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Abstract

ABSTRACT

Current trends in seismic engineering are focusing on the quantification of risk to provide a better tool
for engineers and stakeholders when making decisions in design and construction. Codes and standards
around the world have focused their attention on hazard and have prescribed requirements and
provisions to follow so that certain performance objectives (e.g. life-safety) are met. It is unclear,
however, what is the associated risk of these designs and if there is risk-consistency among them.

The traditional methodology employed by codes is force-based design, as it is easy to implement in
computer programs and it is easy to understand. However, through research, it has been argued that this
method, in some cases, is inconsistent with the complex non-linear behaviour of the real structure. For
this reason, there has been effort in developing new approaches like displacement-based design that tries
to attend these inconsistencies. This study provides insight on the main differences between the methods
and makes a comparison on the risk associated for both, specifically for reinforced concrete moment
frames.

This study shows, for a set of building heights, how the design is performed for each method, and then
provides a complete hazard assessment for a site in San José, Costa Rica. Finally, a risk assessment is
performed to obtain the mean annual frequency of exceedance of a certain drift for all the designs. It is
shown that the risk associated with both methods is very similar, but there is no risk-consistency amongst
the heights of the buildings.

Keywords: seismic risk; displacement-based design; force-based design; risk assessment; collapse.
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Chapter 1. Introduction

1 INTRODUCTION

Current building codes and standards provide guidelines for performance-based seismic design. One of
the main performance objectives is to ensure life safety (i.e. the non-collapse of the building) during
extreme seismic events. To this end, structures are designed following the provisions stated in the codes
and standards, using a site-specific response spectrum that is obtained from probabilistic seismic hazard
analysis as input. In this sense, building codes are hazard-oriented but do not necessarily provide a
measure for the implicit performance in terms of risk. Additionally, current codes are mostly based on
linear analysis procedures modified by system response factors, which convert the complex non-linear
dynamic behaviour of structures into a simpler linear one. These response factors vary from one code to
the next, and often are decided by code committees.

In recent years, efforts have been made in order to reduce the implicit risk considerations in design
codes. For example, FEMA P695 (FEMA & ATC, 2009) recommends a methodology to quantify, in a
reliable way, the system response factors so that there is a clear and quantifiable relation between these
and the performance objectives of the code. Moreover, seismic assessment methodologies have
improved and performance objectives are checked in a more detailed manner using non-linear analysis,
such as FEMA P-58 (Federal Emergency Management Agency, 2012), for example. In Europe,
improvements are being implemented in Eurocode 8’s new revision (European Committee for
Standardisation, 2017), that introduces some reliability-based verifications. In New Zealand, knowing
the seismic risk of buildings has been a priority, since poor building performance in recent earthquakes
was observed. Approximately 16% of the reinforced concrete (RC) buildings were severely damaged in
the central business district of Christchurch during the 2011 earthquake and more than 150 fatalities
were reported (Kam & Pampanin, 2011). In response to this, a system for managing and classifying
buildings as a function of their seismic risk has been developed, and applied using the EPB methodology
(Ministry of Business Innovation and Employment of New Zealand, 2017) which gives a rating as a
percent of the new building standard achieved (%NBS).

Traditional methods, such as force-based design (FBD), should be examined further in order to have
some idea on the risk associated with structures designed this way. Furthermore, other methods, such as
displacement-based design (DBD), should also be evaluated in a similar manner, as this approach can
give a better understanding of structural behaviour and may provide more risk-consistent solutions than
traditional methods, as a number of inherent limitations in the design philosophy of FBD have been
addressed by Priestley (2003) .

Evaluating the implicit seismic risk of the different design methods is a complex and extensive task.
This study is a first step to evaluate and compare the risk-consistency of code compliant buildings,
specifically, high ductility moment resisting RC frames, designed according to the two main

1



Chapter 1. Introduction

methodologies available: force-based and displacement-based design. FBD design was performed
following the provisions of ASCE 7-16 (ASCE, 2017) since this is the design code adopted in Costa
Rica, the location chosen for this case study application, while DBD was performed following the model
code DBD12 (Sullivan et al., 2012). In both cases, for consistency, the member detailing was performed
following the provisions of ACI 318-14 (ACI, 2015) for the design member forces identified using the
respective methods.

This study scope is limited to only one site, the city of San José, Costa Rica, for which a specific hazard
assessment was carried out and is presented in Chapter 5. This document is divided into the following
chapters:

Chapter 2 provides a general background on the seismic design and assessment methodologies. The
main design concepts for both FBD and DBD are explained. A general section on the theory used for
seismic performance assessment is provided, as well as an overview of some relevant recent studies
regarding risk assessment of similar building typologies.

Chapter 3 presents a general overview of the analysed buildings, particularly their geometry, materials
and structural system. Design loads are assigned in this chapter following the minimum values proposed
by ASCE 7-16 (ASCE, 2017), as this is the main reference for the Costa Rican seismic code (CFIA,
2011).

Chapter 4 provides insight on the specific building designs for both methods. It presents the structural
models that were used, the applied forces and the element design for both methods. Additionally, a
comparison is made between both design methods and a preliminary assessment of the design is
performed via static pushover analysis.

Chapter 5 explains how the site-specific hazard information was obtained in order to carry out seismic
design and assessment in a hazard-consistent manner. A probabilistic seismic hazard assessment is
performed, and ground motion records were selected to then perform the risk assessment.

Chapter 6 assesses the implicit seismic risk for all the designs through incremental dynamic analysis
and provides a comparison of the mean annual frequency of exceedance of predefined drifts in the
buildings for both the structures designed using FBD and DBD.

The main objective of the study is to evaluate and compare FBD and DBD in order to understand their
main design differences and the implications of this on the implicit risk associated with each design.
Furthermore, risk-consistency for both methods and different building height can be analysed.



Chapter 2. Literature Review

2 LITERATURE REVIEW

2.1 Introduction

Two main design methodologies (FBD and DBD) are proposed in this study, recognising that these are
the more developed ones, where research has focused in the last decades and are typically encountered
in the literature. FBD is widely used in codes and standards around the world, while DBD has been more
confined to academic research. Recently, a model code, DBD12 (Sullivan et al., 2012), has been
proposed with a view to implementing such a design approach in building codes in the near future. This
section provides the general theoretical background for both methods and their code implementation.
Furthermore, a general background for the tools and methods used during the risk assessment is
presented, as well as previous studies surrounding the topic.

2.2 Design methodologies
2.2.1 Forced-based design

FBD is the most common methodology adopted by building codes. The design can be performed using
the Equivalent Lateral Force Method (ELFM) or the Response Spectrum Method (RSM). The general
procedure for force-based design is shown in Figure 2-1. As a first step, all the structural dimensions,
including general geometry and member sizes are chosen. With this, the member stiffness is calculated
considering the cracked section properties, typically 70% and 35% of the gross moment of inertia for
columns and beams respectively, as prescribed by ACI 318-14 (ACI, 2015). Based on these
characteristics, an estimation of the fundamental period of the structure is performed by empirical
formulations (used for the ELFM) or by eigenvalue analysis (used for the RSM). Having the
fundamental period, the base shear and elastic forces can be derived using the elastic response spectrum
for the site. These forces are affected by a reduction factor that takes into account the structure type and
expected ductility. The structure is then analysed using these reduced forces and the displacements are
checked against the limits stated by the design code. This is an iterative procedure to optimise the
structure and comply with the requirements. As a final step, capacity design is performed for brittle
failure modes (i.e. shear failure) and ensure that all non-dissipative elements must remain elastic during
the inelastic response of the structure, and also to ensure a stable mechanism that can maintain the
vertical capacity during the inelastic response.
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Figure 2-1. Force-based design procedure. (Priestley et al., 2007)

The ELFM can be used when the buildings are fairly regular in plan and height as this method considers
a dynamic model consisting of a linear single degree of freedom system and estimates the seismic forces
for the fundamental period only, as it can be shown in Figure 2-2. As a first step, the estimated period
for the structure, T,, is calculated in seconds as:

