W | s2k m2k

Figure 5.15. General input data for the modeling of the ML2 panel.

| x-stael, = 412
y-stoel, f = 412

€, = 80.0 mmm

Table 5.6. Material constitutive data for modeling of the ML series in Shell 2000

Concrete ML1 ML2 ML9
Cylinder strength (MPa) 46.7 36.2 444
Tension strength (MPa) 2.4 2.6 3.1
Peak strain (mm/m) 2.7 2.7 2.7
Aggregate size (mm) 10 10 10
Tension stiffening factor 0.8 0.8 0.8
Reinforcement Properties

Elastic Modulus (MPa) 160000* | 160000* | 170000*

.| Yield strength 551 551 412

i?dl\i/:egfigsnm Strain at hardening (mm/m) 20 20 20

Rupture strain (mm/m) 80 80 80

Ultimate strength (MPa) 551 551 412

* Not reported value.

5.4.3 Calibrated or Adjusted Responses for the ML series panels

With the numerical models in Shell 2000, it was possible to capture very well the cracking
and the ultimate twisting capacities of the ML panels as appreciated in Figure 5.15. Even the post-
cracking behavior of panels (excepting for the ML1 panel) was well captured by the numerical
models. However, in order to obtain this good agreement between the numerical and the
experimental curves, a relatively low young modulus for the steel reinforcement was introduced

as shown in table 5.6. It must be noted that the Marti et al (1987) did not reported the young’s
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modulus of the reinforcement, and they also said that the all bars did not exhibit a clear yielding

plateau.
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Figure 5.16. Comparison Between experimental and numerical load vs deformation curves for
the ML series panels.

5.5 Modeling and Calibration of the SP series panels.

5.5.1 Description of the SP series panel Tests

The SP panel series were tested by Adebar and Collins (1994). These panels were subjected
to a combination of out-of-plane shear, out-of-plate bending moments and in-plane as indicated
figure 5.17. Four of the nine SP panels were selected in this research: SP2, SP3, SP7 and SP9.
The SP2 and the SP9 panels were subjected to a combination of out-of-plane bending moment and
out-of-plane shear as shown in Figure 5.17a, while the SP7 and SP9 panels were not only subjected

to out-of-plane shears and its associated out-of-plate bending moments, but also to in-plane shear,
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as shown in Figure 5.17b. The panels were also rectangular with a length of 1600mm and a
thickness of 310 mm. In contrast to other panels analyzed in this thesis, the in-plane reinforcement
of these SP series panels was not uniformly distributed. As shown in figure 5.17, the reinforcement
was arranged by lumping three 20M bars each 250mm (3 20M@250mm), which is equivalent to
37.5 cm?/m. At the same time, the three lumped 20M bars were spaced each at 54 mm from each
other. The in-plane reinforcement was equal in all directions and in both faces. These panels also
contained a relative low amount of out-of-plane (or transverse) reinforcement of 8cm?/m? (8%)

provided with T-headed 8 mm diameter bars.

4

(a) SP2 and SP3 (b) SP7 and SP9 Loading
Loading pattern pattern

|

(c) SP9 Loading pattern  (d) Reinforcement details

——

Figure 5.17. Loading application pattern and reinforcement details for the SE series panels.

5.5.2 Modeling details of the SP series panel Tests

The modeling of the SP series panels was conducted in Abaqus. Although it was tried to
develop models in Shell-2000 as well, it was not possible to reproduce consistent numerical
responses in this software. It was decided then to develop more accurate 3D solid models (instead
of the simplified 2D models as done previously with the other panels) with the aim of capturing
the behavior of the out-of-plate reinforcement, which has an important influence in the responses
of the panels. It is convenient to recall that with the 2D Layer Composite Shell (2D-LCS) models

in Abaqus it is not possible to model the out-of-plane or transverse shear reinforcement. Figure 5.8
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explains the modeling procedure in Abaqus for the SP7 panel. The concrete damage plasticity
model was chosen to simulate the non-linear behavior of the concrete. The curve to simulate the
uniaxial behavior of the concrete in compression, shown in Figure 5.8a, was defined using the
hognestad parabola model, which was built with the data in table 5.7. The behavior of the concrete
in tension in figure 5.8b, was defined by using the Shima et al (1987) model, and the specific
values are given in table 5.7 Finally, the uniaxial behavior of steel reinforcement in both directions

are shown in figure 5.8c. In these cases, it was no necessary to modify (reduce) the yielding stress

of the in-plane reinforcement a did for the SM series panels.
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Figure 5.18. Modeling details for the SP7 panel.

Table 5.7. Material constitutive data for modeling of the SE series panels

Concrete SP2 & SP3 | SP7& SP9
Modulus of Elasticity (MPa) 34666 34666
Poisson ratio 0.2 0.2
Concrete in Compression

Strength at elastic limit fc. (MPa) 22.89 22.89
Strain at elastic limit cc (mm/m) 0.66 0.66
Maximum Compressive strength fc, (MPa) 50 50
Strain at max compressive stress gc, (mm/m) 2.26 2.26
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Table 5.7 continued

Ultimate Compressive strength fc, (MPa) 25.63 25.63
Ultimate compressive strain ec, (mm/m) 4.0 4.0
Concrete in Tension
Tension strength (MPa) 3.6 3.6
Strength at elastic limit (mm/m) 0.10 0.10
Ultimate strain (mm/m) 1.37 1.37
CDP model specialized parameters
Dilation angle (f) 15 15
Eccentricity (e) 0.1 0.1
fcb / fc ratio 1.16 1.16
Second invariant Kc 0.67 0.67
Reinforcement Properties
Elastic Modulus (MPa) 200000 200000
20M bars in the x Yiel_d strength (MPa) 480 536
and y directions Strain at har(_jenmg (mm/m) | 15 20
Rupture strain (mm/m) 75 75
Ultimate strength (MPa) 660 637
Elastic Modulus (MPa) 200000 200000
Stirups  in  the Yiel_d strength (MPa) 460 460
transverse direction Strain at hardening (mm/m) | 28 28
Rupture strain (mm/m) 75 75
Ultimate strength (MPa) 570 570

Figure 5.8d shows the Boundary Conditions (BCs) and the applied forces to the model.
The only BC for this panel were restriction in translation along the z-axis at the vertical edges. As
said before, the applied loads for this panel were the out-of-plate shear forces (Vx;) and its
associated bending moments (My), plus in-plane shear force (Nxy). The out-of-plane shear capacity
of the panels was estimated after applying rotations about the y-axis at the vertical edges of the
panels, and then reading and adding the out-of-plane shear reactions at the same edges. Then, the
total out-plate shear reaction was divided by the length of the panels (1.6m) to obtain the out-of-
plane shear capacity per linear unit. as cab be seen in figure 5.18. In other words, the out-of-plate
shear capacity was obtained by internal equilibrium of the model after applying moments as
rotations at the edges of the panels. The rotations at the vertical edges were applied as boundary
conditions using an analytical field formula than induced linear variable deformations along the x-
axis. The variable deformation was given as a function of the distance z (0.005z) along the
thickness of the panel. Thus, the maximum imposed axial deformations, at the top and bottom
faces of the panel, were +0.75mm and -0.75mm, while the deformation at the center of the panels
was zero. Finally, the in-plane shear force was applied as force control, and it was introduced by

applying an ununiform shear stress of 1.23 MPa as shown in Figure 5.18. This shear stress
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magnitude corresponds to the maximum out-of-plane shear force per linear meter reported during
the test.

Figure 5.8e shows the details for the modeling of the reinforcement inside the panel. Both,
the in-plane, and the out-of-plane reinforcement were simulated using the 2-node ‘“beam” B31
finite element. Full deformation compatibility between concrete and steel reinforcement was
assumed by applying the typical embedded region constraint, where the concrete was declared as
the host region, and the reinforcement the embedded region. While the yielding strength of the
reinforcement for panels SP2 and SP3 was reported in 480 MPa, the yielding strength for panels
SP7 and SP9 was reported in 536MPa. Finally, Figure 5.8d shows the 50x50 mm size mesh of the
elements and the deformed shape in the final stage for the SP7 panel specifically. It is clear how
the deformed shape follows like a “S” shape, creating one positive curvature in one end and a
negative curvature in the other end of the panel. The selected finite element for the concrete was
the C3D8R 8-node linear brick with reduced integration and hourglass control. All SP panels were
simulated following the same procedure in Abaqus but considering the specific reported concrete
material properties, and the magnitudes of the in-plane shear forces. Panels SP2, SP3 and SP9
were modeled same as panels SP2, but changing the loading pattern explained in figure 5.17. The
concrete material properties for all panels were the same assuming average tensile and compressive

strengths of 3.6MPa and 50MPa for the concrete, respectively.

5.5.3 Calibrated or adjusted responses for the SP series panels

Figure 5.19 shows the comparison between the experimental and the numerical curves for
the SP series panels. The experimental principal transverse shear stress vs transverse shear strain
curve (vo VS yxz) for the SP7 panel was given by Adebar and Collins (1994), while the SP2 and the
SP9 experimental curves are found in Adebar (1989). The transverse shear strains, as specified by
Adebar and Collins (1994), were measured in unbounded stirrups. The experimental curves were
originally given in terms of transverse stress. However, in order to be consistent with the all the
experimental curves in this thesis, they were converted to out-plate forces by multiplying by the
thickness of the panels. For unknown reasons, the maximums out-of-plate shear capacities of the
panels were not reached in any on the experimental curves in Figure 5.19. Judging by the values,

it seems that those maximum values in the curves match with the yielding capacities of the panels
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rather than the ultimate (or maximum) capacities reported by Adebar and Collins (1994). However,

these maximin values, which can be found in tables 6.12 in chapter 6, were included in Figure 5.19
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Figure 5.19. Comparison Between experimental and numerical load vs deformation curves for
the SP series panels.

As appreciated in Figure 5.19, the numerical curves of panels SP2, SP3 and SP7 are in a
good agreement with their corresponding experimental curves. The experimental curve for panel
for panel SP9 was not found neither in the research of Adebar (1989) nor in the work of Adebar
and Collins (1994). The numerical model for panels SP2 was able to capture the cracking, the
yielding, and the ultimate capacities with reasonable accuracy. The SP2 model overestimated the
capacity of the panel in only 2% as shown in figure 5.19a. The numerical models for panels SP3

and SP7 were able to capture the cracking and the yielding capacities of the panels with acceptable
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accuracy, but not the maximum capacities. In these cases, the SP3 and the SP7 numerical models
underestimated the transverse shear capacities reported from the experiments in about 19% and
32%, respectively. The maximum transverse shear capacity for panel SP9 was reported in 372
kN/m, while the maximum capacity from the numerical models was estimated in 286 kN/m, which
means the numerical model underestimated the shear capacity in about 23%. Although at first sight
it may seems obvious that the numerical models are not reliable because the percentages of
underestimation are very high, it is actually the opposite. Adebar and Colllins (1994) said that the
ultimate capacity for panels SP3, SP7 and SP9 might have been unintentionally increased or
overestimated because of the installation of yokes during the tests. They explicitly said “it appears
that that artificial restraint did exist in specimens SP3, SP7 and SP9 after significant transverse
expansion occurred”. In other words, the models can be considered as reliable because they
confirmed that the ultimate capacities of these three panels might have been overestimated during

the experiments.
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6. VALIDATION OF THE APPROACHES BY USING
EXPERIMENTAL DATA

The results of the PACI and the EC2 approaches, will be validated in this chapter. As
explained in the methodology, the two types of results to validate are: a) the areas of reinforcement
(or reinforcement ratios) suggested by both design approaches; and b) the estimated numerical
capacities of the panels after introducing those reinforcement areas suggested by the PACI and the
EC2 design approaches. Both results (reinforcement suggested areas and estimated numerical
capacities) will be compared against the areas provided during the experiment, and against the
ultimate capacities reported from the tests. Comparing the suggested reinforcement areas against
the areas provided during the experiments can be considered as an indirect way of validation. If
the approaches suggest at least the same reinforcement areas than those provided during the
experiments, it can be inferred that these results are safe. Nevertheless, it will be shown through
this chapter, that there were several cases in which either, one of the two approaches, or both,
suggested less reinforcement than the reinforcement provided during the experiments. However,
it will be demonstrated that despite the reduction in reinforcement suggested by the approaches,
the panels reached similar numerical capacities than the ultimate capacities reported from the
experiments. Comparing the estimated numerical capacities against the capacities reported from
the tests will be considered as a direct way of validation. If the estimated numerical capacities of
the panels are greater than or equal to the capacities reported from the tests, the results will be

considered as satisfactory.

6.1 Validation of results using Experimental data
6.1.1 Validation of results using the SE series panels
Estimation of the suggested reinforcement areas

Table 6.1 shows the comparison between the areas of reinforcement suggested by the PACI
approach and the areas suggested by the EC2 approach for the SE series panels. Table 6.1 also
shows the differences between the reinforcement areas provided during the experiment and the
reinforcement areas suggested by the two design approaches. For the SE1 panel, which was

subjected to in-plane shear only, both design approaches suggested a total area of 78.4 cm?/m,
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which represents a 71% of the total reinforcement area provided during the experiment. Something
similar occurred for panel SE3 which was subjected to bending moment only. In this case, the total
reinforcement areas suggested by the EC2 and the PACI approaches were 106.4 cm2/m and 104.4
cm2/m, which represent 96% and 94% of the reinforcement provided during the test. Because both
approaches suggested less reinforcement than the reinforcement provided during the test, it may
seem than both approaches produced non-conservative results for the SE1 and the SE3 panels.
However, it will be shown later through non-linear analysis, that despite the reduction in
reinforcement suggested by the approaches, the panels not only reach but also exceed the capacity

experimental capacity.

More differences between the reinforcement areas suggested by the approaches were
observed for panels SE4 and SE7. These two panels were subjected to a combined action of in-
plane shear and bending moment. For panel SE4, for example, the PACI approach suggested a
total reinforcement area of 106.6 cm?/m, while the EC2 approach suggested a total of 126 cm?/m,
which represents 96% and 113% of the reinforcement provided during the experiments. Similarly,
for the SE7 panel, the PACI approach suggested higher amount of reinforcement than the EC2
approach. While the EC2 approach suggested a total area of 87.2 cm?/m, the PACI approach
suggested 116 cm?/m, quantitates that represents 79% and 105% of the reinforcement provided

during the experiments.

Table 6.1. Comparison between the suggested reinforcement areas by the PACI and EC2 design
approach, and against the reinforcement area provided in the experiment

SE Proportional Reinforcement per Layer in [cm2/m] As
Series | Loading Layers | TopX | TopY | BotX | BotY AsTot | Ratios
SE Mx : Nxy Tests 41.8 13.9 41.8 13.9 111
SE1 01 EC2 19.6 19.6 19.6 19.6 78.4 0.71
) PACI 19.6 19.6 19.6 19.6 78.4 0.71
SE3 1:0 EC2 47.5 47.5 5.7* 5.7* 106.4 0.96
' PACI 46.5 46.5 5.7* 5.7* 104.4 0.94
. EC2 47.6 47.6 5.7* 5.7* 106.6 0.96
SE4 | 105 PACI | 53 53 10 10 126 113
. EC2 32.6 32.6 11 11 87.2 0.79
SE7 1:013 PACI | 39 39 19 19 116 1.05

*Minimum reinforcement ratio specified as 0.2% the thickness of the panel (0.002tw)
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Analysis and comparison between the experimental and the numerical capacity curves

The comparison between the numerical curves and the experimental curves for the SE
series panels are shown in Figure 6.1. Four curves can be observed for each selected panel in
Figure 6.1. The darker discontinuous line, identified with the name Exp, represents the curve that
was reproduced from the experiments. The green and continuous line, identified with the name of
Num_ prest, represents the calibrated numerical curve developed in any of three non-linear analysis
software used in this thesis (Shell 2000, Membrane 2000 and Abaqus). The blue line, identified as
Num_ peco, represents the numerical capacity curve of the panels after specifying the reinforcement
areas and the lever arm distances suggested by the EC2 approach into the calibrated numerical
models. Finally, the red and dotted line, identified with the name of Num_praci, represents the
numerical capacity curve of the panels after introducing the reinforcement areas suggested by the
PACI approach. This same line convention will be used for the identification of the capacity curves

for the rest of the panels analyzed in this thesis.
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Figure 6.1. Comparison between experimental and numerical load vs deformation curves for the
SE series panels.
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For obvious reasons, the calibrated or adjusted numerical curve was developed first
considering the same reinforcement ratio and cover distances from the tests. Then, the EC2 and
the PACI design numerical curves were computed later after changing the reinforcement areas
provided during the experiment, for the reinforcement area suggested by the EC2 and the PACI,
design approaches, respectively. The cover distances were also changed because as explained in
chapters 2 and 3, both design approaches assume a unique lever arm distance between the

reinforcement layers.