Ta = CL' hn,’i [2-1]

where h,, is the height of the building in meters, while C; and x are parameters that depend on the
structural typology of the building, as shown in Error! Reference source not found.. Afterwards, the
seismic coefficient, C,, can be calculated by using Equation [2-2]:

C, = Sps [2-2]
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Table 2-1. ASCE 7-16 table for C, and x parameters to determine the approximate period of the structure. (ASCE, 2017)

Structure Type 5 X

Moment-resisting frame systems in which the frames resist 100% of the required seismic force
and are not enclosed or adjoined by components that are more rigid and will prevent the frames
from deflecting where subjected to seismic forces:

Steel moment-resisting frames 0.028 (0.0724)" 0.8
Concrete moment-resisting frames 0.016 (0.0466)° 0.9
Steel eccentrically braced frames in accordance with Table 12.2-1 lines B1 or D1 0.03 (0.0731)° 0.75
Steel buckling-restrained braced frames 0.03 (0.0731)° 0.75
All other structural systems 0.02 (0.0488)° 0.75

“Metric equivalents are shown in parentheses.

This value of Csis limited by Equations [2-3] and [2-4], that depend on the estimated period of the
structure:

S ]
Cs = _011? for T, <T, [2-3]
Ta(7;)
SpaT, )
Co=-2LL  for T,>T, [2-4]
(R
(1)

where:
Sps = design spectral response acceleration parameter in the short period range defined in ASCE
7-16.

Sp1 = design spectral response acceleration parameter at a period of 1.0s as defined in ASCE
7-16.

R = response modification factor as defined in ASCE 7-16. This factor is used to obtain reduced
forces for the inelastic response of the structure and is equivalent to the g factor shown in Figure
2-2 (c).

1, = importance factor as defined in ASCE 7-16.
T, = estimated period of the structure.

T, = long-period transition period as defined in ASCE 7-16.

Accn. A Force A

Elastic
Sa I‘c T 7/
F, ’, q
Fy m, . ,I
— 1 4
- [ - Fy- Inelastic
1
. » 1 . .
T,=C.H 4 B , , -
T Period (s) 1‘ A, Disp.
(a) (b) (c)

Figure 2-2. Conceptual diagram for ELFM. (Sullivan, 2012)
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Having defined the seismic coefficient, the seismic base shear in a given direction is determined using
Equation [2-5]:

Verem = CW [2'5]

where W is the effective seismic weight as defined in ASCE 7-16. Finally, this base shear is distributed
vertically along the structure in the following manner:

Ee = CoxVeLrm [2'6]
and
oo Wil [2-7]
. ?:1(Wih£( )
where:

C, = Vvertical distribution factor.
Verm = total design lateral force or shear at the base of the structure for the ELFM.

w; and w, = the portion of the total effective seismic weight of the structure (W) located or
assigned to level i and x, respectively.

h; and h,, = the height (ft or m) from the base to level i and x, respectively.
k = an exponent related to the structure period as defined in ASCE 7-16.

As a more refined approach, the RSM can also be used. In this case, a multi-modal analysis is performed,
and higher modes are directly considered. According to ASCE 7-16, the number of modes used for the
analysis should be sufficient to obtain a cumulative modal mass participation of at least 90% of the
actual mass.

The general procedure in this case is to calculate, through eigenvalue analysis, the mode shapes (¢;,)
and the corresponding periods (T;,,), where m corresponds to different mode shapes and i corresponds
to the mass locations. Then, the modal mass participation factor is calculated as:

(ZV et Pimmi)” [2-8]

m = TN 2 N
Zi,mzl M Di=1 My

Then, the modal base shear for each of the modes is calculated as:

N 2-9
Ve =Sang (pmz mi) 2]

=1

where Sa,, is the acceleration corresponding to each mode and g is the acceleration due to gravity.
Finally, the forces for each of the modes are distributed along the structure as follows:
F =V Pimm; [2-10]
=Vt
m =1 DimMy
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Having this distribution of forces for each mode, the internal forces in the elements or interest parameters
can be calculated. The combined response of the parameters can then be obtained by using the square
root of the sum of the squares (SRSS) method, the complete quadratic combination (CQC) method or
any other approved method prescribed in ASCE 7-16.

For the case of ASCE 7-16, the forces obtained using RSM must be scaled so that when the combined
response for the combined modal base shear is less than 100% of the calculated base shear obtained by
ELFM, the forces are multiplied by V /Vggy, where:

Verrm = base shear obtained by ELFM.
Versy = combined base shear obtained by RSM.

The scaling is done to provide a minimum base shear for design and ASCE 7-16 explains that this scaling
is due to studies showing that using less than 100% of the base shear calculated by ELFM can result in
larger probabilities of collapse than the targeted 10% in 50 years. Doing this scaling is intended to
mitigate this increased collapse vulnerability. It is noted, however, that the deformations are not scaled
in a similar manner. This essentially means that the force reduction factor is being reduced to give the
same base shear as the ELFM.

One of the main reasons to use a force-based method, as described before, is that it is easy to implement
from a computational point of view. However, this method has several drawbacks that can cause
inconsistency from a mechanics-based viewpoint. Sullivan (2012) presents the following shortcomings
to the force-based method:

= Force reduction factors should not be set independent of expected ductility demand: non-
structural displacement limits can often limit the ductility demand in the structure, and therefore
setting reductions factors based solely on the ductility capacity of the members appears to be
misleading in terms of actual building performance;

= The use of elastic stiffness for the prediction of inelastic force distribution: because of the
formation of plastic hinges in some elements at different stages of the seismic loading, the
stiffness can drastically change in the inelastic range, causing the distribution of forces in the
building to differ from that of a purely elastic system;

= The relationships used to relate elastic displacement to inelastic displacement response: as
Figure 2-2 (c) shows, in force-based methods it is generally assumed that the displacement of
the inelastic system is equal or similar to the displacement of the elastic system under the elastic
seismic demand force (F,). This relationship, in reality, depends on the hysteretic properties of
the structure, and this is not well-addressed in the force-based methods.

2.2.2 Displacement-based design

Large research efforts have been made to develop alternative methodologies that can address the
deficiencies of force-based methods of design. Many displacement-based methods have been proposed,
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however, the most developed one is the direct displacement-based design (DDBD) method described by
Priestley et al. (2007), which will be the one used in this study. The DDBD method consists of
transforming the structure into an equivalent single degree of freedom (SDOF) system with an
equivalent height (H,,), an equivalent mass (m,), and equivalent stiffness (K,) and an equivalent viscous
damping (£), as shown in Figure 2-3.

-
m, brrasssnssawnese s o
[ i ]n ----- K / !
' / ;
H K; ol !
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- i ;
K ;
—_— 1
4y Aq
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0,1

Damping ratio,&
Displacement (m)
1

0,05

TR R I T T Y

0 — T T T 75T T FTr 1
0 2 4 6 0 1 2 3 5
Displacement ductility Period (s)

(c) (d)
Figure 2-3. Conceptual diagram for DDBD. (Priestley et al., 2007)

Contrary to force-based methods, where the design is performed in an iterative way, checking the
displacements at the end of the process, the first step in DDBD method is to establish a performance
criterion (usually storey drift) in the following form:

g — (i1 +4) [2-11]
(e — x)

where A;,; and A; are the maximum displacement in consecutive levels and (x;,; — x;) is the height of
each level. For the case of RC frames, the displacement demands are expressed in the following way:

4H, — hi) [2-12]

Ai = (Deechi (—4-Hn — h1

where h; is the height of the level in study, H,, is the total height of the building, wg is a higher mode
drift reduction factor and 6. is the drift limit targeted at the beginning of the design. The displacements
obtained from Equation [2-12] are used to calculate the equivalent SDOF system characteristics as
follows:
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2, = Zi=a(midi) [2-13]

n

me = Y (mid)/ba

i=1

H, = Zn:(miAihi)/zn:(miAi) [2-15]
=1 i=1

The ductility demand of the system can be calculated as the ratio between the characteristic displacement
(A4) and the yield displacement (4,,) as shown in Figure 2-3(b). Then, the equivalent viscous damping,
which is defined as a function of the ductility demand of the system (as opposed as what is done in
force-based methods), can be obtained as shown in Figure 2-3(c), depending on the type of structure in
study. Having this equivalent damping, one can scale the design displacement spectrum using a spectral
modification factor. The DBD12 Model Code provides the following expression for the modification
factor:

[2-14]

)

With this scaled displacement spectrum, it is possible to read the required effective period (7,) as shown
in Figure 2-3(d). Then, the effective stiffness and design base shear can be obtained from the following
expressions:

Ke — 4_“2% [2'17]
Té
mggA -
Vo = Kolg + c—‘;{g 1 [2-18]
e

It is important to notice that the right-side term of Equation [2-18] takes into account P-Delta effects,
where C is a coefficient that depends on the structural typology utilised. The base shear (V},) can be
distributed along the height of the structure as equivalent lateral forces in the following form:

& 2-19
F; = kV, (miAi)/z(miAi) [2-43]
i=1

It is recommended that 10% of the base shear is lumped at the roof level for structures that develop
plastic hinges throughout the height of the building, such as frame buildings. The k factor in Equation
[2-19] is introduced to take this into account, i.e., in the case of lumping 10% of the base shear in the
roof level, then k = 0.9. In this way, 90% of the base shear is distributed throughout the height and 10%
is lumped at the roof level.



Chapter 2. Literature Review

2.3 Risk assessment methodology

As discussed earlier, current codes intend to produce building designs that can meet certain performance
objectives (e.g. maximum inelastic drift for a certain return period), but they are prescriptive by nature
and do not provide a methodology to properly evaluate if these performance levels are met and if the
associated risk is acceptable for the design.

Evaluating the implicit risk of code-conforming buildings requires a detailed assessment that can
provide a quantitative reference on the amount of safety of a structure for a given limit state. As the
variables involved in such an analysis (e.g. hazard assessment, modelling uncertainty) are probabilistic
in nature, then this amount of safety can be expressed as the mean annual frequency of exceeding a
certain limit state threshold of a chosen engineering demand parameter (EDP), which can be defined in
a number of ways, usually in terms of storey drift.

After observing the poor performance of moment-resisting steel frame buildings in the 1994 Northridge
earthquake, the SAC/FEMA project was founded to study and improve the performance of these
building typologies. One of the main results of this project was the concept of seismic performance
assessment through the implementation of the mean annual frequency of exceedance (MAFE) of a limit-
state proposed by (Cornell et al., 2002). This approach links the probabilistic seismic hazard analysis
(Cornell, 1968) with the structural response through an EDP via the hazard curve for a specific site. By
convolution of the hazard curve, H(s), the MAFE of a certain limit state (1;5) can be estimated as
proposed by:

T dp(C < D [2-20]
/1L5=f %H(s)ds

0
where C and D are the capacity and demand, respectively, of a certain structure.

In order to find a closed-form solution (Cornell et al., 2002) proposed a linear approximation of the
hazard curve in the log-log space as follows:

H(s) = P = ky,s7%1 = k, exp(—k,Ins) [2-21]
where k, and k, represent the slope and the intercept of the line that is being fitted in log-log space.

Bradley & Dhakal (2008) demonstrated that this solution is very sensitive to the selected values of
k, and k,, and can induce rather large calculation errors of the MAFE and proposed an alternative
hyperbolic model fit. For this reason, Vamvatsikos (2013) proposed a fitting solution that is more
reliable and gives a better fitting throughout the curve by making a second-order approximation in the
log space as follows:

H(s) = k, exp(—k,In?s — kqIns) [2-22]

where k, represents the local hazard curvature, which is essentially an extension to the functional form
of the linear model outlined in Equation [2-21]. Then, the final closed-form solution for the MAFE with
a 50% confidence interval proposed by Vamvatsikos is given as follows:

10
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- . k? 2-23
s =B KT TGP e |11 ) 12:23]
2
where H(8.) is the median hazard value and p can be expressed in the following way:
1 [2-24]

P I+ 2,82

where Bs. is the intensity measure (IM) dispersion due to record-to-record variability (i.e. aleatory
uncertainty). In addition to this, it is possible to take into account the epistemic uncertainty (e.g.
modelling uncertainty) by introducing additional dispersion S due to epistemic sources. It is possible
to obtain the total dispersion Srs. by using the square root of the sum of squares (SRRS) as follows:

BTZ"SC = Bbgc + ﬁl%Sc [2-25]

Figure 2-4 shows, in a graphical way, the process explained above to obtain a MAFE curve. Figure
2-4(a) shows the median and the 16% and 84% fractile of the IDA distribution. For a given level of drift
0, it is possible to obtain the median $ and the dispersion Ss. for the considered IM. Then, with the
fitted hazard curve H(s) shown in Figure 2-4(b) it is possible to obtain the MAFE 4, of the limit state
defined by the drift 8,. This process may be repeated for different levels of drift (i.e. different limit
states) to obtain the final MAFE curve shown in Figure 2-4(c), where it is possible to read, for a given
drift 8, the corresponding MAFE A4,.

S
84% Fractile
Median
S
y 16% Fractile ( a )
6
(b)
S
(c)
e

8,

Figure 2-4. Graphical representation of risk assessment process for the MAFE.

11
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2.4 Previous studies on risk consistency on code compliant buildings

Knowing the risk and being able to quantify it has been the scope of important projects around the world,
such as FEMA P-58 (Federal Emergency Management Agency, 2012) that has created a complete
methodology that is aimed to assess the seismic performance of new and existing buildings.
Additionally, some effort has been focused on obtaining better response parameters as shown in the
report FEMA P-695 (FEMA & ATC, 2009). These response parameters correspond to the response
modification coefficient R, the system overstrength factor Q,, and the deflection amplification factor C,4
that are currently used to modify the elastic analysis done during the FBD methodology proposed in
ASCE 7-16 (ASCE, 2017). These factors are particularly important, as they are the basis for the
estimation of non-linear behaviour in the FBD method and can affect greatly the seismic performance
of buildings designed in this manner, as well as their implicit risk.

Although the aforementioned studies try to improve the seismic performance of the buildings, this does
not mean that the result will be risk-consistent when assessed using more robust methodologies. In Italy,
the RINTC project (RINTC Workgroup, 2018) has been working on analysing code-conforming
structures to assess their implicit seismic risk when designed using the current regulations to examine
what the implicitly accepted risk is of these buildings for modern design. Some of the findings have
shown that the risk is not consistent, not only for different hazard levels, but for different structural
typologies as shown in Figure 2-5.
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Figure 2-5. Annual rate of collapse for structures subjected to different hazard levels increasing from left to right. (lervolino,
Spillatura, & Bazzurro, 2017)

As an attempt to provide a more uniform risk for the designs, codes, as ASCE 7-16, have implemented
risk-targeted hazard maps. These maps aim to establish a design ground motion that can produce a
uniform level of risk for different designs. Silva et al. (2014) present a framework from which these

risk-targeted hazard maps can be implemented in Europe.

2.5 Summary

This chapter explains the theoretical background for FBD and DBD methodologies that will be used for
design of the case study buildings. It is shown how both methodologies deal with the inelastic behaviour

12
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of the structures during a seismic event. In the case of FBD, the elastic spectrum is transformed into an
“inelastic” spectrum by means of the R factor, and subsequently the design is performed using an elastic
model where the forces and displacements need to be modified by the Q, and C, factors as specified in
ASCE 7-16. On the other hand, DBD methodology transformed the entire structural system into an
equivalent single degree of freedom system where the hysteretic behaviour of the particular structural
typology is taken into account to generate a structure with the necessary stiffness to target the limit state
of interest, in this case drift. Chapter 3 and Chapter 4 refer to the case study buildings and its design for
both these methodologies and which are the main resulting differences.