The EC2 and the PACI numerical curves follow the same path in panels SE1 and SE3 as
shown in figures 6.1a and 6.1b, respectively. The curves follow the same path because both design
approaches suggested equal and similar amount of reinforcement for these two panels. For
example, size designation bar 10M each 50 mm (10M@50mm) were used to satisfy the 19.6 cm?/m
reinforcement areas suggested by both approaches for the SE1 panel. In the same way, since the
reinforcement areas suggested by the EC2 and the PACI approaches were very similar (106.4
cm?/m? and 104.4 cm?/m?, respectively) for panel SE3, both were satisfied by providing the same
amount and same reinforcement configuration. Specifically, the numerical EC2 and PACI curves
for panel SM3 was obtained after introducing 20M@60mm in the x-direction, and #3@125mm in

the y-direction, with a clear cover distance of 20mm.

For panels SE4 and SE7, on the other hand, there was an evident difference between the
PACI and the EC2 design curves. Because the PACI approach suggested more reinforcement areas
than the EC2 approach, the PACI design curve developed higher post-cracking stiffness and
ultimate capacities than both, the EC2 design curve and the experimental curves. For these two
panels, especially for panel SE7, it can be observed that the EC2 design capacity curves follow
very closely the same path of the experimental curve. The areas of reinforcement suggested by the
EC2 approach for the SE4 panel were satisfied by using the same reinforcement configuration
provided for panel SE3: 20M@60mm in the x-direction, and #3@125mm in the y-direction. On
the other hand, the areas suggested by the approach were satisfied using 20M@55mm in the x-
direction, and #3@125mm. The areas of reinforcement suggested by the EC2 approach for the
SE7 panel were satisfied by using 20M@90mm in the x-direction, and 10M@90mm in the y-
direction. On the other hand, the areas of reinforcement suggested by the PACI approach for the
SE7 panel were satisfied by using 20M@75mm in the x-direction, and 10M@55mm in the y-
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direction .The clear cover distances for the bars running along the x and y directions were 20 mm

and 35mm, respectively.

It is interesting to note how despite the reduction in reinforcement suggested by the EC2
approach for panels SE1 and SE7, the corresponding EC2 design curves reached the same
experimental capacity of the panels. Another interesting feature to note from figure 6.1d,
corresponding to panel SE7, is that the experimental curve did not show evidence of yielding in
the reinforcement, whereas both numerical curves the EC2 and the PACI did. This goes in
agreement with the experiment, since Kirscher and Collins (1986) argued that there was no
evidence of reinforcement yielding during the test. The anticipated yielding of the reinforcement
of the EC2 curve has perfect sense, since the EC2 suggested 21% less of the reinforcement

provided during the experiment.

Comparison between the experimental and the numerical capacities.

Table 6.2 compares the reported experimental capacities against the numerical capacities
of the panels after introducing the areas of reinforcement suggested by the PACI and the EC2
design approaches. Depending on the panel, one or two experimental capacities were reported.
The number of experimental reported capacities is equal to the number of loads applied in a
specific test. For example, panels SE1 and SE3, which were subjected in-plane shear (Nxy) and
out-of-plate bending moment (My), respectively, reported only one experimental capacity. For
panels SE4 and SE7, on the other hand, both reported two experimental capacities: in-plane shear
and out-of-plane bending capacities. The numerical capacities for each panel were extracted from

the numerical capacity curves in Figure 6.1.

As observed in table 6.2, all numerical over experimental capacity ratios
(Ceca/Cop and Cpyer/C.,, ) are greater than 1, which means that both design approaches are safe.
However, the capacity ratios obtained by the EC2 (c,.,/c.,,) design approach were all lower than
the capacity ratios obtained from the PACI approach (¢,,./C.,,). This was expected given the
simplified methodology of the PACI approach. In average, the increment in the capacities for the
SE series panel, after introducing the reinforcement areas suggested by the PACI approach were
about 21% compared against the experimental capacities. From table 6.2, it is clear how the

reinforcement suggested in the EC2 approach results in similar numerical capacities -and even
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slightly higher capacities- than the experiment, in spite the suggested reduction in reinforcement.
The average increment in capacities of the panels after introducing the reinforcement areas
suggested by the EC2 approach was 6%. This fact confirms than the EC2 approach is not only safe
but is also very efficient at least for RC panels with this load combination.

Table 6.2. Comparison between the estimated numerical capacities, and the reported
experimental capacities for the SE series panels

External Applied | Experimental EC2 Cgcz | PACI Cecz

SE demands Capacities Numerical Coxp Numerical Coxp
Series (Cexp) Capacities Capacities

(Cec2) (Cpaci)

SE1 Nxy [KN/m] 1930 1943 1.01 2160 1.11

SE3 Mxy [KN-m/m] 520 600 1.15 600 1.15

SE4 Mx [kN] 480 521 1.08 586 1.22

Nxy [KN-m/m] 960 1041 1.08 1172 1.22

SE7 Mx [kN] 230 235 1.02 300 1.30

Nxy [KN/m] 1810 1811 1.00 2310 1.28

It must be considered, however, that the capacity of the panels might had be increased
because of the increment in the lever arm distances that were used to estimate the reinforcement
areas suggested by the approaches. To clarify this point, the lever arm distances, and the clear
cover distances reported in the experiments, are not the same than those specified in the numerical
models. As explained before, since both approaches assume a unique (or average) lever arm
distance to estimate the required reinforcement areas, neither the values of these lever arm
distances nor the clear cover distances specified in the numerical models, will be equal to the
values utilized in the experiments. For example, the lever arm distances between the bars running
along the x-direction, and along the y-direction, for panel SE3, were 243mm and 199mm,
respectively; while the same lever arm distances specified in the numerical model were 235mm
and 215mm. As can be noted, the lever arm distances in the numerical models are greater than the
lever arm distances utilized during the experiment, which might have increased the bending

capacity in panel SE3.
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6.1.2 Validation of results using the SM series panels
Estimation of the suggested reinforcement areas

Table 6.3 shows the differences between the reinforcement areas provided during the
experiments and the reinforcement areas suggested by the PACI and the EC2 design approaches
for the SM series panels. Both design approaches suggested similar amount of reinforcement areas.
For instance, the PACI and the EC2 approach suggested 96.2 cm2/m and 98.4 cm2/m, which
represents 91% and 93% of the reinforcement provided in the experiments, for the SM1 panel. For
the SM2 panel, the PACI and the EC2 approach suggested 95.4 cm2/m and 91.2cm2/m, which
represents 90% and 86% of the reinforcement provided in the experiments, respectively. For the
SM3 panel, the EC2 and the PACI approach suggested 115 cm?m and 112 cm?/m, which
represents 108% and 106% of the reinforcement provided in the experiments, respectively. Both
approaches suggested less reinforcement areas than the areas provided during the experiments for
panels SM1 and SM2. It will be shown later that despite both approaches suggested less
reinforcement areas than the areas provided during the tests for panels SM1 and SM2, the panels
were able to reach the capacities reported in their respective tests. Finally, for panel SM3, both

approaches suggested higher reinforcement areas than the areas provided during the experiment.

Table 6.3. Comparison between the suggested reinforcement areas by the PACI and EC2 design
approach, and against the reinforcement area provided in the experiment

. Reinforcement per Layer in [cm2/m] As

SM Proportional Ratios
series Loading Layers | Top X TopY Bot X BotY As Tot

Myx: My: Ny Ny | Test 39.5 39.5 6.32 6.32 106

A EC2 41.8 41.8 6.32 6.32 96.2 0.91
SM1 11:0:0:0 PACI | 42.9 22.9 6.32 6.32 98.4 0.93

. ) EC2 41.4 41.4 6.32 6.32 95.4 0.90
SM2 | 1:0:0.375:0.375 "5 A1 30,3 39.3 6.32 6.32 912 0.86

A EC2 43.8 43.8 13.50 13.50 115 1.08
SM3 11:1:-0:-0 PACI | 433 43.3 12.75 12.75 112 1.06

Analysis and comparison between the experimental and the numerical capacity curves

Two aspects can be highlighted when comparing the experimental curves, and the
numerical curves in figure 6.2 First, there is an excellent agreement between the experimental

curves and the adjusted numerical curves for all the SM series panels. Second, the differences
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between the PACI and the EC2 numerical capacity curves are negligible. The PACI and the EC2
numerical curves follows pretty much the same paths because both design approaches suggested
very similar amounts of reinforcement for all the SM series panels according to table 6.3. For
example, the reinforcement area of 41.8 cm?m and 42.9 cm?/m suggested by the EC2 and the
PACI approaches respectively, for panel SM1 (see table 6.3), were satisfied by providing the
following reinforcement layer (or curtain) configuration: designation bar 20M spaced each 70mm

(20M@70mm) along the x and y directions at the top face of the panel; and designation bar 10M
spaced each 70 mm (10M@70mm) at the bottom face of the panel.
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Figure 6.2. Comparison Between experimental and numerical load vs deformation curves for the
SM series panels.

The reinforcement area of 41.4 cm?/m suggested by the EC2 approach in table 6.3 for panel

SM2 was satisfied by providing the following layers reinforcement configuration: 20M@72mm
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in the x and y directions at the top face of the panel; and 10M@160mm in the bottom face of the
panel, also in both directions. On the other hand, the reinforcement area of 39.3 cm”2/m suggested
by the PACI approach for panel SM2 was satisfied by providing the following configuration:
20M@75mm in the x and y directions at the top face of the panel; and 10M@160mm at the bottom
face of the panel, also in both directions. Finally, the reinforcement areas of 43.8cm?/m and
43.3cm?/m suggested by the EC2 and the PACI approach, were satisfied by providing:
20M@75mm in the x and y directions at the top face of the panel; and 10M@75mm at the bottom
face of the panel, also in both directions.

Comparison between the experimental and the numerical capacities.

Table 6.4 compares the capacities reported from the experiments, against the EC2 and the
PACI numerical capacities of the SM series panels. As explained before, these numerical
capacities were estimated by introducing the respective reinforcement areas suggested by each
approach into the calibrated numerical models developed in section 5. The values of the estimated
numerical capacities were extracted from the corresponding numerical curves in Figure 6.2. Table
6.4 also shows the numerical over experimental (Cy.,/C,,, and C,,:/C,,,) Capacity ratios of the
panels. As observed, all numerical over experimental ratios were greater than 1, by which it can

be inferred that both approaches provided safe results.

Table 6.4. Experimental reported capacities vs estimated numerical capacities

External Applied | Experimental | EC2 Numerical | Cgc2 PACI Cec2
SM demands Capacities Capacities Coxp Numerical Coxp
Series (Cexp) (Cec2) Capacities
(Cpaci)
SM1 Mx [KN-m/m] 477 483 1.04 483 1.04
Nx [KN/m] 1684* 1700 1.00 1700 1.00
SM2 Ny [KN/m] 1684* 1460 0.87 1460 0.87
Mx [KN-m/m] 421 441 1.05 423 1.00
Mx [KN/m] 488 533 1.09 535 1.10
SM3 My [KN-m/m] 151 158 1.05 154 1.02

*. Supposed values not reported from experiment.

The EC2 numerical capacities for panels SM2 and SM3 were slightly higher than the PACI
numerical capacities because the EC2 approach suggested slightly higher amount of reinforcement
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as shown in table 6.3. However, none of the numerical over experimental capacity ratios (Cz,/C.,
and Cpc/C..p) When using the PACI approach was less than one 1.0, which confirms the safety of
the approach despite its simplicity. The tensile (Nx) and compressive (Ny) axial capacities of the
SM2 panel cannot be compared because they were not explicit reported from the experiments.
These values were estimated by multiplying the experimental moment capacity of the panel (421

kN-m/m) by four, according to the proportional loading pattern.

6.1.3 Validation of results using the PV series panels
Estimation of the suggested reinforcement areas

Table 6.5 compares the reinforcement areas suggested by the PACI and the EC2
approaches, against the reinforcement areas provided during the experiments for the PV series
panels. The more significant differences between the areas suggested by the PACI and the EC2
approaches were found in panel PV23. While the EC2 approach suggested 29.2 cm?/m, which
represents 17% more of the reinforcement provided during the experiment, the PACI approach
suggested 24 cm?/m, which meant a reduction in reinforcement of roughly 4%. This was one of
the cases in which the PACI approach suggested less reinforcement than both, the reinforcement
suggested by the EC2 approach and the reinforcement provided during the experiment. For panel
PV24, the EC2 and the PACI approach suggested reinforcement areas of 22.4 cm?/m and 22.6
cm?/m respectively, which represents about 90% of the reinforcement total area provided in the
experiment. For the PV25 panel, the EC2 approach suggested less reinforcement than the PACI
approach. While the EC2 suggested 90% of the reinforcement areas provided during the
experiment, the PACI approach suggested 2% of additional reinforcement compared against the
experiment. Finally, both approaches suggested 22.4 cm2/m of reinforcement for the P28 panel,
which also represents 90% of the reinforcement provided during the test.
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Table 6.5. Comparison between the suggested reinforcement areas by the PACI and EC2 design
approach, and against the reinforcement area provided in the experiment

Proportional Reinforcement per Layer in [cm2/m] As Ratios
PV series Loading Layers | Top X | TopY | BotX | BotY | AsTot
Nxy : Ny : Nx Test 6.25 6.25 6.25 6.25 25
. . EC2 7.3 7.3 7.3 7.3 29.2 1.17
PV23 1:-039:-039 PACI | 60 | 60 | 60 | 60 | 24 0.96
. . EC2 5.6 5.6 5.6 5.6 22.4 0.90
Pv24 1:-0.83:-0.83 PACI 5.65 5.65 5.65 5.65 22.6 0.90
i i EC2 5.6 5.6 5.6 5.6 22.4 0.90
PV25 1:-069 69 PACI 6.4 6.4 6.4 6.4 25.6 1.02
. i EC2 5.6 5.6 5.6 5.6 22.4 0.90
Pv8 1:032:0.32 PACI | 56 | 56 | 56 | 56 | 224 | 0.0

Analysis and Comparison between the experimental and numerical capacity curves.

The capacity curves of the PV series were originally reported in terms of shear stress vs
shear strain (or distortion). However, in order to be consistent with the rests of the other panels
studied in here, the shear stress was converted into in-plane shear force per unit length by
multiplying by the thickness of the panels. The transformed Nyy VS yxy capacity curves for the PV
series are shown inf Figure 6.3. Although there were calibrated curves from Abaqus and
Membrane-2000, only the latter ones are shown in Figure 6.3. The reason for this is because as
explained in chapter 5, the Membrane-2000 software gives the capacity of the panels in terms of

strength directly, which is more in agreement with the conventional design procedure.
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Figure 6.3. Comparison between experimental and numerical load vs deformation curves for the
PV series panels.

An acceptable agreement between the adjusted numerical curves and the experimental
curves for all PV series panels can be appreciated in Figure 6.3. The maximum capacities were
very well captured by the numerical models in Shell-2000. However, the models did no capture
very accurately the behavior of the panels after cracking for panels PV23 and PV25. In panel
PV23, the PACI numerical curve follows the same path than the adjusted curve because it
suggested a similar amount of reinforcement than the provided during the experiment. Specifically,
the 6.0 cm2/m suggested by the PACI approach for this panel in each layer was satisfied by
providing designation bar #2 each 50 mm (#2@50mm). The reinforcement area suggested by the
EC2 approach for panel PVV23 was satisfied by providing #2@45mm in each layer. Similarly, the
PACI and the EC2 numerical curves for panels PV24 and PV28 follows the same path because
both approaches suggested similar reinforcement areas. The reinforcement areas suggested by the
two approach for the PV24 and the PVV28 panels in each reinforcement layers were satisfied using
#2@55mm. Finally, the areas suggested by the EC2 and the PACI approach for panel PV25 in
each layer were satisfied by providing #2@55 mm and #2@50mm, respectively.

Comparison between the experimental and numerical capacities.

Table 6.6 shows the comparison between the experimental capacities reported during the

tests, against the estimated numerical capacities for the PV series panels. The numerical capacities
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of panels PV24 and PV28 were higher than the corresponding capacities reported in the
experiments, while the numerical capacities for the PV23 and PV25 were lower. However, panel
PV25 reached 94% and 96% of the capacity reported during the experiments after introducing the
reinforcement areas suggested by the EC2 and the PACI approach, respectively. In the same way
the PV23 panel reached 99% and 98% of the experimental capacity of the panel after introducing
the areas suggested by the EC2 and the PACI approaches. The obvious reason why panels PVV23
and PV25 came up with little lower capacities is that both approaches suggested less amount of
reinforcement as explained in table 6.5.