Additionally, the risk assessment methodology and previous studies referring to this topic where
presented. The risk assessment is developed, using this theoretical background, in Chapter 6.

13



Chapter 3. General Overview of Analyzed Buildings

3 GENERAL OVERVIEW OF ANALYSED BUILDINGS

3.1 Introduction

This study focuses on RC frames structures located in Costa Rica. According to site-hazard
characteristics explained in Chapter 5, ASCE 7-16 (ASCE, 2017) classifies the seismic design as
category D (see Chapter 4), which means that the site is in an area of high seismic hazard. As such, the
only typology permitted corresponds to special moment frames as defined by the ACI 318-14 (AClI,
2015).

The risk assessment is performed for 3, 6 and 9 storey buildings with heights of 9 m, 18 m and 24 m
respectively. Figure 3-1 shows the general elevation geometry for the 3-storey building, whereas for the
other building heights, the same configuration was adopted.

6 m 6m 6m 6m

L 4 4 4 -

Figure 3-1. Three storey building elevation geometry.

Buildings are fully symmetrical in plan and regular in both height and plan. Each building is designed
using DDBD method and RSM, for a total of 6 buildings.

3.2 Materials

The materials used in the design and assessment of the buildings are concrete and steel reinforcement,
whose properties are defined in ACI 318-14 (ACI, 2015). Table 3-1 provides the mechanical
characteristics used for concrete, where f; is the concrete compression strength at 28 days, Ec is the
elastic modulus of concrete and / is a reduction factor for lightweight concrete.

14
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Table 3-1. Concrete main mechanical characteristics.

Parameter Value Code requirement Reference
fe 28 MPa Minimum 21 MPa ACI Table 19.2.1.1
24870 ,
Ec 4700V(f,) ACl19.2.2.1
MPa

Depends on type of concrete,
A 1 . . ACI Table 19.2.4.2
1 is for normal-weight.

The characteristics for steel reinforcement are shown in Table 3-2, where fy is the strength of steel at
yield and Es is the elastic modulus of steel.

Table 3-2. Steel reinforcement characteristics.

Parameter Value Code requirement Reference
420 MPa for special seismic ACI Table
fy 420 MPa ——
applications 20.2.2.4a
Es 200 GPa 200 GPa ACI20.2.2.2

3.3 Design loads

The considered loads for design are dead, live and seismic loads, according to ASCE 7-16 (ASCE, 2017)
standard for minimum design loads for buildings and other structures. For this study, the loads
correspond to a normal office building and its main components. Dead loads are composed of self-
weight of structural components such as columns, beams, floor system, and additional loads such as
floor finish, ceiling system, lightweight divisions and electromechanical pipes, ducts and equipment.
The specific values for each component are shown in Table 3-3. A live load of 2.40 kN/m? is used for
the design, as this is the minimum value proposed by ASCE 7-16.

Table 3-3. Floor loading (other than self-weight).

Load . >
Type Component Weight [kN/m?]
Floor system 3.20
Floor finish 0.50
Ceiling system 0.20
Dead loads Electromechanical 0.10
Light-weight divisions 0.76
Sub-total 4.76
. Minimum required by code 2.40
Live loads Sub-total 2.40
Total 7.16

Seismic loading is obtained from probabilistic seismic hazard assessment (PSHA) specifically done for
San José, Costa Rica. The results of PSHA will be discussed in Chapter 6.

15
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3.4 Structural system

The structural system used is a special moment frame as defined in Chapter 18 of ACI 318-14 (ACI,
2015) for earthquake-resistant structures. The provisions used for the design provide a structure that can
resist earthquake motions through ductile inelastic response of beams and columns. In the case of beams,
plastic hinges are formed in both edges of the members, while columns only form plastic hinges at the
base of the building. Capacity design is implemented so that the failure mechanism of the frame is

ductile and there is no brittle failure due to shear demands in the members.

The study comprises eight buildings: (i) one set of three buildings designed using the FBD approach
(ASCE 7-16); (ii) another set of three buildings using the DBD method proposed in the model code
DBD12; and (iii) a set of two three-storey buildings (FBD and DBD) designed without taking into
account gravity loads in the beams to study the impact in the behaviour and MAFE. The main
geometrical characteristics of the buildings are shown in Table 3-4. Figure 3-2 through Figure 3-4 show
the main geometrical dimension of the buildings.

Table 3-4. Frame building geometrical characteristics.

Building Design Bay span Storey height No.
No. method [m] [m] storeys
3-FB FBD 6 3 3
6-FB FBD 6 3 6
9-FB FBD 6 3 9
3-DB DBD 6 3 3
6-DB DBD 6 3 6
9-DB DBD 6 3 9

3-FB-NG FBD 6 3 3

3-DB-NG DBD 6 3 3

Figure 3-2. 3D view of the buildings.
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The analysed buildings are space frames, which means that all of the columns and beams form part of
the lateral load resisting system. Figure 3-3 shows the plan configuration of the frame, where it is
possible to observe that all columns are connected by beams that form the frames in both directions.

6.00m

-

6.00m

6.00 m 6.00m
| Lol =t

-

- B = = =1 = =1

- H = = e — —

Figure 3-3. T'ypical floor geohwetry for the bu'ildings.

bbb L e
S O O O = e L e e O
S e B O > :
SN 1A N Y s e s e
510 e O s
S — -4 . -0 vy r y v w4y ¥y _ _pr__J¥__y I _

Figure 3-4. Elevation for 3,6 and 9 storey buildings.

3.5 Summary

The main geometrical and material characteristics where of the analysed buildings where presented in
this chapter. The following chapter explains in detail the aspects of design for each of the buildings of
the case study and makes a comparison between methodologies.
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4 BUILDING DESIGN

4.1 Introduction

The design for the complete set of six buildings is performed in this section. Distribution of forces and
displacements along the building height are presented for each of the design cases, as well as specific
member (columns and beams) design, including geometry and reinforcement areas for both flexure and
shear forces.

A comparison between both design results (FBD and DBD) is performed through direct comparison of
shear and drift distribution, and through nonlinear static pushover analysis.

4.2 Analysis model
4.2.1 Load factors and combinations

As established in ASCE 7-16 (ASCE, 2017), the structure and its components shall be designed so that
their strength equals or exceeds the effects of the factored loads of the following combinations:

= Combination1 : 1.4D

= Combination2 : 1.2D+1.6L +0.5(L;or SorR)

= Combination3 : 1.2D +1.6(L;or S or R) + (L or 0.5W)
= Combination4 : 1.2D +1.0W + L +0.5(L;or S or R)

= Combination5 : 0.9D +1.0W

= Combination6 : 1.2D+E,+Ex+ L +0.2S

= Combination7 : 09D -E,+Ej

where D is the dead load, L is the live load, L. is the roof life load, S is the snow load, R is the rain load,
W is the wind load, E. is the vertical earthquake load and E is the horizonal earthquake load. For the
purpose of this study, no rain, snow or wind loads were considered.

18
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4.2.2  Model geometry

A two-dimensional elastic analysis was performed in order to obtain the internal forces of the elements
according to the force distribution given for both FBD and DBD methods. Figure 4-1 through Figure

4-3 show the geometry of each of the models for 3, 6 and 9 storeys.
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Figure 4-1. Model geometry for 3 storey building.

~

G

g
(5]

5§

'53

Figure 4-2. Model geometry for 6 storey building.
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Figure 4-3. Model geometry for 9 storey building.
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4.2.3  Sectional properties of elements

To take into account the cracked stiffness of concrete sections, ACI 318-14 (ACI, 2015) foresees that
for elastic analysis, the values for cross-sectional area and moment inertia be taken as stated in Table
4-1, where I, is the gross moment of inertia and A is the gross cross-sectional area.