Another reason why the capacities for the panels PV23 and PV25 did not reach the
capacities reported in the experiment after introducing the reinforcement areas suggested by the
approaches, is related to the fact that all PV panels were built with a higher compressive concrete
strength (f°c) around its perimeter. In the case of the PVV23 panel for example, the core concrete
had a compressive strength of 20.5 MPa, while the strength for the concrete around the perimeter
was specified in 35 MPa. This means that the f°¢ in the perimeter was almost 1.5 higher than the
concrete in the core of the panel. The capacities in table 6.6 were estimated using the ¢ in the
center of the panels. Just by changing these values of f’c into the numerical model, the strength of
the PV23 panel increases to 653 kN/m and 667 kN/m when following the EC2 and the PACI
approaches, respectively. These alternative numerical capacities would had represented Num/Exp
capacity ratios of 1.05 and1.07 for the PACI and the EC2 approaches, respectively, meaning than
both approaches were safe. However, it has to kept in mind that the Num/Exp capacities ratios for
the PV23 and the PV5 panels were very close to 1.0 for both approaches, which can be easily by
incorporating strength reduction factor as usually done in actual design.

Table 6.6. Experimental reported capacities vs estimated numerical capacities for the PV series.

External Experimental | EC2 Numerical | Cgc PACI Crcz
. Applied Capacities Capacities I Numerical C
PV series demands (Cexp) (Cec2) o Capacities “p
(CPACI)
PV23 Nyy [kN/m] 621 616 0.99 607 0.98
PV24 Nyy [KN/m] 556 658 118 658 1.18
PV25 Nyy [KN/m] 639 602 0.94 616 0.96
PV28 Ny [KN/m] 393 413 1.05 413 1.05
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6.1.4 Validation of results using the F series panels
Estimation of the suggested reinforcement areas

Table 6.7 shows the differences between the reinforcement areas provided during the
experiment and the reinforcement areas suggested by the two design approaches for the F series
panels. These panels reported the highest differences between the reinforcement areas provided
during the experiment and the reinforcement areas suggested by the design approaches. As can be
observed in table 6.7, both design approaches suggested more reinforcement areas than the
experimentally provided. Specifically, the approaches suggested 31%, 40% and 17% more of the
reinforcement provided during the tests for panels F2, F3 and F3, respectively. In average,
however, the approaches suggested 29% more than the reinforcement utilized in each test, which
is still reasonable pay to price, especially for the PACI approach given its simplicity. It is not clear
why under this simple loading combination, not even the EC2 approach suggested reinforcement
areas closer to those provided during the experiments. One possible explanation, might be related
high spacing of the reinforcement bars which was measured in 267 mm. It must be mentioned that
the spacing of reinforcement in the rest of series panels did not exceed 100 mm in either of the two
orthogonal directions of the panels. Another explanation is that the area of reinforcement in the y-
direction for each face is twice the times the area that appears in table 6.7. This means that instead
of using 4.8cm?/m, the actual value would be 9.6 cm2/m. In fact, this is not very clear according
to the experimental research of Belarbi and Hsu (2005). Assuming that the reinforcement area in
the y-direction be 9.6cm?m (and not 4.8cm?/m) the total reinforcement area provided during the
test will be 41.7cm?/m, which will be more in agreement with the reinforcement areas suggested

by the approaches.

Table 6.7. Comparison between the suggested reinforcement areas by the PACI and EC2 design
approach against the reinforcement area provided in the experiment.

. Proportional | Reinforcement per Layer in [cm2/m] As
F series Loading Layers | TopX | TopY |BotX |BotY | AsTot | Ratios
Nx : Ny Test 11.25 4.8 11.25 4.80 32.1
£ 05 -1 EC2 10.5 10.5 10.5 10.5 42.0 1.31
PACI 10.5 10.5 10.5 10.5 42.0 1.31
) EC2 11.2 11.2 11.2 11.2 44.8 1.40
F3 05:-15 PACI 11.2 11.2 11.2 11.2 44.8 1.40
EC2 9.4 9.4 9.4 9.4 37.6 1.17
F4 05:-2 PACI |94 9.4 9.4 9.4 376 1.17
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Comparison between experimental and numerical capacity curves

The experimental capacity curves of the F-series were originally reported in terms of axial
stress vs axial strain. To be consistent with the rest of the rest of the capacity curves analyzed in
here, the axial stress was transformed to axial force by multiplying by the thickness of the panel
(180mm). Thus, the capacity curve for the F-series are presented in figure 6.4 in terms of axial
compressive force vs longitudinal (or axial) strain. The agreement between the curves of the
calibrated models and the experimental capacity curves was acceptable. As appreciated in Figure
6.4, the PACI and the EC2 design capacity curves are the same because both approaches suggested
the same amount of reinforcement for these panels. Also, there was not much difference between
all numerical curves and the experimental curve despite the considerable difference between the
reinforcement areas suggested by the approaches and the areas provided during the experiments.
A possible explanation for this is that all panels were loaded to high compressive forces which
provoked the brittle failure mode of concrete crushing, and also restricted the effect of the
reinforcement in the behavior of the panels. In fact, the F3 and the F4 panels were subjected to
axial compressive forces that exceed 1.35 and 1.55 times their corresponding in balanced forces

in the y-direction of the panels, respectively.
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Figure 6.4. Comparison between experimental and numerical load vs deformation curves for the
F series panels.

Analysis and comparison between the numerical and experimental capacities

Table 6.8 compares the estimated numerical capacities of the panels against the ultimate
capacities reported from the experiment. Again, the EC2 and the PACI numerical capacities were
obtained after introducing the reinforcement areas suggested by the corresponding approaches into
the calibrated numerical model developed in Shell-2000. Two things can be noted when analyzing
the Numerical capacities ( Cgc, and/or Cg,) over Experimental capacity ( C,,,) ratios. First, The
ratios are the same because both approaches suggested the same amount of reinforcement for each
panel; and second, all capacity ratios (Cy.,/C

and Cp,.,/C,,,) are greater than 1, by which it can

exp exp

be inferred that both design approaches are safe.
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Table 6.8. Experimental reported capacities vs estimated numerical capacities for the F series.

External Experimental | EC2 Cgcz | PACI Cec
E series Applied Capacities Numerigal Coxp Numerigal Coxp
demands (Cexp) Capacities Capacities
(Cec2) (Ceaci)
£ Ny [KN/m] -2140 -2155 1.01 | -2155 1.01
Nx [KN/m] -1070 1077 1.01 | 1077 1.01
F3 Ny [KN/m] | -3452 -3505 1.01 | -3505 1.01
Nx [KN/m] 1086 1168 1.08 | 1168 1.08
4 Ny [KN/m] -3713 -3838 1.03 | -3838 1.03
Nx [KN/m] | 928 959 1.03 | 959 1.03

6.1.5 Validation of results using the ML series panels
Estimation of the suggested reinforcement areas

Both, the PACI and the EC2 approaches suggested very similar reinforcement areas to
those provided during the experiment for the ML panels as shown in table 6.9. The main difference
was found in the ML1 panel in which the EC2 approach suggested 6% more of the reinforcement
used in the experiment, while the PACI approach suggested the same amount of reinforcement
provided during the experiment. The two approaches suggested less reinforcement areas than those
provided during the experiment for panels ML2 and ML9. For the ML2 panel and the ML9 panels,
both design approaches suggested 85% and 82% of the total reinforcement area provided in the
experiments. Blaauwendraad (2010) also estimated areas of reinforcement for the ML9 panel
considering the MC90 basic sandwich model, the advanced Lourenco and Figueras (1993) model,
and a non-linear analysis procedure, which were 16.4 cm?/m, 19.4 cm?/m, respectively. The same
Blaauwendraad (2010) concluded that for high twisting moment demands, the results of the EC2
approach are not reliable because it suggested less amount of reinforcement, when compared
against the experiment, and against a more accurate non-linear analysis. It must be noted that the
estimated reinforcement areas reported by Blaauwendraad (2010) for panel ML9, 16.4 cm?, and
the values suggested in this thesis following the EC2 sandwich model approach are the same.
However, it will be shown later that although both approaches suggested less reinforcement than
the reinforcement provided during the experiments for these two panels, they reached similar

twisting moment capacities than those reported from their respective tests.
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Table 6.9. Comparison between the suggested reinforcement areas by the PACI and EC2 design
approach, and against the reinforcement area provided in the experiment.

ML Proportional | Reinforcement per Layer in [cm2/m] As
Series | Loading Layers TopX | TopY | BotX | BotY | AsTot | Ratios
Mxy Test 5.0 5.0 5.0 5.0 20.0
ML1 1 EC2 5.0 5.0 5.0 5.0 20.0 1.06
PACI 5.0 5.0 5.0 5.0 20.0 1.00
Mxy Test 10 10 10 10 40.0
ML2 1 EC2 8.5 8.5 8.5 8.5 34.0 0.85
PACI 8.5 8.5 8.5 8.5 34.0 0.85
Mxy Test 20 20 20 20 80.0
ML9 1 EC2 16.4 16.4 16.4 16.4 65.6 0.82
PACI 16.4 16.4 16.4 16.4 65.6 0.82

Analysis and comparison between the numerical and experimental capacity curves

As mentioned in chapter 5, the numerical models in Shell-2000 captured very well the
experimental curves of the panels. As for other panels, the PACI and the EC2 design capacities
curves follows the same path for these ML series panels. Again, the reason for this is that both
approaches suggested the same reinforcement areas. The main difference between the numerical
adjusted and the numerical PACI and EC2 capacities curves are in the post-cracking stiffness of
the panels. The PACI and the EC2 design curves of panels ML2 and ML9 show a reduction in the
post-cracking stiffness of the panels, which is attributable to of the reduction in reinforcement
areas (compared to the areas provided during the experiments) suggested by the approaches
according to table 6.9.There was no reduction in the stiffness of panel ML1 because both
approaches suggested the same of reinforcement provided during the experiment. The
reinforcement areas suggested by the approaches in table 6.9 for panel ML1 were satisfied by
providing designation bar 10M each 200mm (10M@200mm) in all four reinforcement layers. The
reinforcement areas suggested by each design approaches the for panel ML2 and ML9 in all four

layers were satisfied by providing 10M@125mm and #5@125, respectively.
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Figure 6.5. Comparison Between experimental and numerical load vs deformation curves for the
ML series panels.

Comparison between the experimental and numerical capacities

Table 6.10 summarizes and compares the experimental reported capacities against the
numerical capacities of the panels obtained after introducing the reinforcement areas suggested by
the EC2 and the PACI design approaches. Since both approaches suggested the same amount of
reinforcement for all ML series panels, there was no differences between the estimated numerical
capacities. While the ML1 reached the maximum twisting moment capacity reported from the
experiment, the ML2 and the ML9 panels did not. The obvious reason for this is that both design
approaches suggested less reinforcement areas than the areas provided during the test for the ML2
and the ML9 panels, as explained in table 6.9. However, the ML2 and the ML9 reached 96% and
97% of the capacities reported form the experiments. Although it may seems than the approaches
were not safe for the ML2 and the ML9 panels with high twisting moments, it must be highlighted
that the reinforcement suggested areas for these two panels were estimated without considering

157



any type strength reduction factor as is usually done in actual design applications. In other words,
the safety or conservatism of the two approaches might be increased by considering strength

reduction factors.

Table 6.10. Experimental reported capacities vs estimated numerical capacities.

External Applied | Experimental | EC2 Numerical | Cgc PACI Cecz
ML demands Capacities Capacities Coxp Numerical Coxp
Series (Cexp) (Cec2) Capacities
(Ceaci)
ML1 | My [KN-m/m] 445 445 1.00 | 445 1.00
ML2 | My [KN-m/m] 69.5 66.8 0.96 | 66.8 0.96
ML9 Myy [KN-m/m] 101.5 98.3 097 |983 0.97

6.1.6 Validation of results using the SP series panels
Estimation of the suggested reinforcement areas

Table 6.11shows the differences between the reinforcement areas provided during the
experiment, and the reinforcement areas suggested by the two design approaches for the SP series
panels. Four of the SP panels were selected in this research: Panels SP2, SP3, SP7 and SP9. While
panels SP2 and SP3 were only subjected to out-of-plate forces (it means, transverse shear and its
associated bending moments), panels SP7 and SP9 were subjected to out-plate forces plus in-plane
shear. It is worthy to point out that these panels were the only ones in which it was possible to
evaluate the accuracy of the two approaches when estimating in-plane and out-of-plane

reinforcement.

Both approaches suggested similar reinforcement areas than the areas provided during the
tests for panels SP2 and SP3. However, there are important differences between the areas of
reinforcement suggested by the approaches, against the areas of reinforcement provided during the
tests for panels SP7 and SP9. Specifically, for panels SP7, while the EC2 approach suggested only
9% more reinforcement than that provided in the experiment, the PACI approach suggested 32%
more. Similarly, while the EC2 approach suggested only 16% of additional reinforcement
compared against the experiment, the PACI approach suggested 36% more reinforcement for panel

SP9. The average increments in in-plane reinforcement suggested by the EC2 and the PACI
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approach, compared to the reinforcement provided during the tests for the SP series panels, were
8% and 18%, respectively. Again, the 18% of additional reinforcement suggested by the PACI
approach seems reasonable given the simplicity of the approach.

The explanation why the PACI approach suggested more reinforcement for panels SP7 and
SP9 is related to the fact these two panels were subjected to high in-plane shears. Here it is
important to highlight the difference about how both approaches deal with the in-plane shear
demands. While the EC2 approach considers an interaction between the in-plane axial forces and
the in-plane shear forces when estimating the forces that will be resisted by the reinforcement, as
shown in equations 13a and d13b, the PACI approach does not. Thus, the PACI approach simply
absorbs all the in-plane shear demand as it is, disregarding any possible reduction in the forces that

will be resisted by the reinforcement in the outer layers.

Table 6.11. Comparison between the suggested reinforcement areas by the PACI and EC2 design
approach, and against the reinforcement area provided in the experiment

5 ional Reinforcement per Layer in [cm?/m] Ash

roportiona

| P | e ps | Transers

Series TopX | TopY | BotX | BotY | AsTot | Ratios

Nxy : My Ve Test 31.7 31.7 31.7 31.7 127 8.0

EC2 32.2 32.2 32.2 32.2 129 1.02 15.0

SP2 0.0:08:10 PACI | 314 31.4 31.4 31.4 126 1.00 12.0
Test 36.0 36.0 36.0 36.0 144 8.0

SP3 0.0:0.8:1.0 EC2 37.7 37.7 37.7 37.7 151 1.05 17.7
PACI | 37.1 37.1 37.1 37.1 148 1.03 20.0
Test 37.5 375 375 37.5 150 8.0

SP7 40:08:1.0 EC2 41.0 41.0 41.0 41.0 164 1.09 17.3
PACI | 49.6 49.6 49.6 49.6 198 1.32 16.3
Test 37.5 375 375 37.5 150 8.0

SP9 8.0:08:1.0 EC2 43.5 43.5 43.5 43.5 174 1.16 14.1
PACI | 510 51.0 51.0 51.0 204 1.36 6.45

Contrary to the in-plane reinforcement, both design approaches suggested considerably
more Transverse Shear Reinforcement (TSHR) than what was provided during the tests for the 3
out of the 4 SP panels series. For example, for panel SP2, the EC2 and the PACI approaches
suggested 1.87 and 1.5 times the reinforcement provided in the test. For panel SP3, the EC2 and
the PACI approaches suggested 2.2 and 2.5 times the TSHR provided in the tests. For panels SP7,
the EC2 and the PACI approaches suggested 2.2 and 2.0 times the TSHR provided during their
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respective tests. Similarly, for panel SP9, the EC2 suggested 1.76 times the TSHR provided in
tests. One explanation why both approaches suggested considerably more TSHR than what was
provided during the tests is related to the fact, as explained in chapter 5, that the ultimate out-of-
plane shear capacity of panels SP3, SP7, and SP9 was likely overestimated during the experiments.
On the other hand, it must be highlighted how the EC2 approach suggested more TSHR than both,
the reinforcement provided in the tests, and the reinforcement suggested by the PACI approach.
The reason for this is that the EC2 approach, contrary to the PACI approach, does not consider any
contribution of the concrete when estimating the TSHR as explained in chapter 2.

It is interesting to note how for panel SP2, which was the only panel whose ultimate out-
of-plane shear capacity was not overestimated according to Adebar and Collins (1994), the PACI
approach did not overestimated the required TSHR as much as the EC2 approach did. Panel SP9
was the only for which the PACI approach suggested less TSRH than that provided during the test.
Specifically, the PACI approach suggested 80% of the total TSHR from the test, and there are two
possible explanations for this reduction. First, it seems that this panel did not fail in out-of-plane
shear, according to the damage description at final stage given by Adebar (1989). Adebar (1989),
reported that the concrete in the outer layers of the panel was totally crushed and there was no
evidence of rupture in the stirrups (transverse reinforcement). The high in-plane shear at which
panel SP9 was subjected, might had triggered the crushing in the concrete before any out-of-plane
shear failure. The second explanation is that the magnitude of the ultimate experimental out-of-
plane shear capacity of this SP9 panel, reported in 372kN/m, was the lowest among the others.
The fact that panel SP9 did not fail in out-of-plane shear infers that less TSHR might have been
utilized during the test, as suggested by the PACI approach. Moreover, it will be demonstrated in
the next section than in spite of the reduction in TSHR suggested by the PACI approach, the SP9

panel was able to reach the maximum out-of-plane shear capacity reported during the test.

Analysis and comparison between the experimental and the numerical capacity curves

The numerical capacity curves for the SP series panels are shown in figure 6.6. Each panel
in figure 6.6 has four lines, excepting for panels SP9 which only has only three. The darker
discontinuous line, identified with name Exp represents the curve that was reproduced from the

experiments. The green and continues line, identified with name Num_pest, Was obtained
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modelling the panels using the actual reinforcement areas and covers specified in the experiments.

Finally, the blue and red lines, called with the names Num_pec2 and Num_ paci, were obtained after

introducing the reinforcement areas suggested by the EC2 and the PACI approaches, respectively;

These capacity curves, as explained in chapter 5, were initially given in terms of principal

transverse shear stress vs transverse strain (vo VS yxz). However, to be consistent with the

convention utilized in this thesis, the transverse shear stress was transformed into transverse shear

force (Vo) by multiplying by the thickness of the panel.
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Figure 6.6. Comparison Between experimental and numerical load vs deformation curves for the
SP series panels.

Before continuing analyzing the behavior of the panels after introducing the areas of

reinforcement suggested by the approaches, it is convenient to recall that none of the experimental
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capacity curves (black discontinues curves) points out the maximum out-of-plate shear capacities.
For this reason, and to provide additional explanations, the yielding and the maximum capacities
of the panels have been included for all panels in figure 6.6 as dotted lines. It can be observed that
the PACI numerical curves reached slightly higher capacities that the capacities reached by the
EC2 numerical curves for all SP panels. This was expected, because in all cases, the PACI
approach suggested more in-plane a more out-of-plane shear reinforcement than the EC2 approach.
It calls the attention how in spite the PACI approach suggested more reinforcement than the EC2
approach for panels SP2 and SP9, they did not develop a substantial higher out-plate shear
capacity. Again, it confirms that although the PACI approach produces conservative results, it is

not as efficient as the EC2 approach.

Comparison between the experimental and the numerical capacities.

Table 6.12 compares the experimental capacities (c.,,) against the EC2 and the PACI
numerical capacities, Cgc, and Cp4¢;, respectively. The EC2 and PACI numerical capacities of the
panels were extracted from the corresponding numerical capacities curves in Figure 6.6. Since
panels SP2 and SP3 were subjected to out-of-plate bending moments and out-of-plane shear, table
6.12 only shows two capacities: bending moment capacity (Mx;) and Out-of-plate shear capacity
(Vxz). Panels SP7 and SP9, on the other hand, in addition to bending moment and the out-of-plane
shear capacities, also show the in-plane shear capacities (Nxy). However, only the out-of-plate
shear capacities will be commented in here because these were the only capacities reported during
the tests. The out-of-plate bending moment, and the in-plane shear capacities in table 6.12 were
estimated following the proportional loading values (specified in the first column of table 6.12)
for each panel. As shown in table 6.12, all numerical over experimental capacities ratios C,,,/C.,,
for all panels SP2 and SP9 are greater than 1.0. This confirms that the PACI approach produced
safe results because it suggested enough reinforcement areas to reach the “design” demands of
both panels. On the contrary, ratios for panels SP3 and SP9, it may seem than the PACI approach
did not produce safe results because their corresponding ¢, /C.,, ratios were lower than 1.0. The

same may be said about the EC2 approach for panels SP3, SP7 and SP9, whose ¢,,/C.,, ratios

were also lower than 1.0. However, it must be recalled that, according to Adebar and Collins

(1994), the out-of-plane shear capacity of these three panels was likely overestimated during
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experimentation, as explained in chapter 5. Thus, it is difficult to judge as unsafe the results of any
of the approaches for these three panels. Although the differences between the numerical over
experimental capacities ratios (Cp,¢;/C.,,) in table 6.12 are negligible, it can be noted the PACI
approach produced more conservative results than the EC2 approach in all SP panels. Specifically,

for panel SP2, the ¢;,.,/c.,, and the ¢,,./C,,, ratios after introducing the areas suggested by the

exp

PACI and the EC2 approaches were 1.13 and 1.10. Similarly, for panel SP3, the ¢,,./C.,, and

exp

the ¢,/ C.., ratios after introducing the areas suggested by the PACI and the EC2 approaches

were 0.96 and 0.95. Following the same trend, the ¢,,./C,.,, and the ¢,,./c.., ratios for panel

exp exp

SP7 after introducing the areas suggested by the PACI and the EC2 approaches were 0.83 and

0.80. Finally, for panel SP9, the C,,:/C,, and the Cp,./C.,, ratios were 1.12 and 0.97,

exp

respectively.

Table 6.12. Experimental reported capacities vs estimated numerical capacities

External Applied | Experimental EC2 Cecz PACI Cec
SP Series “Demands” Capacities Nume(igal Coxp Numer_ipal Coxp

(Cexp) Capacities Capacities

(Cec2) (Craci)

sp2 M, [KN-m/m] 360 394 1.10 407 1.13
Vo [KN/m] 450 493 1.10 509 1.13
sp3 M, [KN-m/m] 422 400 0.95 402 0.95
Vo [KN/m] 527 500 0.95 504 0.96
Nyy [KN/m] 1984 1600 0.80 1644 0.83
SP7 M, [KN-m/m] 397 320 0.80 329 0.83
Vo [KN/m] 496 399 0.80 411 0.83
Nxy [KN/m] 2976 2888 0.97 3328 1.12
SP9 Mo [KN-m/m] 298 289 0.97 333 1.12
Vo [KN/m] 372 361 0.97 416 1.12

6.1.7 Summary of results for the experimental data.
Comparison between the suggested and experimental reinforcement areas

Table 6.13 compares the reinforcement areas provided during the experiments (As exp).
against the reinforcement areas suggested by the EC2 approach (4s g¢,) for all 21 panels. In 12
out of the 21 panels analyzed in here, the A g,/ As exp reinforcement ratios were lower than

1.0. This means that the EC2 approach suggested less reinforcement than the reinforcement
provided during the test. In 9 panels the EC2 approach suggested more than the reinforcement
provided during the experiments, which were panels PV23, SM3, F2, F3, F4, and SP2, SP3, SP7
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and SP9. However, it must be again emphasized that the experimental results of panels SP3, SP7
and SP9 are not reliable, and therefore, they might not be considered in this account. Also, even
after considering the ambiguous results of the F series panels, the average of additional
reinforcement suggested by the EC2 approach compared to the reinforcement provided during
tests, for these panels was about 22%. The fact that the EC2 approach suggested less reinforcement
areas than the areas provided during the test in 12 (and perhaps in 15, counting panels SP2, SP7

and SP9) out of the 21 panels analyze in here, shows the accuracy and efficiency of this approach.

Table 6.13. Experimental vs suggested reinforcement areas by the EC2 approach.

A

Series Proportional Reinforcement per Layer in [cm2/m] A:EZ

Layers | Top X | TopY Bot X | BotY | AsTot
SE My : Nyy Tests 41.8 13.9 41.8 13.9 111
SE1 0:1 EC2 19.6 19.6 19.6 19.6 78.4 0.71
SE3 1:0 EC2 47.5 47.5 5.7* 5.7* 106.4 0.96
SE4 1:0.5 EC2 47.6 47.6 5.7* 5.7* 106.6 0.96
SE7 1:0.13 EC2 32.6 32.6 11 11 87.2 0.79
PV Nyy : Ny Ny Test 6.25 6.25 6.25 6.25 25
PV23 1:-0.39:-0.39 | EC2 7.3 7.3 7.3 7.3 29.2 1.17
PV24 1:-0.83:-0.83 | EC2 5.6 5.6 5.6 5.6 22.4 0.9
PV25 1:-0.69 :-0.69 | EC2 5.6 5.6 5.6 5.6 22.4 0.9
PV28 1:0.32:0.32 EC2 5.6 5.6 5.6 5.6 22.4 0.9
SM My : My: Ny : Ny | Test 39.5 39.5 13.3 13.3 106
SM1 1:0:0:0 EC2 41.8 41.8 6.32* | 6.32* 96.2 0.91
SM2 1:0: -0.37: -0.37 | EC2 41.4 41.4 6.32* | 6.32* 95.4 0.9
SM3 1:1:-0:-0 EC2 43.8 43.8 13.5 13.5 115 1.08
F Nx : Ny Test 11.25 4.8 11.25 4.8 32.1
F2 05:-1 EC2 10.5 10.5 10.5 10.5 42 1.31
F3 0.33:-1 EC2 11.2 11.2 11.2 11.2 44.8 1.4
F4 0.25:-1 EC2 9.4 9.4 9.4 9.4 37.6 1.17
ML Myy Test 5 5 5 5 20
ML1 1 EC2 5 5 5 5 20 1.00
ML2 Myy Test 10 10 10 10 40

1 EC2 8.5 8.5 8.5 8.5 34 0.85
ML9 Myy Test 20 20 20 20 80
1 EC2 16.4 16.4 16.4 16.4 65.6 0.82

SP Nyy : My Ve Test 31.7 31.7 31.7 31.7 127
SP2 0.0:08:1.0 EC2 32.2 32.2 32.2 32.2 129 1.02

Test 36.0 36.0 36.0 36.0 144
SP3 00:08:10 EC2 37.7 37.7 37.7 37.7 151 1.05

Test 375 37.5 375 375 150
SP7 40:08:10 EC2 41.0 41.0 41.0 41.0 164 1.09

Test 375 37.5 375 375 150
SP9 80:08:10 EC2 43.5 43.5 43.5 43.5 174 1.16

*Minimum reinforcement ratio, estimated as 0.2% of the thickness of the panels (0.002ty)
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Table 6.14. Comparison between experimental vs estimated reinforcement areas suggested by
the PACI design approach.

Series Proportional Reinforcement per Layer in [cm2/m] As paci
Loading Layers | TopX | TopY |BotX | BotY | AsTot As gxp
SE My : Nyy Tests 41.8 13.9 41.8 13.9 111
SE1 0:1 PACI 19.6 19.6 19.6 19.6 78.4 0.71
SE3 1:0 PACI 46.5 46.5 5.7* 57* | 1044 0.94
SE4 1: 05 PACI 53 53 10 10 126 1.13
SE7 1:0.13 PACI 39 39 19 19 116 1.05
PV Nxy : Nx: Ny Test 6.25 6.25 6.25 6.25 25
PV23 |1:-0.39:-0.39 PACI 6 6 6 6 24 0.96
PV24 ] 1:-0.83:-0.83 PACI 5.65 5.65 5.65 5.65 22.6 0.9
PV25 | 1:-0.69 :-69 PACI 6.4 6.4 6.4 6.4 25.6 1.02
PV28 | 1:0.32:0.32 PACI 5.6 5.6 5.6 5.6 22.4 0.9
SM My : My: Ny : Ny Test 39.5 39.5 13.3 13.3 106
SM1 1:0:0:0 PACI 42.9 42.9 6.32* | 6.32* | 98.4 0.93
SM2 1:0: -0.37: -0.37 PACI 39.3 39.3 6.32* | 6.32* | 91.2 0.86
SM3 1:1:-0:-0 PACI 43.3 43.3 12.75 12.75 112 1.06
F Nx : Ny Test 11.25 4.8 11.25 4.8 32.1
F2 05:-1 PACI 10.5 10.5 10.5 10.5 42 1.31
F3 0.33:-1 PACI 11.2 11.2 11.2 11.2 44.8 1.4
F4 0.25:-1 PACI 9.4 9.4 9.4 9.4 37.6 1.17
ML Myy Test 5 5 5 5 20
ML1 1 PACI 5 5 5 5 20 1
ML2 Myy Test 10 10 10 10 40
1 PACI 8.5 8.5 8.5 8.5 34 0.85
ML9 Myy Test 20 20 20 20 80
1 PACI 16.4 16.4 16.4 16.4 65.6 0.82
SP Nyy: Mx: Vy, Test 31.7 31.7 31.7 31.7 127
SP2 0.0:08:1.0 PACI 31.4 31.4 31.4 314 126 1.00
Test 36.0 36.0 36.0 36.0 144
SP3 00:08:10 PACI 37.1 37.1 37.1 37.1 148 1.03
Test 37.5 37.5 37.5 37.5 150
SP7 40:08:10 PACI 49.6 49.6 49.6 49.6 198 1.32
Test 37.5 37.5 37.5 37.5 150
SP9 80:08:10 PACI 51.0 51.0 51.0 51.0 204 1.36

*Minimum reinforcement ratio, estimated as 0.2% of the thickness of the panels (0.002tw)

Table 6.14 summarizes and compares the reinforcement areas provided during the
experiments (A ..p), against the reinforcement areas suggested by the PACI approach (As pacr)-
There were 11 out of the 21 panels analyzed in here for which the PACI approach suggested equal
to or less reinforcement areas than the areas provided during the tests. These were panels SE1,
SE3, PV23, PV24, PV28, SM1, SM2, ML1, ML2, ML9, SP2. On the contrary, there were 10 out
of the 21 panels, which were panels SE4, SE7, PV25, SM3, F2, F3, F4, SP2, and SP9 for which
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the PACI approach suggested more reinforcement than what was provided during the tests. On

average, The PACI approach 17% of additional reinforcement areas for these 10 tests.
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Figure 6.7. Comparison between the experimental provided in-plane reinforcement areas against
the in-plane reinforcement areas suggested by the PACI and the EC2 approaches.

Finally, Figure 6.7 compares the total reinforcement areas suggested by the PACI approach

against the total reinforcement areas suggested by the EC2, and the areas provided during the



experiment. In figure 6.15, the EC2 and the PACI suggested reinforcement areas were normalized
against the experimental areas. From figure 6.15, it can be seen how both approaches suggested
similar amount of reinforcement for almost all panels. The higher discrepancies between the areas
suggested by the approaches occurred in panels SE4, SE7, PVV23, PV25, SP7 and SP9. For all these
6 panels, it is clear how the PACI approach suggested more reinforcement than the EC2 approach.
In addition, the PACI approach did not only suggested more reinforcement areas than the EC2
approach, but also more than the reinforcement areas provided during their respective tests for
these panels. It is important to highlight that one common feature of these 6 panels, is that they
were all subjected to in-plane shear demands. The fact that for these panels subjected to in-plane
shear demands the PACI approach always produced more conservative results (or more
specifically, suggested more reinforcement areas) is expected because the PACI approach deals
with the in-plane shear demands a more conservative way than the EC2 approach.

Comparison between numerical and experimental capacities of the panels

Table 6.15 summarizes and compares the experimental capacities (C.) against the
estimated numerical capacities of the panels after using non-linear analysis. It is important to recall
than for the design of the panels the maximum reported capacities were taken as the “design
demands”, and thus, the numerical over experimental capacities ratios (Czc,/Cox, aNd Cpaci/Corp)
in table 6.14 were computed as the ratio between the estimated numerical capacities to the
experimental capacities or design demands. As can be seen in table 6.14, the Capacity-to-Demand
Ratios (CDRs) for most of the panels are greater than or equal to 1.0, which means that the panels
reached either the same or larger capacities than the capacities reported form the experiments after
considering the reinforcement areas suggested by both design approaches. For all these panels, it
can be inferred therefore, that both approaches produced safe results.

It is also important to note in 4 of the 5 panels (which were panels PV23, PV24 and ML21
and ML9) the areas suggested by the PACI approach resulted in nominal capacities slightly lower
than the capacities reported in the experiments. One common feature of these 5 panels is that all
of them were only subjected to one single external demand, which is very unlikely (or far from
reality) in real design situations. On the other hand, in those experimental cases subjected to two

or three external demands, which are closer to real design situations, the PACI approach produced
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conservative results. For example, for the SP series, which were subjected to in-plane shear forces,
out-of-plate shear forces and bending moments, the PACI approach always suggested more
reinforcement areas than both, the areas suggested by the EC2 approach, and the areas provided
during the tests. Another example were the SE series which were also subjected to in-plane shear
and out-of-plate bending demands. Again, in these experimental cases the PACI approach
suggested more reinforcement areas than both, the areas suggested by the EC2 approach, and the
areas provided in the tests. A simple explanation why the PACI approach produce more
conservative results is that in the PACI approach -in contrast to the EC2 approach- the in-plane
reinforcement is designed to absorb all the in-plane shear demand, without considering any
interaction with the axial demand forces (or stresses). Thus, any possible reduction in the in-plane

shear that will be resisted by the in-plane reinforcement in the outer layers is neglected.