Table 4-1. Moment of inertia and cross-sectional area for elastic analysis.

Moment of Cross-sectional
Member and condition Inertia area
Columns 0.70I,
Uncracked 0.70Z;
Walls
Cracked 0.351, 1.04,
Beams 0.351
Flat plates and flat slabs 0.25I

4.3 Force-based design

Forced-based design is done using the approach proposed in the standard ASCE 7-16 (ASCE, 2017).
For this case study, the response spectrum is obtained using the uniform hazard spectrum (UHS) from
the probabilistic seismic hazard assessment done for a specific site in San José, Costa Rica, discussed
further in Chapter 5. ASCE 7-16 (ASCE, 2017) defines the steps to define the seismic design category,
which will be used to define the seismic design requirements for the buildings designed with FBD
method. For this purpose, the parameters in Table 4-2 are defined using the UHS and considering a soil
characterised by Vs3=265 m/s. The selection of this specific Vs3o is related to the analysis being
performed for a generic site in San José, for which there is no specific soil testing. As such, the Costa
Rican Seismic Code (CFIA, 2011) defines that where the soil properties are not well defined, the soil
type should be taken as Type Ss, which has an average value of Vs30=265 m/s. As defined by the code,
this type of soil has a soil profile of 6-12 m of clay with soft to medium stiffness or non-cohesive soils
of low to medium density.

Table 4-2. Seismic parameters for constructing the design response spectrum according to ASCE 7-16.

Parameter | Value Definition

Spectral acceleration for 1s period for maximum credible earthquake with

S1 0.81g .
a return period of 2500 years.

s, 2.44g Spectral acceleration for short period (0.2s) for maximum credible
earthquake with a return period of 2500 years.

Fa 1 Short period site coefficient as defined in table 11.4-1 of ASCE 7-16.

Fv 15 Long period site coefficient as defined in table 11.4-2 of ASCE 7-16.

Swis 2.449 Ss modified by site class effects.

Swm1 1.215g | S: modified by site class effects.

Sos 1.63g Design spectral acceleration for short period (Return period of 475 years).

So1 0.54g Design spectral acceleration for long period (Return period of 475 years).
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Having the above-mentioned parameters, it is possible to define the elastic design response spectrum as
shown in Figure 4-4. This spectrum corresponds to the elastic demand, then, for the design of the ductile
moment frame the obtained forces are reduced a factor R equal to 8, value specified by ASCE 7-16
(ASCE, 2017) for RC special moment frames.
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0.00 t t t t t t t i
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Figure 4-4. Design response spectrum according to ASCE 7-16 calibrated with the UHS data for a 475-year return period.

With these parameters, the following seismic design category for the buildings can be defined.

Table 4-3. Seismic design category definition.

Parameter Value
Importance factor, I. 1.0
Risk Category 1
Site Class D
Seismic Design Category D

4.3.1 Equivalent lateral force method (ELFM)

An equivalent lateral force analysis was performed according to the ASCE 7-16 (ASCE, 2017)
procedure. As a first step, the estimated fundamental period is calculated using Equation [4-1].

To = Cihy [4-1]

where C; and x are coefficients that depend on the structural typology, for RC moment frames the values
are 0.0466 and 0.9 respectively, and h,, corresponds to the height of the structure.

Then, the seismic coefficient, C;, can be calculated by using general expression in Equation [4-2]:

Sps [4-2]
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This value of C;is limited by Equations [4-3] and [4-4], that depend on the estimated period of the
structure:

S -
Cs = 011? for T, <T, [4-3]
Ta(r,)
SpaT, -
SzLRL for Ty >T, [4-4]
2
7 (7,)

where Sp¢ is the design spectral acceleration for short period, R is the response modification factor and
I, is the importance; for this case the values correspond to 1.63, 8 and 1 respectively. This seismic
coefficient has a lower and upper bound as previously explained in Section 2.2.1.
Table 4-4 shows in a summarised way the results for the ELFM. Calculation details can be found in
Appendix B.

Table 4-4. Summary of calculations for ELFM.

Building | Ta(s) Co | WIKN] \{lE(L,\j]M
3FB | 034 020 | 2572 523
6FB | 063 0.16 | 5154 827
9FB | 0.90 0.11 | 7717 868

4.3.2 Response spectrum method (RSM)

The final design of the buildings was performed using RSM, as it is believed that this is a more detailed
method and can capture the effects of higher modes. However, the RSM is governed by a clause in the
design that stipulates that the ELFM, described and conducted in the previous section, should be used
to determine a minimum base shear for the design when the fundamental period of the structure,
calculated by eigenvalue analysis, exceeds the limit C,T.. Therefore, a scaling factor should be used
when RSM results in a design base shear lower than the ELFM, meaning that the design base shear
should be at least that of the ELFM, stated as follows:

“12.9.1.4.1 Scaling of Forces. Where the calculated fundamental period exceeds C,Ta in a given
direction, CyTashall be used in lieu of T in that direction. Where the combined response for the modal
base shear (Vi) is less than 100% of the calculated base shear (V) using the equivalent lateral force
procedure, the forces shall be multiplied by V.X/:.” (ASCE, 2017)

In this case, C, refers to the coefficient for upper limit on the calculated period, which is variable
depending on the value of Sp; and Tais the previously estimated period of the structure. It is important
to mention that for the scaling, the ELFM base shear V is obtained by performing an ELFM analysis
with the period CyTa.

A modal analysis was performed for the three buildings. Figure 4-5 through Figure 4-7 show the mode
shapes for the first three modes of the three buildings and, as expected, the first mode (i.e. fundamental
mode of vibration) is translational with a high mass participation ratio as discussed afterwards.
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Figure 4-6. First three modes of vibration for 6 storey building, first mode (a), second mode (b) and third mode (c).
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Figure 4-7. First three modes of vibration for 3 storey building, first mode (a), second mode (b) and third mode (c).

Table 4-5 through

(©)

Table 4-7 present the main results for the modal analysis. As it can be observed, the cumulative mass
participation ratio is higher than 90% for mode 2, which is sufficient to comply with ASCE 7-16 (ASCE,

2017).

Table 4-5. Modal analysis results for 3 storey building.

Mode Period [s] M [%0] Cumulative mass [kg]
1 0.61 82.34 212646
2 0.17 95.87 247588
3 0.09 100.00 258254

Table 4-6. Modal analysis results for 6 storey building.

Mode Period [s] M [%] Cumulative mass [kqg]
1 1.25 80.46 419213
2 0.39 91.15 474910
3 0.20 95.72 498721
4 0.13 98.23 511798
5 0.09 99.56 518728
6 0.07 100.00 521021
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Table 4-7. Modal analysis results for 9 storey building.

Mode Period [s] M [%] Cumulative mass [kg]
1 1.92 80.15 628206
2 0.61 90.07 705958
3 0.34 94.10 737545
4 0.22 96.39 755494
5 0.16 97.88 767172
6 0.12 98.89 775088

As mentioned before, ASCE 7-16 (ASCE, 2017) requires a force scaling when the fundamental period
calculated in the eigenvalue analysis exceeds C,T. and if base shear of the modal analysis is less than
the base shear calculated by the ELFM using the upper bound period C,T.. Table 4-8 shows a
comparison between the fundamental mode calculated in the modal analysis and the upper bound period.
As observed, in all the cases the upper bound period is less than the calculated with the modal analysis
hence the base shear calculated for ELFM should use the upper bound period.

Table 4-8. Comparison between fundamental period of modal analysis and upper bound of ASCE 7-16.

Bwldmg Cu Ta (S) CuTa (S) T1, modal (S)
3-FB 1.40 0.34 0.47 0.61
6-FB 1.40 0.63 0.88 1.25
9-FB 1.40 0.90 1.27 1.92

Table 4-9 shows the calculated base shear using ELFM (with the upper bound period) and the modal
base shear Vrsm. The Vrsm Was obtained by modal superposition using SRSS. The force scaling factor
is then calculated as the ratio between both values. All forces are amplified in this way to obtain the

design forces.