Figure 6.8 shows the comparison between the CDRs obtained after using the EC2 and the
PACI approach. As can be seen in Figure 6.8 it is easier to identify which panels (after introducing
either the PACI or the EC2 approach) did not reach the same magnitudes of the capacities reported
during the experiments; or in other words, panels that reported numerical over experimental
capacity ratios (Cpsc;/C.., OF the Cge,/C,,,) lower than 1.0. Although there were a few cases such

as panels SM2, PV23, PV25, ML2, ML9, SP3, SP7 and SP9 in which either the ¢,,,/C.,, or the

exp
Crcz/ Ceorp Yatios were lower than 1.0, it might not be inferred right away that any of the approaches
did not produce safe results. In a case by case scenario it must be recalled that: a) the axial
compressive capacity force of the SM2 panel was not reported in the experiment, and it was
approximately estimated by multiplying the bending capacity of the panel by four, according to
the proportional loading pattern. This means that the value for the axial experimental capacity in
the SM2 panel might had been lower than the value consigned in table 6.14; b) the PV series panels
were built and tested with higher concrete compressive strip of about 100 mm of thickness along
its perimeter, which was not considered neither when computing the required reinforcement areas,
nor when developing the models developed in shell 2000; and, ¢) not only the PACI approach, but
also the EC2 approach produced non-conservative results for the ML2 and the ML9 panels, which
were subjected to high twisting moment demands. Blaauwendraad (2010), also cautioned about
the limitation of the EC2 approach for this type of loading. Finally, the out-of-plane shear
capacities reported for panels SP7 and SP9 were probably overestimated during experimentation.

In addition, it must be considered that all the reinforcement areas suggested by any of the two
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approaches were estimated without considering any kind of strength reduction factors ( oo, v, 01,
etc). By including strength reduction factors, which is mandatory in real design applications, the
reinforcement areas suggested by the approaches should have been higher, and therefore, the

numerical capacities will increase as well.

Table 6.15. Comparison between experimental and numerical capacities

Panel External Experimental EC2 Cecz PACI Cpaci
Series Appl?ed Capacities Numer'i(_:al Cexp Numer_i(;al Cexp
“Design (Cexp) Capacities Capacities
Demands” (Cec2) (Cpaci)
SE1 Nyy [KN/m] 1930 1943 1.01 2160 1.11
SE3 Nxy [KN-m/m] 520 600 1.15 600 1.15
. M, [kN] 480 521 1.08 586 1.22
SE Series | SE4 7\ [kN-m/m] 960 1041 | 1.08 1172 | 122
SE7 My [kN] 230 235 1.02 300 1.30
Nyy [KN/m] 1810 1811 1.00 2310 1.28
SM1 My [KN-m/m] 477 483 1.04 483 1.04
Ny[KN /m] 1684* 1700 1.00 1700 1.00
SM SM2 | Ny [KN/m] 1684* 1460 0.87 1460 0.87
Series My [KN -m/m] 421 441 1.05 423 1.00
sva M [kN/m] 488 533 1.09 535 1.10
M, [kN -m/m] 151 158 1.05 154 1.02
PV23 | Noy [KN/m] 621 616 0.99 607 0.98
BV series | PV24 | Ny [KN/m] 556 658 1.18 658 118
series
PV25 | Nyy [KN/m] 639 602 0.94 616 0.96
PV28 | Ny [KN/m] 393 413 1.05 413 1.05
£ Ny [KN /m] -2140 -2155 1.01 -2155 1.01
Nyx [KN /m] -1070 1077 1.01 1077 1.01
F Seri F3 Ny [KN /m] -3452 -3505 1.01 -3505 1.01
enes Ny [KN /m] 1086 1168 1.08 1168 1.08
Fa Ny [KN /m] -3713 -3838 1.03 -3838 1.03
Nx [KN /m] 928 950 1.03 959 1.03
ML ML1 Myy [KN -m/m] 44.5 445 1.00 44.5 1.00
Series ML2 | Myy [KN -m/m] 69.5 66.8 0.96 66.8 0.96
ML9 | Myy [KN -m/m] 101.5 98.3 0.97 98.3 0.97
Sp2 My [KN-m/m] 360 394 1.10 407 1.13
Vx [KN/m] 450 493 1.10 509 1.13
Sp3 My [KN-m/m] 422 400 0.95 402 0.95
Vx [KN/m] 527 500 0.95 504 0.96
SP Series Nyy [KN/m] 1984 1600 0.80 1644 0.83
SP7 My [KN-m/m] 397 320 0.80 329 0.83
Vx [KN/m] 496 399 0.80 411 0.83
Nyy [KN/m] 2976 2888 0.97 3328 1.12
SP9 My [KN-m/m] 298 289 0.97 333 1.12
Vx [KN/m] 372 361 0.97 416 1.12

*Estimated (not reported) values.
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Figure 6.8. Comparison between the EC2 and the PACI Capacity-to-Demand Ratios for all the

panels.
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7. IMPLEMETATION OF THE DESIGN APPROACHES USING
ANALYTICAL DATA.

This chapter focus in the implementation of the PACI and the EC2 approaches in industrial
facilities. Analytical data will be used to evaluate the applicability of both design approaches.
Analytical data refers in here as the analytical set of demands extracted from the analysis of an
actual industrial facility (for example, AP1000(R), US-APWR(R), etc.). Contrary to the
experimental data, in which the set of demands consists in no more than two or three demands, the
set of demands in the analytical data consists in the complete set of eight internal design demands
resulting from a 2D (or 3D) finite element analysis (FEM) shell model. Two analytical cases, each
of those associated to a different load combination were selected. The analytical case 1 corresponds
to the design combination 4 of the analysis, which is characterized by low axial forces and low
out-of-plane shear forces. High axial compressive forces and high out-of-plane shear forces, on
the other hand, characterize the analytical case 2, which comes from the design combination 6 in
the DCD document. Since when using analytical data there is no experimental data to compare
with, the results of the design approaches will be considered as satisfactory if the estimated
numerical capacities are greater than or equal to the analytical design demands. Two activities
describe this implementation phase: description of the analytical data; and estimation of the
Capacity-to-Demand ratios (CDRs) of the panels. These CDRs will be useful to verify the safety
of both design approaches. Like some of the experimental data, the numerical design capacities

for the analytical data will be extracted from numerical models developed in Shell 2000.

7.1 Description of the analytical data.

Figure 7.1 shows the set of demands for the two analytical cases. These analytical cases
corresponds to the estimated design demands of a critical shell element of a Steel Composite (SC)
AP-1000 compact nuclear power plant model. The element is located at a critical location in where
the stresses are high. The magnitudes of those design demand can be found in the DCD document
published by Westinghouse (2011). The analytical case 1 corresponds to the design combination

4 of the analysis, which is characterized by low axial forces and low out-of-plane shear forces.
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High axial compressive forces and high out-of-plane shear forces, on the other hand, characterize

the analytical case 2, which comes from the design combination 6 in the DCD document.

y y

62kN-m/m
45kN-m/m

307KN/m 4234kN/m

3811kN/m

62kN-m/m

Z Z
- X - B
(a) Analytical case 1: Comb 4 SC RP- (b) Analytical case 2: Comb 6
1000 demands SC RP-1000 demands

Figure 7.1. Analytical cases

7.2 Estimation of the required reinforcement areas.

Table 6.13 shows the reinforcement areas suggested by the PACI (4 pac;) and the EC2
(As gc2) design approaches for both analytical cases. Columns 3 through 6 indicate the required
partial reinforcement areas per layer, while column six indicates the total required reinforcement
by the approaches. The total required reinforcement areas are the summation of the partial required
reinforcement areas per layer. As can be noted in table 6.13, the total reinforcement areas required
by the PACI approach (A pac;) were always higher than the corresponding required areas by the
EC2 (As gc2) design approach. The ratio of the total required reinforcement areas between the
PACI and the EC2 approaches (As paci/As ec2) for analytical case 1 was 1.16. This means that
the PACI approach required 16% of additional in-plane reinforcement than the EC2 for the

analytical case 1 (comb 4).

For analytical case 2, on the other hand, there were considerable differences between the
reinforcement areas suggested by both approaches. First, the EC2 approach suggested the
minimum amount of reinforcement in each layer which is estimated as 0.2% times the thickness

of the wall (0.002tw). Second, the EC2 approach suggested a total reinforcement area of 96.0
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cm?/m, while the PACI approached suggested 118 cm?/m. This means than the PACI approach
suggested 28% more in-plane reinforcement than the EC2 approach. On average, the PACI
approach suggested 22% more additional in-plane reinforcement that the EC approach for both
analytical cases. Again, this amount of additional reinforcement suggested by the PACI approach
in comparison to the EC2 approach seems reasonable, especially after considering all
simplifications of the approach. None of the approaches suggested out-of-plane shear
reinforcement because the wall was considerably thick (1200 mm), and thus, the out-of-plane shear
capacity that is only provided by the concrete was enough to resist the out-of-plane shear demands.
However, the minimum amounts of shear reinforcement of 0.11% and 0.09% suggested by the

Eurocode and by the ACI 318 codes, respectively, was considered for the design of the analytical

cases.
Table 7.1. Required reinforcement areas suggested for both Analytical cases.
In-plane Reinforcement per Layer in [cm2/m] TSHR
Analytical Cases | Approach As pact cm2/m2
TopX | TopY | BotX | BotY | AsTot As gxp
Case 1 EC2 24.0 24.0 26.0 26.0 100 116 11.0
(Comb 4 DCD) PACI 29.0 29.0 29.0 29.0 116 ' 9.0
Case 2 EC2 24.0 24.0 24.0 24.0 96.0 128 11.0
(Comb 6 DCD) PACI 30.8 30.8 30.8 30.8 123 ' 9.0

7.3 Modeling and non-linear analysis of the Analytical cases.

Both analytical cases were modelled in Shell-2000. Figure 7.2 shows most of the required
input data to reproduce the numerical models for the analytical cases 1. In this analytical case 1,
the design compressive strength for the concrete and its maximum tensile strength, were taken as
28 MPa and 3.0 MPa, respectively. The yielding and the ultimate strength of the reinforcement
were taken as 420 MPa and 600 MPa, respectively. Similarly, for the analytical case 2, the design
compressive strength for the concrete and its maximum tensile strength, were taken as 40 MPa and
3.0MPa, respectively. The yielding and the ultimate strength of the reinforcement were taken as
500MPa and 625MPa. The tension stiffening factor, and the aggregate size for both analytical
cases were assumed as 1.0, and 19 mm, respectively. Because of space limitation, only the details
for the development of the numerical models to estimate the numerical capacities of the panels
after introducing the areas of reinforcement suggested by the PACI approach for the analytical
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cases 1 and 2, are shown in figures 7.2 and 7.3 respectively. While the in-plane reinforcement
areas required by the PACI approach for the analytical case 1 were satisfied by introducing bars
No7 each 160mm (#7@160mm), the required areas for the analytical case 2 were satisfied by
introducing bars No7 each 120mm (#7@120mm). The out-of-plane shear reinforcement, on the

other hand, for both design approaches and for both analytical cases was satisfied by providing
bars No 3 each 250 mm (#3@250 mm).
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Figure 7.2. Modeling details for analytical case 1. Reinforcement suggested by the PACI
approach.
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Figure 7.3. Modeling details for analytical case 2. Reinforcement suggested by the PACI
approach.
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7.4 Estimation of the numerical capacities of the panels

7.4.1 Numerical Capacity curves for the analytical cases
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Figure 7.4. PACI and EC2 Numerical Capacity curves for analytical case 1

Figures 7.4 and 7.5 shows the capacity curves for analytical cases 1 and 2, respectively.
Each figure shows eight capacity curves, one curve for each internal demand (i.e. Nx, My, Ny, etc).
The blue and continuous lines in figure 7.5 represents the numerical capacity curves after
introducing the reinforcement suggested by the EC2 approach; whereas the red and discontinuous
line represent the numerical capacity curves after introducing the reinforcement suggested by the
PACI approach. As observed in figure 7.4. the differences between the EC2 and the PACI the
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numerical curves for the analytical case 1 are negligible because both approaches suggested very
similar amount of reinforcement. However, it can be noted hoe the PACI curve reaches slightly
higher capacities than the EC2 curves. On the contrary, there are more differences between the
PACI and the EC2 capacities curves in figure 7.5. For example, it is clear how after introducing
the reinforcement areas suggested by the PACI approach, the panels do not only reach higher
capacities, but also develop higher post-cracking stiffness than the curves after introducing the
reinforcement areas suggested by the EC2 approach. These higher capacities and stiffnesses, of

course, are consequence of the higher reinforcement areas suggested by the PACI approach.
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Figure 7.5. PACI and EC2 Numerical Capacity curves for analytical case 2
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7.4.2 Comparison between the PACI and the EC2 numerical capacities

Table 7.2 and 7.3 summarize the set of numerical capacities for the analytical case 1 and
for the analytical case 2, respectively. The numerical set of capacities of the analytical cases were
extracted from the numerical capacity curves in Figures 7.4 and 7.5. Table 7.2 and 7.3 also give
the capacity-to-demand ratios (CDRs) for each internal demand and for each design approach. As
observed, the CDR reported for both approaches are all greater than 1.0 for the two analytical
cases. The average CDRs for the analytical case 1, after applying the PACI and the EC2 approaches
were 1.23 and 1.20, respectively. On the other hand, the average CDR for analytical case 2, after
introducing the reinforcement areas suggested by the PACI and EC2 approaches were 1.13 and

1.03, respectively.

Table 7.2. Capacity-to Demand-Rations (CDRs) for the analytical case 1.

Capacities | Rmpacr |Capacities

Demands (R,,) ( RF;"PACI) R, ( I?nECZ) CDRs
Nx [KN/m] 482 595 1.23 579 1.20
Ny [kN/m] | 307 379 1.23 367 | 121
Nxy [kN/m] | 1431 1768 1.24 1741 1.22
MxX[KN-m/m] | 44.5 55.0 1.24 54.1 1.21
My [kN-m/m] | 276 341 1.24 332 | 1.22
Mxy [kN-m/m] | 445 |  55.0 1.24 541 | 1.21
Vxz [KN/m] 131 162 1.24 159 1.21
Vyz [kN/m] | 117 144 1.23 142 | 121

Table 7.3. Capacity-to Demand-Rations (CDRs) for the analytical case 2.

Demands (R,,) Capacities| Rmpac; |Capacities
Rnpyeq R, Rngc,

Nx [KN/m] -3811 | -4398 1.13 -3713 1.03
Ny [kN/m] -4234 | -4886 1.13 -4375 1.03
Nxy [kN/m] | 2949 3405 1.13 3050 1.03
Mx[KN-m/m] | 1927 2182 1.13 1991 1.03
My [KN-m/m] | 1878 2129 1.13 1943 1.03
Mxy [KN-m/m]| -62 -71.9 1.13 65.6 1.03
Vxz [KN/m] -336 -379 1.13 346 1.03
Vyz [KN/m] 803 911 1.13 831 1.03

CDRs
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The higher CDRs after using the PACI approach was expected since this approach follows
a more conservative procedure. As found in the experimental cases in chapter 6, when the panels
are subjected to high in-plane shear demands, particularly in analytical case 2, the results of the
PACI approach tends to be more conservative than the EC2 approach. Since both design
approaches produced CDRs higher than1.0 in both analytical cases, it can be said that both
approaches are safe for industrial applications. However, it must be said that the PACI approach
IS not as accurate and efficient as the EC2 approach. In spite that the PACI approach suggested
16% and 23% more in-plane reinforcement than that suggested by the EC2 approach for analytical
case 1 and 2, respectively, the panels did not reached much higher capacities than the capacities
reached by the panels after introducing the areas suggested by the EC2 approach. Nevertheless,
these additional percentages of reinforcement areas suggested by the PACI approach, when
compared against the EC2 approach seems a reasonable fair price to pay given all the

simplification of the former.
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8. CONCLUSIONS

The conclusions of this research work can be summarized into three parts. These include

conclusions regarding the: (1) Eurocode “Sandwich” Model design approach (EC2); (2) proposed

ACI-Panel-Based-Design-Approach (PACI), and (3) modeling and calibration of the RC panels.