Table 4-9. Force scaling factor according to ASCE 7-16.

- Force scaling
Building | VeLrm [KN] | Vrsm[kN] Veep [KN] factor
3-FB 523 268 523 1.95
6-FB 592 249 592 2.38
9-FB 617 217 617 2.85

4.3.3 Building Design

When using the FBD method, ASCE 7-16 establishes as a performance objective that the storey drift is maintained under a
certain allowable drift that depends on the structure typology and the risk category, as shown in

Table 4-10. In this case, the structures fall under the definition of “All other structures™ and risk category
Il as previously stated. Additionally, for RC moment frames that fall under the Seismic Design Category
D, the value of allowable drift is reduced if the building is not regular and has little structural
redundancy, which is not the case for this case study. Then, the maximum permitted drift is identified
as A,=0.020.
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Table 4-10. Allowable storey drift according to ASCE 7-16. (ASCE, 2017)

Table 12.12-1 Allowable Story Drift, A,*?

Risk Category

Structure lorll U} v
Structures, other than masonry shear wall structures, four stories 0.025h,,° 0.020h,, 0.015h,,

or less above the base as defined in Section 11.2, with interior

walls, partitions, ceilings, and exterior wall systems that have

been designed to accommodate the story drifts
Masonry cantilever shear wall structures” 0.010h,, 0.010h,, 0.010A,,
Other masonry shear wall structures 0.007h,, 0.007h,, 0.007h,,
All other structures 0.020h,, 0.015h,, 0.010h,,

“h,, is the story height below level x.

"For seismic force-resisting systems solely comprising moment frames in Seismic Design Categories D, E, and F, the allowable story drift shall comply with the
requirements of Section 12.12.1.1.

“There shall be no drift limit for single-story structures with interior walls, partitions, ceilings, and exterior wall systems that have been designed to accommodate
the story drifts. The structure separation requirement of Section 12.12.3 is not waived.

“Structures in which the basic structural system consists of masonry shear walls designed as vertical elements cantilevered from their base or foundation support
that are so constructed that moment transfer between shear walls (coupling) is negligible.

ASCE 7-16 establishes the following formula for the calculation of the inelastic deflection, §,, at any
level, x:

Where C, is the deflection amplification factor, d,. is the elastic deflection from the analysis and I, is
the importance factor. The deflection amplification factor is associated with the typology of the structure
and for special RC moment resisting frames the value of C; = 5.5.

The storey drift is computed as the largest difference of deflections of vertically aligned points at the
top and the bottom of the storey along any of the edges of the structure. Figure 4-8 shows the design
displacements and the corresponding drift profiles per storey for the three-storey building (3-FB). As it
can be observed the largest drift is at the second floor and corresponds to a value of 1.10% which is
lower than the allowable limit of 2%. In this case the structure could be optimised by reducing the cross
section of columns and beams, but it is not possible, as these dimensions are the lower bound to resist
gravitational loads, where the Combination 2 governs the design in the case of the beams. The columns
cannot be reduced as the actual dimension (500 mm x 500 mm) is the minimum to provide enough
development length and confinement for the reinforcement bars of the beam and also because the
columns must comply with the capacity design that is explained in further detail in Section 4.6.3.
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Figure 4-8. Displacement and drift profile for RSM, 3 storey building.

Figure 4-9 shows the shear force profile for the three-storey building. As it can be observed, the dashed
line corresponds to the base shear calculated by the modal analysis and the continuous line corresponds
to the scaled base shear using the factor required to maintain the minimum base shear given by the

ELFM, as described in the previous section.
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Figure 4-9. Shear profile for RSM, 3 storey building.
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Figure 4-10 shows the displacement profile and the drift profile for the six-storey building (6-FB). In
this case, the maximum drift is at level two with a value of 1.20%, which is closer to the allowable drift
of 2%. Drift wise, the design is again not optimal, it would be possible to accommodate larger
deformations, but the same issue, as discussed before, of minimum cross-sectional dimensions, would
arise.
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Figure 4-10. Displacement and drift profile for RSM, 6 storey building.

Figure 4-11 shows the shear profile for the six-storey building (6-FB) for the un-scaled and scaled case.
It can be observed that the amplification produced by the scale factor is very considerable as the base
shear more than doubles. ASCE 7-16 (ASCE, 2017), in its commentary, mentions that this scaling has
to be done because studies have shown that considering a lower base shear can result in very flexible
buildings that have a higher than expected risk of collapse. Consequently, incrementing the base shear
results in a stiffer building with a lower lateral deformation.
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Figure 4-11. Shear profile for RSM, 6 storey building.

Figure 4-12 shows the displacement profile and drift profile for the nine-storey building (9-FB). It can
be noticed that the maximum drift is approximately 1.00% in this case and it is lower than the allowable.
The maximum drift is also slightly lower than the one for the six-storey, although the base shear shown
in Figure 4-13 is slightly higher than the for the six-storey building. This can occur because the drift is
higher in levels other than the critical one.
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Figure 4-12. Displacement and drift profile for RSM, 9 storey building.
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Figure 4-13. Shear profile for RSM, 9 storey building.

As observed in all the above cases, the base shear given by the RSM without scaling is considerably low
when compared to the base shear with the scaling. These low values of base shear are due to two main
factors. The first is the moment of inertia reduction factors given by ACI for the cracked concrete
sections, which lowers the stiffness of the structure and as a result the period increases considerably
when compared to the estimated periods obtained during the ELFM design. Secondly, all of the
buildings are governed mostly by the first mode, which is the one with the longest period. As the
majority of the shear demand comes from the first mode response, which has a long period, thus a low
spectral acceleration, the total base shear is low.

Considering this displacements and shear force profiles it is possible at this point to perform the design
for the individual members of the building. Specific element design is detailed in Section 4.6 of this
document.

4.4 Displacement-based design

A displacement-based design was performed for the three buildings with different heights in order to
compare the results with the FBD, following the DB12 model code (Sullivan et al., 2012).

4.4.1 Design parameters

As discussed in Section 2.2.2 of this document, the first step in DBD is to establish a performance
objective. In order to match and being able to compare both methods (FBD and DBD), the same
performance objective was selected. This performance objective is a maximum drift of 2.00% in any
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level. Then, an equivalent SDOF is obtained to target the performance objective. Table 4-11 shows the
equivalent SDOF system parameters for each of the buildings, where 4qis the design displacement, m.
is the equivalent mass, He is the equivalent height, &q is the equivalent viscous damping, Te is the
equivalent period, K is the equivalent stiffness and Vj is the total base shear for design.

Table 4-11. Equivalent SDOF system parameters for DBD.

Building

Parameter 3DB 6-DB 9DB
Drift limit [%] 2% 2% 2%
Aq [m] 0.12 0.20 0.25
me [kg] 235377 478328 791156
He [m] 6.83 12.66 18.51
Eeq [%0] 10.92% 9.63% 7.79%
Te [s] 1.29 2.57 3.62
Ke [KN/m] 5584 2859 2383
Vh [KN] 676 600 656

4.4.2 Building design

The displacement profile and the targeted drift profile for the three-storey building (3-DB) can be
observed in Figure 4-14. The expected maximum drift is at the first floor.
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Figure 4-14. Displacement shape and drift for 3 storey building.

Once the base shear is obtained, it is possible to distribute it at each level as shown in Figure 4-15. It is
important to notice that in the latter force distribution a 10% of the base shear is lumped at the last level,

as recommended in the DBD12 model code.
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Figure 4-15. Lateral force and base shear for 3 storey building.

Figure 4-16 shows the displacement and targeted drift profile for the six-storey building (6-DB). Figure
4-17 shows the lateral force distribution (with the 10% base shear lumped at the 6" storey) and the shear

force profile.
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Figure 4-16. Displacement shape and drift for 6 storey building.
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Figure 4-17. Lateral force and base shear for 6 storey building.

The displacement profile and the targeted drift profile for the nine-storey building (9-DB) are shown in
Figure 4-18, while the lateral force and shear force profiles are shown in Figure 4-19.
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Figure 4-18. Displacement shape and drift for 9 storey building.
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Figure 4-19. Lateral force and base shear for 9 storey building.

It is possible to observe from the design that the three-storey building is the one that has the maximum
total base shear. This occurs because the six and nine-storey building have a larger equivalent period
with a lower equivalent stiffness, which results in a lower total base shear.

4.5 Design comparison between methods

The following figures show a comparison between the designs for the three building heights for FBD
and DBD. Additionally, the design for the un-scaled RSM case in FBD is presented. Figure 4-20 shows
the design comparison for the three-storey building. It can be observed that the DBD method yields a
higher base shear than the FBD method, and it is important to notice how the scaling done to the RSM
has a considerable repercussion in the design base shear.
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Figure 4-20. Shear profile comparison between DBD and RSM for 3 storey building.
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For the case of the six-storey buildings, the base shear, and in general, the shear profile, is practically
the same for both methods (FBD and DBD), as shown in Figure 4-21. If no scaling would be used, the
difference between the two methods would be considerable.
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Figure 4-21. Shear profile comparison between DBD and RSM for 6 storey building.

In the nine-storey buildings, the base shear is slightly higher for the DBD method as shown in Figure
4-22. Also, it can be observed that DBD gives higher shear forces until approximately the middle of the
height (storey 5), where a shift occurs and FDB gives the higher shears for the last floors.
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Figure 4-22. Shear profile comparison between DBD and RSM for 9 storey building.

Table 4-12 shows the ratio between the design base shear, V, and the total building weight, W, for each
of the design cases. It is possible to observe that for all the cases (FBD and DBD), as the height increases,
this ratio gets considerably lower. This is due to the fact that, as the height increases, the period increases
and then the spectral acceleration is lower, finally leading to a lower base shear demand.

35



Chapter 4. Building Design

Table 4-12. Base shear ratio for the different design methods and heights.

Design case Design base shear V | Total weight V/W
(kN) W (kN) ratio

3-DB /3-DB-NG 676 2532 0.27
3-FB / 3-DB-NG 523 2532 0.21
6-DB 600 5108 0.12

6-FB 592 5108 0.12
9-DB 656 7685 0.09

9-FB 617 7685 0.08

4.6 Element design and detailing

Concrete element design and detailing is performed for all design cases following the ACI Standard
“Building Code Requirements for Structural Concrete, ACI 318M-14” (American Concrete Institute,
2015). Concrete design properties (ACI 318M-14 19.2) and reinforcement steel properties (ACI 318M-
14 20.2) are code compliant. The strength reduction factors, ¢, used for the design are as shown in Table

4-13.

Table 4-13. Strength reduction factors for RC concrete members. (ACI, 2015)

Action or structural element ) Exceptions
0.65 to Near ends of preten-
Moment, axial force, or 0' 90 in stoned members where
(a)| combined moment and : strands are not fully
2 accordance .
axial force g developed, ¢ shall be in
with 21.22
" | accordance with 21.2 3.
Additional requirements
are given in 21.2 4 for
®) - &> structures designed to
resist earthquake effects.
(©) Torsion 0.75 —
(d) Bearing 0.65 -
© Post-tensioned anchorage 0.85 .
zones
® Brackets and corbels 0.75 —
Struts. ties, nodal zones, and
@ beanng areas designed m 0.75 .
)| accordance with strut-and- ’
tie method n Chapter 23
Components of connec-
tions of precast members
@) controlled by yielding of 9 _
steel elements in tension
(1) | Plain concrete elements 0.60 —
04510
: Anchors 1n concrete b
0 elements . il
dance with
Chapter 17
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4.6.1 Beam design

RC beams are designed according to ACI 318-14 (ACI, 2015) following the provisions for beams of
special moment frames. All the dimensional limits for the concrete section and reinforcement steel ratios
comply with the requirements stated in the code. In all the cases, torsion and axial loads can be ignored
in the design as their values are lower than the following limits:

P, <0.1f/A,4 [4-5]

A? ]
T, < 0.0831/f/ <ﬂ> [4-6]
pcp
where:

P, : is the factored axial force from the analysis.

T, : is the factored torsion force from the analysis.

fZ: is the concrete compressive strength at 28 days.

Ay is the cross-sectional gross area.

A: is the reduction factor for lightweight concrete.

Ay area enclosed by the outside perimeter of the concrete cross section.

Dcp- OUtside perimeter of the concrete cross section.

Flexural and shear strength of the concrete sections are calculated according to the provisions of ACI
318-14, and have the sufficient strength to comply with:

M, < oM, [4-7]
A [4-8]

where M,, and M,, are the factored moment force and the nominal moment strength respectively. 1, is
the factored shear force and 1, is the nominal shear strength of the section. These forces are obtained
from an elastic analysis on a two-dimensional model described in section 4.2. The seismic force is
distributed along the height of the building as stated in the previous section, and then finding the
corresponding internal forces for each element. Figure 4-23 shows an example of the internal forces
(moment and shear) produced due to lateral seismic loads in the six-storey DBD building.
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@ !

Figure 4-23. (a)Moment diagram and (b)shear diagram for lateral seismic loads in the 6-DB building.

Additionally, the gravitational loads (live and dead) are added in each floor as a distributed load, then
the internal forces for each element are computed. Figure 4-24 shows an example of the internal forces
(moment and shear) that are produced due to the live load in the six-storey DBD building.
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Figure 4-24. (a)Moment diagram and (b)shear diagram for live load in the 6-DB building.

After the internal forces are computed for all the cases (seismic and gravitational), they are combined
according to the approach described in section 4.2.1. Each combination represents the ultimate forces
M,, and V;, that need to be verified according to Equations [4-7] and [4-8].
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4.6.2 Column design

RC columns are designed according to ACI 318-14 (ACI, 2015) following the provisions for columns
of special moment frames. Torsion forces are ignored since they are lower than the threshold presented
before. Axial and flexural strength is analysed as a combined action through an interaction diagram as
shown in Figure 4-25.
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Figure 4-25. Interaction diagram for RC column design. (Wight & MacGregor, 2012)

Shear strength is calculated so that Equation [4-9] complies:
V, < ¢V, [4-9]
4.6.3 Capacity design

Capacity design is performed to prevent brittle shear failures in the RC frame elements. The design shear
force is calculated as the maximum shear force that can be generated at the extreme of the elements due
to the probable flexural strength, M,,,.. ACI 318-14 establishes that it shall be assumed that moments of
opposite sign corresponding to M,,,- act at the joint faces and that the beam is loaded with the factored
tributary gravity load along its span, as shown in Figure 4-26.
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Figure 4-26. Required shear strength due to capacity design for columns and beams. (ACI, 2015)

Additionally, it is required that the columns be stronger than the beams to reduce the likelihood of
column yielding during the inelastic response of the structural system. ACI 318-14 requires satisfying
the following:

> Mue 2 (6/5) ) My [4-10]

where ) M,,. is the sum of nominal flexural strengths of the columns framing into the joint and Y, M,,;,
is the sum of nominal flexural strengths of the beams framing into the joint.

4.6.4 Element design for force-based method

All elements of the frame are designed as explained in the previous section and the detailed calculations
are shown in Appendix C. Table 4-14 and Table 4-15 present the member design characteristics and
reinforcement ratios for each of the buildings for FBD, where:

H: section height.

B: section width.

s: shear reinforcement spacing in the hinge region.

d: distance from the extreme compression fibre to the centroid of the longitudinal tension
reinforcement.

b, longitudinat: lONQitudinal reinforcement bar diameter.
b shear reinforcement. Shear reinforcement bar diameter.