With respect to the Eurocode (EC2) approach, known as the “sandwich” model, which is based

plasticity principles and mechanics, the following conclusions can be drawn:

The reinforcement areas calculated using the EC2 approach compare reasonably with
the reinforcement areas provided in the RC panels tested by other researchers, which
were analyzed in chapter 6. There were eleven of the twenty-one (11/21) cases in
which the EC2 design approach suggested less reinforcement than the reinforcement
provided during their respective experiments. In these cases, the reduction in the
reinforcement suggested by the EC2 approach with respect to the reinforcement
provided during the experiments was on average 19%. The reason why the EC2
suggested less reinforcement than provided during the experiments for panels SE1,
SE4, SE7, SM1 and SM2, is that all these panels had more reinforcement than the
reinforcement they needed. All these panels were symmetrically reinforced having
equal amount of reinforcement in their top and bottom layers (or faces). However,
they were only subjected to out-of-plate bending moment about one direction, which
produced axial tensile stresses in one of their faces and compression stresses in their
opposite faces. Thus, the reinforcement that was in the faces where the bending
moment produced compression stresses, might had been omitted (or reduced given the
case). Another reason that explains why the EC2 suggested less reinforcement than
the reinforcement provided during tests for the SE series panels is that, as also
mentioned by Blaauwendraad (2010), not all the reinforcement yielded. This means

not all the reinforcement provided during the test might have been required.
There were few cases in which the EC2 “sandwich” model approach suggested more
reinforcement than the reinforcement provided during the experiments. These cases

were panels PV23, SM3, F2, F3, F4 and SP2. In these cases, the increment in
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reinforcement suggested by the EC2 approach, with respect to the reinforcement
provided during the experiments, was on average 22%. It must be noted, however, that
the F series were the panels for which both design approaches (the EC2 and the PACI)
reported the highest suggested over experimental reinforcement ratios. It was
explained in chapter 6 that one of the reasons why both approaches resulted in such
as high suggested over experimental reinforcement areas was that it is not clear what
was the actual reinforcement areas provided during the tests. Leaving out the F series,
the average on increment in reinforcement areas suggested by the EC2 approach in
comparison against the reinforcement areas provided in the tests, for panels PV23,
SM3 and SP2 would be 15%. Not only by the fact that the EC2 approach suggested,
on average, roughly +20% of the areas of reinforcement what were provided during
the experiments for all 21 panels analyze in here, but also by the fact that these
suggested reinforcement areas did not drastically change the behavior of the panels —
which was confirmed by estimating the numerical capacities of the panels after
introducing those suggested reinforcement areas into calibrated numerical models—

it can be concluded that the EC2 approach produced reliable results.

The EC2 sandwich model demonstrated to be not only safe and reliable, but also to
be a potential tool for optimization of reinforcement in RC panels. Even in those
experimental cases in which the EC2 design approach suggested less (or much less)
reinforcement than the reinforcement provided during the experiments, the non-linear
models showed that the panels reached, at least, the capacities reported during the
experiments. This was confirmed after analyzing the ratios between numerical
capacities obtained following the EC2 approach (c,.,) and the capacities reported for
the experiments (C,,,). The (Czc,) numerical capacities of the panels were estimated
after introducing the reinforcement areas suggested by the EC2 approach (4 g¢,) into
previously calibrated numerical models. The A5 gc, Wwere estimated assuming the
experimental reported capacities as the design “demands”, and then applying the EC2
sandwich models approach. The average numerical over experimental capacities ratios
(Ceca/ C.yp) Tor those cases in which the EC2 suggested less reinforcement than what

was provided during the experiments was about 1.09. These cases were panels SE1,
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SE3, SE4, SE7, PV24, PV25, PV28, SM1, SM2, ML2, ML9 SP3, SP7 and SP9.
Similarly, in those cases in which the EC2 suggested more reinforcement than what
was provided during the experiments, the estimated numerical capacities, as expected,
were never less than the capacities reported from the experiments. The average
numerical over experimental capacities (Cg¢,/C

1.05.

) ratios for these cases was about

exp

There were also experimental cases in which the EC2 suggested reinforcement areas

that resulted in numerical over experimental capacities ratios (C,.,/C.,,) lower than

exp

1.0. These cases were panels PV23, PV25, ML2 and MLS, with ¢, /c,,, values of
0.98, 0.96, 0.96 and 0.97, respectively. However, there are some aspects that need to
be considered before concluding that the EC2 did not produce safe results for these
panels. In the case of the PV series, as was explained in chapter 6, these panels were
built with a higher strength concrete strips of 100 mm thick around their perimeter,
which might have been increased the actual capacity of the panels. The ML series, on
the other hand, which were subjected to moderate to high twisting moments, might be
considered as those few cases that put in evidence the limitations of the EC2 approach.
This was also advised by Blaauwendraad (2010) who also applied the EC2 approach
to estimate the reinforcement area for the ML1 and the ML9 panels. However, inreal
applications, it is very unlikely to find panels only subjected to a single demand, and
in this specific case, with only twisting moment demand. In addition, it must be
considered too that these CDRs were very close to 1.0; and that the computation of
the required reinforcement areas when following the EC2 design approach, did not
include any type of strength reduction factors (i.e ¢, ¢n, ¢v, €tc). In other words, the
underestimation in the amount of reinforcement suggested by the EC2 approach for
these ML panel series can be easily corrected by just including some reduction

strength design factors as usually done in practice.

The EC2 sandwich model also proved to be safe and efficient for the design of RC
panels in industrial facilities. The safety and efficiency of the EC2 approach were

also tested using analytical data. Analytical data refers in here as the analytical set of
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demands extracted from the analysis of an actual industrial facility (for example,
AP1000(R), US-APWR(R), etc.). There were two analytical cases each of those
associated with a different load combination according to the Design Control
Document (DCD) published by Westinghouse (2011). Analytical case 1, associated
with load combination 4, according to the DCD document, was characterized by
having axial tension forces and relatively low out-of-plane shears, while analytical
case 2, associated with load combination 6, was characterized by having high axial
compressive forces and high out-of-plane shears. After applying the EC2 approach to
estimate the amount of required reinforcement, it was found through non-linear
analysis that the set of capacities of the panel were always greater than the set of
demands for both analytical cases. This was confirmed by analyzing the Capacity-to-
Demand Ratios (CDRs) for these two analytical cases. The CDRs for the analytical
case 1, and for the analytical case 2 were 1.20 and 1.03, respectively. The reason why
the CDRs were greater in the analytical case 1 than in the analytical 2 is related to the
high out-plane shears and the high compressive forces that characterize analytical case
2.

With respect to the exploration of the proposed PACI design approach, which was mainly intended

for daily use in consulting firms, the following conclusions can be drawn:

The areas of reinforcement suggested by the PACI approach were also in agreement
with the areas provided for the experimental cases. There were cases in which the
PACI approach suggested more reinforcement, and other cases in which it suggested
less reinforcement than what was provided during the tests. For example, the PACI
approach suggested on average 15% of additional reinforcement than that provided
during the experiments for 10 out of the 21 (10/21) panels analyzed in this thesis.
Similar to the EC2 approach, there were also cases in which the PACI approach
suggested less reinforcement than that provided during the experiments such as in
panels SE1, SE3, PV23, PV24, PV28, SM1, SM2, ML2, ML9, SP3 and SP7. On
average, the reduction in reinforcement suggested by the PACI approach for these

panels was 11%.
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e Like the EC2 “sandwich” model approach, the PACI approach also demonstrated to
be safe and reliable for the design of RC panels. This was confirmed after analyzing
the ratios between numerical capacities obtained following the PACI approach (Cpac;)
and the capacities reported for the experiments (C,,). The Cpae; and Cec, are the
numerical capacities of the panels after introducing the areas of reinforcement
suggested by the PACI and the EC2 approaches, Cp ¢, and Cg,, respectively. There
were 9 out of 21 (9/21) panels that reported, on average, Cp;/Cxc, ratios of 1.13. This
means that the after introducing the reinforcement by the PACI approach into the
calibrated numerical models, the panels reached higher numerical capacities after
introducing the reinforcement areas suggested by the EC2 approach. There were also
7 out of 21 (7/21) panels with ¢,/ Czc, ratios equal to 1.0, which means that they
reached the same nominal capacities after introducing either the reinforcement areas
suggested by the PACI or by the EC2 approaches

On the contrary, there were 7 out of 21 panels that reached lower numerical capacities
when introducing the reinforcement areas suggested by the PACI and the EC2 approaches
into the calibrated numerical models. These were panels SM2, PV23, PV25, ML2, ML9,
SP3 and SP7, whose Cp,¢/Crc, ratios were 0.87, 0.98, 0.96, 0.96, 0.97, 0.96 and 0.83,
respectively. However, it might not be inferred right away that any of the approaches did
not produce safe results. In a case by case scenario it must be recalled that:

o the axial compressive capacity force of the SM2 panel was not reported in the
experiment, and it was approximately estimated by multiplying the bending
capacity of the panel by four, according to the proportional loading pattern. This
means that the value for the axial experimental capacity in the SM2 panel might
had been lower than the value consigned in table 6.14.

o the PV series panels were built and tested with higher concrete compressive strip
of about 100 mm of thickness along its perimeter, which was not considered neither
when computing the required reinforcement areas, nor when developing the models
developed in shell 2000.
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o notonly the PACI approach, but also the EC2 approach produced non-conservative
results for the ML2 and the ML9 panels, which were subjected to high twisting
moment demands. Blaauwendraad (2010), also cautioned about the limitation of
the EC2 approach for this type of loading.

o the out-of-plane shear capacities reported for panels SP7 and SP9 were probably
overestimated during experimentation. In addition, it must be considered that all
the reinforcement areas suggested by any of the two approaches were estimated
without considering any kind of strength reduction factors ( ¢o, v, ¢1, €tc). By
including strength reduction factors, which is mandatory in real design applications,
the reinforcement areas suggested by the approaches should have been higher, and

therefore, the numerical capacities will increase as well.

e Based on the results from the 21 experimental cases analyzed in chapter 6, it can be
concluded that the PACI approach is more conservative than the EC2 approach, which

is supported by the following two facts:

o First, it must be highlighted that in 15 out of the 21 panels the PACI approach
suggested more than or equal reinforcement than that reinforcement suggested by
EC2 approach. On average, the PACI approach suggested 7% additional in-plane
reinforcement than the reinforcement provided during the tests. This additional
average 7% of additional reinforcement suggested by the PACI approach seems
(reasonable) given the simplicity of the former.

o Second, in 15 out of 21 cases, the panels developed higher numerical capacities
when introducing the reinforcement areas into the calibrated numerical models,
than when introducing the reinforcement areas suggested by the EC2 approach. On
average, the numerical capacities for these 15 panels were 10% greater when
introducing the reinforcement areas suggested by the PACI approach (into the
calibrated numerical models) than when introducing the reinforcement areas

suggested by the EC2 approach.
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However, it must be mentioned that the PACI approach is not as accurate and efficient as
the EC2 design approach. This was expected because the EC2 approach uses a more precise
design theory based on cracking criteria and principal stresses which are not considered in
the PACI approach.

The tendency of the PACI approach to produce more conservative results than the EC2
approach was maintained when it was used to estimate the reinforcement areas in the two
analytical cases in chapter 7. These two cases were represented by two sets of eight internal
design demands extracted from the seismic analysis of AP1000® structure. These two sets
of demands can be found in the Design Control Document (DCD) authored by
Westinghouse (2011). The analytical case 1 was represented by the load combination 4,
while the analytical case 2 was represented by the load combination 6. Comb 4 was
characterized by having low out-of-plane shear demands with low axial tensile forces,
while comb 6 was characterized by having high out-of-plane shear demands and high axial
compressive forces. The PACI approach suggested 16% and 28% more in-plane
reinforcement than the EC2 approach, for the analytical case 1 and for the analytical case
2, respectively. Again, these percentages of additional reinforcement suggested by the
PACI approach regarding the EC2 approach seems reasonable given the simplifications of
the former. Similarly, both design approaches, in theory, did not suggest out-of-plane shear
reinforcement in any of the two analytical cases. The reason for this is that the wall in the
analytical cases was very thick (1200mm), by which the out-of-plane shear capacity that is
only provided by the concrete (V¢) in both was enough to resist the out-of-plane shear
demands. However, a minimum amount of transverse reinforcement, as usual done in

actual design applications, was considered.

One of the reasons why the PACI approach produces more conservative results than the
EC2 approach is related to the way in which each approach deals with the in-plane axial
forces and the in-plane shear forces. While the EC2 approach considers an interaction
between the in-plane axial forces and the in-plane shear forces when estimating the forces
that will be resisted by the reinforcement, as shown in equations 13a and d13b, the PACI

approach does not. Thus, the PACI approach simply absorbs all the in-plane shear demand
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as it is, disregarding any possible reduction in the forces that will be resisted by the
reinforcement in the outer layers. This goes in agreement with the fact that in the PACI
approach the outer layers are considered always cracked, and therefore, their contribution
for the in-plane and/or the out-plane shear capacity must be neglected.

The PACI design approach can be considered a mix of a basic sandwich model approach
combined with the very basic and familiar RC design concepts (such as the balanced force,
and the Whitney stress concrete block concepts) given in the ACI codes. In general, the
PACI approach produced more conservative results than the EC2 approach. However, the
PACI approach is simpler to implement at an industrial level since it follows the very
familiar concepts for design of RC members suggested by the ACI 349 and ACI 318.2-19.

With respect to the modeling and non-linear analysis of the RC panels analyzed in this research,

the following conclusions can be addressed.

The methodology for the modeling and calibration of the of the RC panels tests in chapter
6 was the following. The Shell-2000 and the Membrane-2000 were first used to simulate
the experimental response of the panels. This two software were used first because they
allow the development of non-linear numerical models much faster and easier than in
Abaqus. If the numerical capacity curves (i.e Mx Vs ¢x, Nx Vs & etc., depending on the load
at which the panels were subjected) reproduced in Shell-2000 were not accurate enough
with the experimental capacity curves, then 2D numerical models in Abaqus were
developed. Finally, if not even the 2D numerical models in Abagus were enough to capture
the experimental response of the panels, then 3D numerical models in Abaqus were

developed.

The panels for which the Shell-2000 software was enough to reproduce accurate numerical
responses were the SE, the F, and the ML series panels. Panels for which it was possible
to capture or reproduce with good accuracy their experimental response with Membrane-
2000 were the PV series. Panels for which it was necessary to develop 2D numerical

models in Abaqus were the SM and the PV series. This means that the PV series was
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simulated using both Abaqus and Membrane-2000. The reason for this is that the 2D
numerical models in Abaqus for the PV series were developed before realizing that
Membrane-2000 was able to reproduce accurate numerical responses too. It was decided
then to show the comparison between the numerical response obtained from Abaqus and
from Memrane-2000 for these PV series. Finally, panels for which it was necessary to

develop 3D numerical models in Abaqus were only the SP series panels.

The main feature of the 2D Abaqus models was that the reinforcement and concrete were
simulated using a Layer Composite Shell (LCS) finite element identified as S4R. The SR4
is a 4-node doubly curved general-purpose shell with reduced integration and hourglass
control. On the other hand, the main feature of the 3D models is that the concrete was
simulated using the solid continuum 8-node linear (or first order) brick with reduced
integration and hourglass control C3D8R, while the reinforcement was the B31 2-node
linear beam finite element. In the LCS elements, full compatibility deformation is by
default forced between the concrete and the steel reinforcement, whereas in the 3D models
the full deformation compatibility is enforced by assigning the well-known “embedded”

region constraint.

It was not possible to reproduce a consistent response for those SE panels subjected to in-
bending moment and in-plane shear in Abaqus. series panels. Judging by the accuracy of
the numerical curves reproduced in Shell-2000 for these SE panels, it might be concluded
that the Modified Field Compression Theory (MCFT) and the smeared rotating cracked
model to simulate the response of cracked concrete, assumed in this software, are
appropriate to simulate the response of the SE series panels. On the other hand, for panels
SM2 and SM3 which were subjected to axial forces plus bending moment (Nx, Ny and My);
and biaxial flexural moments (Mx and My), respectively, Shell -2000 was not able to
produce any response beyond the elastic regime. For this reason, 2D numerical models
were developed for the SM series panels. It is fair to mention that the response of the SM1
panel, which was only subjected to uniaxial bending moment (Mx) was well captured either
in Shell-2000 or in Abaqus. However, the numerical curve developed in Shell-2000 for this

panel was omitted for the sake of brevity.
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One of the most important aspects during the modeling of the SM series in the 2D models
in Abaqus, is that it was necessary to modify the steel material properties. More
specifically, the vyielding stress that was reported in the experiments for the steel
reinforcement had to be reduced following the Maekawa et al (2003) recommendations.
This was the only way to capture with an acceptable accuracy the yielding of the SM series
panels. It is important to recall the Maekawa et al (2003) recommended to reduce the
yielding stress of the reinforcement for modeling purposes, because they found that the
response of an “embedded” bar in concrete differs to the response of a “non-embedded”
bar. The Concrete Damage Plasticity (CDP) and the Brittle Failure Cracking (BFC)
concrete models were used to develop the SM2 and the SM3 numerical models in Abaqgus.
The properties of the steel reinforcement were also slightly modified for the SE series. Like
for the SM panels series, the properties of the steel reinforcement were also slightly
modified of the SE panels. Again, the behavior of the SE panels series was also governed
by yielding of the reinforcement in tension. Contrary to other panels whose behavior was
not controlled by yielding of reinforcement, such as the PV series, the SP series, and the
ML series, there was no need to modify the properties of the steel reinforcement by
reducing its yielding stress. Therefore, it can be concluded that for the modeling of panels
with a failure mode different from the yielding of the reinforcement in tension, it might
be not necessary to modify the properties of the steel reinforcement, and more

specifically, reduce its yielding stress.

The 2D numerical models with LCS did not reproduce an accurate numerical response for
the SP series panels. One of the reasons that explains this lack of accuracy is that the SR4
finite element is not recommended when transverse deformations are important, as
probably was the case for the SP panels. For this reason, it was necessary to develop 3D
numerical models instead of the computationally cheaper LCS-2D models for these panels.
Another option, which was not explored in here, would have been to use the thick-only
shell S8R, instead of the general shell purpose SR4. In the S8R shell elements, in contrast
to the SR4 elements, the transverse shear deformations are not neglected during the
analysis. It must be recalled that the SP series was subjected to large transverse shears

which might have been induced large transverse shear deformation to the panels. However,
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since the S8R is more computationally expensive, because they are second-order elements,

it was decided to developed 3D models with the very efficient C3D8R solid elements.
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9. LIMITATIONS

Although both design approaches, the PACI and the EC2 approaches, were validated using
experimental and analytical data as demonstrated in chapters 6 and 7, respectively, it is prudent to
define the limitations for their applicability. There are two limitations for the application of both

approaches.

The first limitation is set by considering the ranges of reinforcement ratios and concrete
compressive strength utilized in chapter 6. As explained in chapters 5 and 6, twenty-one panel
tests were analyzed in this research. These 21 tests were used to validate the results of both design
approaches. Thus, it is important to specify the ranges (minimum and maximum values) of the
combined reinforcement ratios (po) as wells the maximum compressive concrete strength (fc) of
those tests. The combined reinforcement ratio (po) was taken as the summation of the
reinforcement ratios running along one of the coordinated directions (i.e. in the x-direction) plus
the reinforcement ratio running along the perpendicular direction (i.e. in the y-direction). Also,
this combined reinforcement ratio refers to the amount of reinforcement in only one of the two
faces of the panels, top or bottom. Specifically, the minimum combined reinforcement ratio (po)
per face (or layer), represented by the SM series panels was 0.4%, while the maximum combined
reinforcement ratio per layer, represented by the SP panels was 2.4%. Thus, the minimum and
maximum reinforcement combined ratio for which the results of both design approaches can be
applied are 0.4% and 2.4%, respectively. In addition, most of the specimens, excepting the F series,
had a minimum out-of-plane reinforcement ratio of 0.08% (or 8.0cm2/m2). Similarly, the range of
applicability regarding the ultimate compressive strength of the concrete oscillates between the
minimum of 20.0 MPa set by the PV series, and 60.0 MPa set by the SM series. Beyond these
limits, is not possible to say if either of the design approaches will produce reliable results, and the
approaches must be used with caution, which is the responsibility of the designer.

The second limitation is related to the estimation of the design demands, which are not in the
scope of this thesis. None of the design approaches advise how to estimate the design demands for
their respective application. In other words, neither the EC2 or the PACI design approaches
provide guidelines to conduct the structural analysis (which must include gravitational, seismic,

transient loads among others) with the aim of estimating the design demands. The estimation of
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the design demands is responsibility of the consultant, which must follow the current
recommendations for the modeling and analysis of walled-type structures such as those
in industrial facilities. Recommendations for the analysis and modeling of safety related walled-
type nuclear facilities can be found in the ASCE 4. A specific application of these
recommendations is presented in AP1000 Design Control Document (AP-1000 DCD) published
by Westinghouse. This DCD shows an example of how practicing engineers use the
recommendations to calculation design demands. Similar DCD examples can be found in the
literature illustrating how practicing engineers generally implement ASCE 4 recommendations for

calculating design demands.

The ASCE 4, in chapter 3, for example provides guidelines for the selection of the finite
element and the mesh size for the development of the numerical models for the analysis. In chapter
4, it provides a very detailed description about the available analysis methods suitable for nuclear
facilities such as the Linear Response-Spectrum Analysis (LRSA), the Linear Response-History
Analysis (LRHA), and the Non-Linear Static Analysis (NLSA, also known as "pushover™) among
others. In the same chapter 4, the ASCE 4 describes not only the type of loads for which the
facilities must be designed, but also advises how to combine those loads to obtain the design
demands. The well-known 100-40-40 rule, which is explained in chapter 4 as well, indicates how
to estimate the seismic demands over the walls, considering that the design earthquakes are
represented by a set of three orthonormal accelerations components as commonly accepted.
Finally, chapter 5 of the ASCE 4 gives recommendations to include, if needed, soil-structure

interaction in the analysis.

AP1000 DCD also includes generic recommendations for conduct analysis of walled-type
structures. The AP1000 DCD, which was the source from where the analytical design demands
were extracted to implement both design approaches in chapter 7 of this thesis, also provides very
detailed guidelines about what type loads were included in the analysis, and how they were
combined for design purposes. Among the most relevant analysis guidelines provided by the DCD
are: the selection of the appropriate finite element, the definition of the appropriate stiffness in
terms of gross or transformed areas, and the definition of damping ratios. Other more specific
analysis guidelines about how to estimate the hydrodynamic and thermal design demands can be
also found in the AP1000 DCD.
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There is also an important limitation regarding the estimation of the
design demands, which can be also classified as a topic of future research. This limitation is related
to the definition of the approximate section cut length, over the which the design demands are
averaged in the numerical models developed with shell elements. This is an important limitation
because, as pointed out by Coronado et al 2000, when using the Element-by-Element design
Technique (ELE) -which is the most consistent and accurate method when dealing with shell
elements- the ACI 349 does not give advice about what should be an appropriate section cut-length
to account for the spread of plasticity in the in-plane direction of the wall panel. Considering
figure 1.1, which shows the stress variation of the structure in analysis, it is clear that the stress is
not constant over the walls. In some parts, the stresses are higher than in others, and furthermore,
the magnitude of these stresses can change rapidly along any direction. Therefore, if the designer
considers to follow the Element-by-Element level Technique (ELE), which consists in design
portions (or sections) of the wall, the immediate question that rises is, what should be the length

of the section cut?

The definition of an appropriate section cut length is, in fact, an important topic among both
researchers and consultants nowadays. There is plenty of room for research in this regard. As a
suggestion -but subjected to further investigation- this section cut length might be initially taken
as one time the thickness of the panel (1.0tw) when the gradient of the out-of-plane moments, in
this case the out-of-plane shears is higher than 60% of the estimated shear strength, and as two
times the thickness of the wall (2.0 tw) when this gradient of the bending moments is lower than
60% of the estimated shear strength. Moreover, contrary to what is done in the practice today, the
author of this thesis believes that instead of cutting segments of the wall in one single direction,
the section (or portion) of the wall to be designed, when following the ELE technique, must be cut
in two orthogonal directions. Thus, a rectangular wall-panel, defined by the length of the section
cut length (1.0 tw or 2.0 tw) will be formed. This wall-panel, or simply called panel in this thesis,
will allow to account for the variation of the stresses in the two perpendicular directions of analysis.
Again, the estimation of the design demands (8 in total as commonly accepted) for shell is
exclusively responsibility of the consultant, and both the PACI and the EC2 design approaches,
are only limited to suggest amount the in-plane and out-of-plane reinforcement ratios, after those

design demands have been specified.
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10. FUTURE RESEARCH

It is desirable to test Reinforced Concrete (RC) specimen panels designed accordingly to both
approaches analyzed in here: the PACI and the EC2 approaches. The panels will be subjected to
proportional loading considering two or more types of loads, as explained in chapter 6. These tests
will help to corroborate the safety of both design approaches. Taking advantage of the equipment
capacity and experience of the personnel in the Bowen Lab, it is attainable to build a universal
testing machine for the testing of these RC panels (or shells). There are other universities such the
University Houston (TX) and the University of Toronto (Canada), which have gained important
knowledge and experience in this regard. Purdue University might use all this experience and
knowledge to build its own universal testing machine. In addition, it might be said that there are
still relative few experiments of RC panels subjected to proportional loading, which means that

there is still room for experimentation.

From a design point of view, it will be necessary to investigate if the PACI and the EC2
sandwich model approach are also suitable for safety-related facilities such as nuclear power
plants. It must be highlighted that, in this thesis, the PACI and the EC2 design approaches produced
satisfactory results only for ultimate limit states, and not for service limit states such as cracking
or deflections control. The cracking limit state in safety-related facilities, which controls the
releasing of environmental toxins into the environment, is usually more difficult to satisfy than the

ultimate state.

Finally, from a modeling perspective, it will be worthwhile to develop 2D and/or 3D
numerical models in Abaqus for those panels in which it was only necessary to develop numerical
models in Shell-2000. This will allow one to measure the accuracy of the Shell-2000 software
regarding the more accurate finite element models in Abaqus. As mentioned before, Shell-2000 is
a very friendly software that can be easily implemented at the industrial level. Similarly, it was
found that either the 2D or the 3D numerical models in Abaqus failed in capturing the experimental
responses of the panels after cracking, because these models did not include any slippage model
between steel reinforcement and concrete. Therefore, it will be valuable to include a slip model
between the concrete and reinforcement, instead of simply assuming fully bonded compatibility

deformation between them.
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APPENDIX A. SPREADSHEET IN MATHCAD

A.1 Eurocode Sandwich model approach (EC2) EXAMPLE

Design Demands

Figure 1. In-plane and Out-of-plane Internal Forces

In-plane axial force along the x-direction

In-plane axial along the y-direction

In-plane shear force along the y-direction

Out-of-plate bending moment acting about the y-axis,

producing axial stresses along the x-direction

Out-of-plate bending moment acting about the x-axis,

producing axial stresses along the y-direction
Out-of-plate twisting moment

Out-of-plate transverse shear acting perpendicular
to the x-axis and along the z-direction

Out-of-plate transverse shear acting perpendicular
to the x-axis and along the z-direction
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Material Properties

Concrete
Characteristic Compressive Cylinder Strength at 28 days fek = 40MPa
Partial Factor for Concrete (Recommended) Yo = 1.0
. . Jok
Design Value of Concrete Compressive Strength fogg = Qpp-=— =42-MPa
b
Mean Compressive Strength at 28 days fom = Jogp + BMPa =50.-MPa
0667
Mean Tensile Concrete Strength Toey = 030 Fa- <k = 3.6-MPa
cm MPa
0.7 Seom
Design Value of Tensile Strength ferd = Oer Y. 25-MFPa

Reinforcement

Design Yielding Stress f}‘ = 500MFPa
Partial Factor for Concrete (Recommended) 1= 10
., -IG' sm
Yielding Stress fa = o= =2 ME

Figure 2. Thickness Layers Distribution
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Thickness of the panel t,, = 1200mm

Thickness of the top Layer 1o = 01251, = 150-mm
Thickness of the bottom Layer ;= 01251, = 150-mm
Thickness of the Inner Layer 1=ty — 1 —1; =900-mn
Centroid to the top reinforcement curtain = 0_5(1“, —t;) = 525.mm

Centroid to the bottom reinforcement curtain - - 0 5(,“, = ,,.) = A0S

Lever Arm Distance =%

Effective Depth dy.=d. + ; = 1125-mn
Cover along x-dir cover =1, —d;.=T75mn
Cover along y-dir covery = 1,, —d - ; R

DESIGN / VERIFICATION OF THE INNER LAYER

Ve
Direction of the principal out-of-plane shear Qy = amn[ Edy J if Vg #0 =—67.3-deg
v
Edx

Ydeg otherwise

Magnitude of the Out-of-Plane Shear in the Principal Out-of-plane Direction
VEdo = ’v&tcz - "Edvz = 870-ﬂ
. m

Out-of-plane shear capacity only provided by the Concrete

Initial Factors
Crage =018
Concrete Safety Factor Te=1
k, = 00
Effective depth d, =Lt + O.S-r‘.= 1125.mn

dy =t; +1.+ 051, =1125.mn

d, = min(d,,dz) = 1125.mn
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Assumed Reinforcement: Assume minimum reinforcement ratio

Assume minimum reinforcement ratio Prin = 02%

Rebar Ration along the x Direction Pej = E-F:NH-" =049
Rebar Ration along the y Direction Py = 2Py = 04-%
.:'m;'l
Ay min = Pmintw = 14'T
:-.'
""7_1-' min = Pty = 24 T
Effective reinforcement Ratio Pl = Pyp {m:{q}an + Py [m{ma” =04-%

200mm i1 II:I:I.'ﬂ.rlvd52 _ 147
d, d,

20 oohewise

- ! 1.5 ' Jek kN
Minimmun Concrete Shear Capacity Vo = 0035 MPa-k,, ;Pﬂ d_ = 3

- g
Magnitude of the Axial Load in the Principal Out-of-plane Direction

MEdy ¥ NEdy  NEd — NEdy kN
Ngg = 3 4 - B M-:ml:i-pu}=—'i]'.r]-:

Concrete Shear Capacity, accounting for axial force if in Compression

“.:';:I — U_Z_.I';._d = d-MPa
|':"‘IE|:I| | |.=~'H|
Oep = p i p SOm max < 4 63-MPa
5 c
Ten max ahorwine

i l
. .Rd:“ . kN
‘Imw, Pa —kja, Ju’: atherwise
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Out-of-plane shear capacity only when TRSH is placed
=, = Sm-;'lrf}’a
Yielding stress of the TRSH fywd =4
1.0 for non-prestressed struciures = 1.0
Eew

= 40P

Jek
vy =061 - ———| =049
Efﬂ;HPﬂ'

W
8, = 0.5-asin 1-¢ = 2-deg
Uy Ty V1 Jed

Recall concrete compressive suenw-"&

B:= |45deg & B > 45deg = -deg
21.8deg i B < 21.8deg

Br aiferwise

Lo Ty V 1 Med kN
I = — oMb —
Rd max = .(8) + wan(®) m
L]
Diameter of one TSHR bar dyepy = =in
]
2
. dishy 2
Unit Steel Area provided by the Rebar Agy =T- =285 . mm
Maximum Required Spacing dy-cot (BhA gy oy
5 = =327 8.mn
Y Edo
Adjusted Spacing for THRS Sty = Floor (5, 25mm) = 325.mn
A f oy -cor(8) :
Vpgs = — 28 _gy72. XX
ETH i)
v — min(V Vo) = 877258
Shear Capacity with THRS Rdc_THRS = ™V R max-VRas) = 8772-—

Required Transverse Reinforcement Ratio

(VEds — 00V g, )-tan(e) .
P = gl" "J'Edh = F.Rl:ﬁ_‘ =h—-
dofyg

0} otherwise
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Membranes Forces & Stresses due to the Presence of Transverse Shear Reinforcement
[THSR]

B d: =) Mg g kN
Axial Force acting on x-dir NEdes = MEd ™ 5~ ~g 3 MEdee TN
3 \d: =) mgp g _ 3906 kN
Autial Force acting on y-dir NEdys = MEdy™ 4. d. * E""Eaj.a:- == o
Shear Force (d: =) MEdey 1 kN
MEdeys = NEdey — 7 T+ 5 ke = 15335 —

Computing the principal stresses and directions in the top outer layer

Total membrane forces acting in the top Layer

_ _ _ do—z)  mgge kN

Axtial Force acting on x-dir NEdes = TEah- 4 + 4 + 3 NEdee = — 0 —

(dz —=e)  mga kN

Auxial Force acting on y-dir NEdvs = NEdy ™ g Y 3 MEde = —3906-—
d_—= } g ,
5 by 1 kN
Shear Force NEdeys = NEdo — 4 — .t 3 MEdye = 15335 —

Stresses in the Top Layer
N
OF _ s
N.‘-T Ty sup = =-26-MPa
T Edxy 5
N Edbrys
ﬁmx T dry Ty sup = = 10.2-MPa
‘4 —?a_ s
Ed
T ’ _ MEdxs 05
Edxy Oy sup = =-0.5-MPa
* s
¢ Edxy
O i + G,
Edy e sup = _I.S“F_l‘.EE — _13.3-MPa
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Principal Stresses

2
% sup ~ Ty sup 2
Max Shear Stress (radius) Tsup = J[f + Ty sup = 133-MPa

o), =c +r =31-MPa

Max principal stress 1 tT P sup T sup

Max principal stress 2 T2 = Cp sup — Tsup = —208-MPa
T
| [Fosup| )
Ty = al.:m( |ﬁ — |J if cr_,‘,__mp * .:'I:,_“P =37.2.deg
x sup ~ Cc_sup
Qdeg otherwise

Ep-:'n:'.r = —(Qﬂdq - ﬂ.S-l:lmrJ i Sy sup > e sup  Txy sup > 0 =-T14 deg

D5ty I Oy qup <Cc sup * Tay sup >0

Wdeg - 05:a,, i o

X_supr }{'E‘_.THF o II.‘I-'__HI'P =

<0

0

05 -y I ¢ sup < sup ™ Txy sup

Ty

xy sup |

TR —— =

- i Oy sup = e sup
I x}_serp|

Applying the cracking criteria for the top outer layer
Angle from the principal Com p{gssiua Stress tcrz]ma »- axis

fr T 93 Ty
Ty = = —H9-MPa
3

Iy = +oy+oy = 20 T-MPa

1

2 2 2 2
Pasup = E-l:[a“ - n_;.;} + {l.‘l'_':.r _“_?f} + (@ - n“]:l =217.7-MPa

Jj.mp — f“h‘ - mr]'{"_'-‘.r - “ml]'{“j.r - mr} =-1.17 x I[I-3-_-l.f_Fu-3

Jeom
.tmp = = = 0073
R
1
g = T =471
g'kﬂiﬂ
|
€ fsup = 0 = 1514
ﬂ_T-J:_mP
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2
€25p = | —ﬁﬂ{knp—ﬂ_ﬂ?} =1
1
Bjm = —]] =454
3.7k
co 3 = 3 ,‘I'_ Jﬂ‘p = {1949
1.5
“F'Jsu,n
; -
3"-“'{-‘ = | € 1supees Eam:[c;.mp-m:jﬂ'] i cos38 20 =89
x| _
Clsup'©® ? - Eﬂ'fﬂf{—f_i_mp-fmjﬂ} otherwise

J I J3 I
o :|_| 2sup t
i L, — A [, e =1 =001

sup sup 3 sup 1. sup L

Ottosen Criteria
Crock_Condiion_sup = |"Uncracked” i *-“'.F‘ =0 ="Cracked"

"Cracked" if ¢ ,, >

Computing the required steel reinforcement area in the top outer layer

Tensile forces to be resisted by the reinforcement curtains

Recalling the Angle from the principal Comprassive Stress to the x- axis HIplca:r =—T14-deg

Tensile force to be resisted by the reinforcement curtain along the x-direction

kN
Froe = | MEdks _“Edq':'fﬂﬂ pn:'r) ¥ Mgdes ~ “de}'s'm{epcﬂ} >0 =472 :
0 otherwive
Tensike force to be resisted by the reinforcement curtain along the y-direction
i kN
Fr.'r_r = | NEdvs “Eirr;'s'm"{ﬂpxr} if NEdvs ~ nEtfl}'.ilu"{EPEﬂ) =0 = 4?1':

0 othawize
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Computing the required steel reinforcement area in the top outer layer

Recalling the Angle from the principal Comprosslveepa, =-14.4.deg
Stress to the X- axis

Tensile force to be resisted by the reinforcement curtain along the x-direction

kN
Frie = |NEdi = MEdxyivc0! (8peeh) ¥ MEdi = MEdvyi 0 (Opecp) 20 = 69%6-—

m
0 otherwise

Tensile force to be resisted by the reinforcement curtain along the y-direction

kN

ﬂgd_‘.,- pes !lgm.‘-.un(epmb) i “Edyi - l‘]E‘h).’-'&an(ep“.b) 20 =69% —

Frby = =

0 othewise

Summarizing the required reinforcement areas

Frex I
ma. r')'""s minEC2
vd = J

! .
r5) 24
el As minEC2 2
. (Ga)” °- 1| |24 | cm?
regEC2 — Frhx 2 H 2% | m
MON e - A g
s minEC2
(/_;'d) a i 24

ma r e 4 -
o -9
i Uyd ')' s_mmE(.--

Top Bortom
Layers X ¥ X
2

Aregica’ =(24 24 24 24)
m
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Verification of the compressive stress capacify of the concrete in the fop Layer

Compressive Stress Demand in the Concrete

|
Tedu_sup = r—ﬂ‘_.wp'[fm EHF'-:‘:':‘) - o ] =-17-MPa
o
|
aﬁ'ﬂl_ﬂ-ﬂ'ﬂ — |r-t.'|'_-"-“F | [m[ﬂ“jr} + m =—16.3-MPa

Compressive Stress Capacity on the Concrete

F Fo.,
g, = mia - . |- 31 MPa
' Py by

£
v 0611 | _ps
EfﬂMFﬂ'

_ maqo .0 0 i max{ay,. o)
Yop = mm{n“,n_-,{] Foy<bnroy<ln mm{n“,nzf}

0 orherwise

=1 =0

1+ 38ay,,
Yed maxTop = 0851 ;- - if |[n“ <0 rnay < EI}
{I + ump}
o F o
fea °| 083 —_—5-[0.35 —v)| i {H” =0v oy, >El] A = <fiod ¥ ¥ . i
fyd f ] t ]
Compressive Capacity  cd maxTop = -0-0-MPa
Compressive Demand I“cdu_.m;pl =27-MPa
; Oed macTop
CDP Ratio — _ 132
lu:'du supl
Checkl Concrere Swess = |"Ok oou<f2™ i |fsﬂﬂ|, -“"J"‘I L% macTap = "Ok_ecu < i

"NG-Modify Layes"  otherwize
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A.2 ACI-Panel-Based-Design-Approach (PACI) EXAMPLE

) kN
Ny = Ngge =—381 |-?
o kN
."l'-.l = TI.Eé_L' = —134?

. kN
'l"l.'l:'.'l' = “Elil"l' = 2919—

i m
4 kN
] F.=v ==-33.—
I
. kN
'i‘ FJ:= "r'Ed-.I. =Rf]3-?
! kN -m
M. =m = 1927.
X Eulr .
. kN -m
M, =mg, = 1878 ——
¥ Edy e
kN -m
M., =mMgp, = 3
¥ ’ m
AN -m
_ — - g ——
Total Flexural Moment creating Stresses on X Moy = My + 'HI."' = 1863 .
KN -m
Total Flexural Moment creating Stresses on Y My = My + My, = 1316 ot
Recalling the Effective Depth d =05, = LO-m
fﬁ: 08¢,
Recalling the Cover cover = T 5-mn

_.I'.':. :=_j::.a| =42 MFa

Reduction Factors According to the ACI

Tensile Reduction Factor ¢, =10
Density Concrete Factor k=10
Bending Reduction Factor bp =10
Shear Reduction Factor #, =10
Out-of-plane Shear Reduction Factor =06
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Design / Verification of the out-of-Plane Shear Capacity

Jed kN
Maximum contribution of the concrete I, i, = 0.83-2- 2 -MPa-(O.G-lw) =3873. —
B MPa m
Recalling Out-of-Plane Shear acting over the Face x . 136 kN
e
Contribution of the Concrete in Shear
V.. = [017 Jod MPa(06-1.) if N, <0 =793 5N
o (MR e e () 20 =P
0 N, >0
kN
by Ve = 4759':
v
= (& g
|"c:| = ¢w‘T o
Ao —_— i V. 2é,.V = () m—
v ’w’{v I x_I vi'cx %
0 othawise
THSRxz = |"NoTHSR Required® 4 4, <0 = "No THSR Required”
"Inc tw or THSR is Required”  otherwise
Recalling Out-of-Plane Shear acting over the Face y Vi = m.ﬂ
e m
Contribution of the Concrete in Shear Jed
Ve = |007-4- [——-MPa(06-1,,) if N, <0
o= MPa s y
0¥ N, =0
= > k.\"
byt oz~ 4759 B
V
A oz
Vol ~4r 5" 158
A, = £ |Vye| 20y Vne =1851.-2=
vy vty 32| = #ur ¥y s
0 otherwise
THSRyz = |"No THSR Requerad” Ay < 0 = "Inc tw or THSR is Required”

“Inc tw or THSR is Roquired”  otherwise
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Estimation of the reinforcement Areas (As) required by flexion in the faces subjected to

tension

Quadratic Equation for Mo axial Load a{.:rx} = axz -2d.a, +

2 | Mg |
b - 0.85-1 ¢

a, = ﬂ'l'fﬂl{-ﬂ'_.l_.} =40 5. mn

I

(2d -t )+ 2| Mg
650850

Quadratic Equation for axial Load  a{a,y) = agy~ - 2-d-ayy +

apr = mir:[ax_,\r] = 1) mam

Required Reinforcement Area due to the hMx.

'ﬂ.ﬂ'ﬁ-f - 2
,.f‘ﬁ;: ngxgn =ﬂ.ﬂ
. '*n'r'-{i‘ m
i N, =0
ﬂ'aj'-'r;:d Aoy — |""'-.r|
— if OB5.f 4. a - [N | 20
'h:'-ﬁ- cd CxN | .'I:|
0 otharwise

Required Reinforcement Area due to the My,

uadratic Equation for Mo axial Load 2 M,
@ . ﬁ{ﬂj:] = EJ:Z - Z-d-ﬂJ: + A
8, 0851

a, = mm{a}J =48 2. mn

¥
Cuadratic Equation for axial Load N | ¥ | '(2"" - IH'] +2 I‘ J-'El'|

of 2
j{”}'.’v’] = J_._;l,'- - I-d--d}._;r,'-

¢-h-l]_ES-_.I'M
ayup = mﬂ':lra}.‘.,‘,-} = B -mn
Required Reinforcement Area due to the hMy.
(085- ;-a, 2
A'Lﬁ': w g.f'.?'n'J.Eﬂ =ﬂ.ﬂ
' @ pely m
i N, =M
085fp -apy — [Ny
iy b .
¢h_)ll'll ﬂ- ﬂ‘_EE_.r:m. '-ﬂ},‘\r - |.'i'-.|| Eﬂ'
0 atherwise
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Estimation of reinforcement areas per layer (or face)

Bottom Layer along the x-direction (Asxb)

N,
Reinforcement area required by ;. = %-4‘ } if N, =0 =0=
. - i M
s iy
tension '
0.0 ohawise
2
Reinforcement area required 4, = |45 i Mg, <0 =0.Z
s : -
for bending 0 Mg 20
0 i M, = 0 - M, = L] A M 2 ]
Reinforcement area required by shear
. : Ny My, KN
Shear force to be resisted by the in-plane Viboy = —— + - = 1410.
S (1% m
reinforcement .
. . |Vt | KN
Ultimate design shear affected the strength Vouh = . = 1410 —
) . m
reduction factor !
Area of reinforcement required by shear Acph = L"'u.b — 2% 198 . 2L
v L]
Total Required Area
.
) - . ol
Acpe req {"fsTJrF} + Ay ppy + Ay [Er.&] Ve < Fope =2&2'T
7
125¥7,."
Astab + Agreh * Agpp + ———— | otherwise
VEdaJy
Top layer along the x-direction {Asxt)
. . N 2
Reinforcement area required Aypy = % ; :} i N, >0 =&%
by tension ey
0 otherwise
2
Reinforcement area required for _ e
) m '-f.'iF'l.'.r = 'fl:ﬁ .Lr J”In:(. > {l = E'T
bending 0 i M =0
O M =0aM=0aM,=0

Reinforcement required by shear
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Shear force to be resisted by the in-plane

inf t '
reinforcemen . Ny My, .
i“ﬂ}. = T - .I:I_E = 1539 ?
(084)
Ultimate design shear affected the ||-' | kN
V., =121 _1539.2=
strength reduction factor s ™ "
- 2
Area of reinforcement required by Shear A e = agm2. S
5 P . ot
¥
Total required reinforcement area
IZ'HI'!-2
A:Tx_req = {"‘.'.'Fxf A * AsT.n'} V<V =3I}'3':
1257,
Aepg + Agpy F A5 + —_— otherwise
Edoy
Bottom layer along the y-direction (Asm)
1 Ny 2
. . Wy i
Reinforcement area required by 4,5, = A if ¥, >0 =0—
tension o
0.0 ehewie
-I'."J'Hz
Reinforcement area required A,g = 4,5 o Mg, =0 =0-—
for bending 0 i Mg, <0
0 M, =0x .l-f‘.=ﬂn.'.fx}.:ﬂ
Shear force to be resisted by the in- N, M nr
| Vo = —% + —2— 141022
plane reinforcement ufp 2 "n_g.r“_) m
| -
Ultimate design shear affected the V5 = Vit | _1410. ¥
strength reduction factor ' by "
¥, 2
Area of Reinforcement required by Shear 4 ., = S 5g 1985
5 "
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Total required reinforcement area

Apy req = |(Astye + 4hb *+ Asiyp) ¥ Ve < Ve
Acrb ¥ Aepp A

Top layer along the y-direction (Asyt)

Reinforcement area required

by tension

Reinforcement area required

for bending

Reinforcement area required by shear

Shear force to be resisted by the
in-plane reinforcement

Utimate design shear affected the
strength reduction factor

Area of Reinforcement regquired by
Shear

Total required reinforcement area

Asty reg = |(Astve + Askyn + Aspye) 7 Vyz < Vege

2
=282 2
m
125 I"._I
= offerwise
VEJD'-G‘
; 2
1 ""'_1.' cm
= |3 0 S0
0.0 otherwise
2
Cm
.-'ij-H!. = ,-:I'j_ﬂ: if- ‘lfm. {ﬂ' =[|"'T
0 if Mg, =0
0§ M, =0~ .HJ:=DA .H_t}.::ﬂ
N, M.
Vg = T eV
2 (D8, m
' B |Ier_'|.:I:| _ 1519 kN
s T '1"1,- - ’ "
I §W ﬂ'ml
'd.'l'F_.]:f = J'.'II =3!l?ﬁl-?
- 4568
m
vt
A + A + A_yz. + ——— | otherwise
5Ty s Fpr 5 M
VEda Ty
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Corroborating Flexure and Axial Interaction

Max Concrete Deformation

g, = 0.003
€, = LA 0.0025
J E,
Eﬁocﬂva mpm d‘, =1 l25-mn
&
Neutral Axis for Balanced Condition Cpal = ———-dy = 614-mn

Balanced Force in Y Direction

Check NbalY Limit

Boct Ey

a“ba, = 0.85-cba, = 522-”!"

<
bal _ 5545

¥

kN
Cc). = 085 'f‘-.d -a.‘,Ml = 18621 -?

Ay, = max{Ag B reg*AsTy ,tq)

KN

‘Vba!), = C“.‘, -.43-‘;[‘. = 16341. =

= |"Ok Ny <Nbal" o |N,| < Npy ,, ="Ok_Ny < Nbal"

"NG_Compression Control”  otherwise

Balanced Force in X Direction

[
=

Check NbalX Limir

Aypal = 0.85-cbd =522-mn

Aybal

e

=0435
kN
Aoy = ma’(“s&'_req Ag Tx_req)

CCX

kN
‘Nbal_x = —Asx-j';. = 17082-7

"Ok Nx<Nbal" §f |Ny| < Npa « = "Ok_Nx< Nbal"
"NG Compression Control"  atherwise
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COMPARISSON OF THE REQUIRED AREAS USING THE ACI AND THE EC2

A

A

rag ACT = ["iﬂ'x reg

Tap
x ¥

Ag v reg Acpy FEd

Bl e
X ¥

2

reg 4y = (308 456 282 282).

Ay reg |

Ag Tor act = Z—‘!

2
cm
Ao EC? Bpal =(942 942 1392 1392 }T

2

O
Arey £C2 045 (257 0 0 304)—

Lavers =(1 2 3 4]

AsTor EC20pal = Z"'ma EC? 0pal =47

i/}
reg Act = 133-—

]

2
o
AsTor EC20451 = D Aveg EC2 045 = 56—

Top x Tap w Bottom x Battom
T T T :
i~ -
O
4 i
O o 5
20 -
* *
* *
1 2z 1 3
Layers
0 0O EC2-p/pal
+ % ACT
A
s Tar ACT _ 2g4.5
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Drawing Detalls and summary Design

1
Assumed Bar Diameter dpar = rie 222 -mu
2
T-dp g 32
Area of the Assumed Bar Apoy = — 1.8%.cm
4

7
,erﬂ-_,’}{zaf 24 24 14;-%

T
A e
Rebar Ratio Required from  pyy g,y = —— = (02 02 02 02)-%
the EC2 ) w
Tap Borsom
x ¥ x ¥
Apar
Minimum spacing for the &, :=_T=I[IE.LE. 1616 1616 16016 ).mm
assumed bar Aragirz

P. pC2 = P =0083-%

Required reinforcement Area from the

EC2
T .:'m'E
Aregacy’ =(308 456 282 282) =
A - r
pacr = —2 _(026 038 023 023)%
/ »
Required reinforcement area from Top Boitam
x ¥ X
the: ACI d
Minimum Spacing for the 5. = Lr (126 851 1376 137.6 )-mm
assumed bar Aregacy
Rebar ratio required from the ACI Ay + A
P act = ———— = 0.185-%
= m
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