Agn: area of shear reinforcement within the spacing s.
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ps: ratio of As to the gross section area.

Asopend 1: area of the longitudinal reinforcement at the top of the section.

Aspotend 1: area of the longitudinal reinforcement at the bottom of the section.

As middie.end 1 @rea of the longitudinal reinforcement at the middle of the section.

Figure 4-27 through Figure 4-29 show the member labelling system for the force-based designs. As it
can be observed, for the three-storey building, the same sections for columns and beams were used along
the height of the building, while for the six and nine-storey buildings the sections were varied along the
height because the demands were lower in the upper floors.
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I 1 1 1
c1-Al | C1A|] crAl| crAl| C1-A
I 1 1 1
] \ B1-A | B1-A | B1-A | B1-A
; i i i
I 1 1 1
C1A | ClA|| CrA|| ClA|| C1-A
i B1-A i B1-A i B1-A i B1-A
B ] 1] ]
| | | |
I 1 1 1
C1-A|| cl-A|| Cl-A|| c1-A|| C1-A
S 1 B I T B

Figure 4-27. Member labels for 3-FB and 3-FB-NG buildings.
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Figure 4-29. Member labels for 9-FB building.
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Table 4-14. Main design characteristics for force-based design.

3-FB / 3-FB-NG 6-FB 9-FB
Parameter
Cl-A B1-A Cl-A B1-A B2-A Cl-A C2-A B1-A B2-A B3-A
H(m)= 0.5 0.6 0.5 0.6 0.6 0.5 05 0.6 0.6 0.6
B (m)= 0.5 0.25 0.5 0.25 0.25 05 05 0.25 0.25 0.25
s (mm) = 100 75 50 75 75 65 50 75 75 75
d (mm) = 450 550 450 550 550 450 450 550 550 550
Ao, tongituginal (MM) = 19.1 19.1 22.2 22.2 22.2 22.2 22.2 19.1 22.2 22.2
b, shear reinforcement (MM) = 12.7 9.5 9.5 9.5 9.5 12.7 9.5 9.5 9.5 9.5
A (mmz) = 507.00 142.00 213.00 | 142.00 | 142.00 | 380.00 | 213.00 | 142.00 | 142.00 | 142.00
A top end 1 (mmz): 1595.40 1374/462 1161.20 | 1478.80 | 1291.60 | 1161.20 | 1161.20 | 1562.20 | 1476.80 | 1291.60
A midend 1 (mmz): 0.00 0/253 774.10 0.00 0.00 77410 | 774.10 0.00 0.00 0.00
A potend 1 (mmz)z 1595.40 859/462 1161.20 | 774.15 | 774.15 | 1161.20 | 1161.20 | 774.15 | 774.15 | 774.15
Table 4-15. Reinforcement ratios for elements designed using forced-based design.
3-FB / 3-FB-NG 6-FB 9-FB
Parameter
C1-A B1-A C1-A B1-A B2-A | CI-A | C2-A B1-A B2-A B3-A
Psop (%0)= 0.71% |1.00%/0.34%| 0.52% | 1.08% | 0.94% | 0.52% | 0.52% | 1.14% | 1.07% | 0.94%
ps middle (%)= 0.00% {0.00%/0.18%]| 0.34% | 0.00% | 0.00% | 0.34% | 0.34% | 0.00% | 0.00% | 0.00%
Ps pottom (%0)= 0.71% |0.63%/0.34%| 0.52% | 0.56% | 0.56% | 0.52% | 0.52% | 0.56% | 0.56% | 0.56%
Pstotal (%0)= 142% [1.62%/0.86%| 1.38% | 1.64% | 1.50% | 1.38% | 1.38% | 1.70% | 1.64% | 1.50%

4.6.5

Element design for displacement-based method

Figure 4-30 through Figure 4-32 show the member labelling system for the displacement-based designs.
As in the case of FBD, the three-storey building has the same sections for columns and beams along the
height of the building, while for the six and nine-storey buildings the sections were varied along the
height because the demands were lower in the upper floors.

B1-B B1-B B1-B B1-B
] | | | |
y y y } y
c1-B|| c1-B || c1-8|| c1-8|| c1-B ||
7| B1-B | B1-B | B1-B | B1-B \ )
; } } i i
C1-B i C1-B i C1-B i C1-B i C1-B i
i B1-B i B1-B i B1-B i B1-B i
R 1] 1] ] ]
| | | | |
1 1 1 1 I
C1-B | C1-B | C1-B | C1-B | C1-B \
S I A B I [ D B 1 L]

Figure 4-30. Member labels for 3-DB and 3-DB-NG buildings.
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Figure 4-32. Member labels for 9-DB building.

Table 4-16 and Table 4-17 present the member design characteristics and reinforcement ratios for each

of the buildings for DBD. This detailing has been carried out in the same manner as for the FBD cases,

and the detailed calculations are listed in Appendix C.
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Table 4-16. Main design characteristics for displacement-based design.

3-DB/3-DB-NG 6-DB 9-DB
Parameter
Cl1-B B1-B Cl-B | BB | B2B | C1B | C2B | C3-B | BL-A | B2-A | B3-A
H (m) = 05 0.6 05 0.6 0.6 05 05 05 0.6 0.6 0.6
B(m)= 05 0.25 05 | 025 | 025 | 05 05 05 | 025 | 025 | 025
s (mm) = 100 75 50 75 75 65 50 50 75 75 75
d (mm) = 450 550 450 | 550 | 550 | 450 | 450 | 450 | 550 | 550 | 550
b, ongiugival (M) = 22.2 22.2 22 | 22 | 191 | 22 | 22 | 22 | 22 | 22 | 22
O, sher reinforcement (MM) = | 12.7 95 95 95 95 | 127 | 95 95 95 95 95
Ay (mm?) = 507.00 | 14200 | 213.00 | 142.00 | 142.00 | 380.00 | 213.00 | 213.00 | 142.00 | 142.00 | 142.00
A jopen 1 (MMA)= 1161.00 | 1161/603 | 1161.20 | 1548.00 | 1146.00 | 1161.20 | 1161.20 | 1060.60 | 1548.00 | 1445.20 | 1161.00
A pigend1 (MM?)= 77400 | 567/253 | 774.10 | 142.00 | 142.00 | 774.10 | 774.10 | 573.00 | 142.00 | 0.00 | 142.00
A pogend (MMY)= 1161.00 | 860/603 | 1161.20 | 550.00 | 573.00 | 1161.20 | 1161.20 | 1060.60 | 774.00 | 872.15 | 573.00

Table 4-17. Reinforcement ratios for elements designed using displacement-based design.

3-DB / 3-DB-NG 6-DB 9-DB
Parameter
C1-B B1-B C1-B B1-B B2-B Cl1-B C2-B C3-B B1-A B2-A B3-A
Psop (%)= 0.52%(0.84% /0.44% | 0.52%| 1.13%| 0.83%| 0.52%| 0.52%| 0.47%| 1.13%| 1.05%| 0.84%
Psmiddle (%0)= 0.34%|0.41%/0.18%| 0.34%| 0.10%| 0.10%| 0.34%| 0.34%| 0.25%| 0.10%| 0.00%| 0.10%
Pspottom (%0)= 0.52%(0.63%/0.44%| 0.52%| 0.40%| 0.42%| 0.52%| 0.52%| 0.47%| 0.56%| 0.63%| 0.42%
Psotal (%)= 1.38%|1.88%/1.06% | 1.38%| 1.63%| 1.35%| 1.38%| 1.38%| 1.20%| 1.79%| 1.69%| 1.36%

4.7 Design assessment
4.7.1  Non-linear model

A non-linear structural model was created using the structural analysis program OpenSees (The Regents
of the University of California, 2006). The model is a two-dimensional model with nonlinearity
modelled through lumped plasticity elements for the RC columns and beams. Ibarra & Krawinkler
(2005) developed a deteriorating hysteretic model for global collapse assessment of structures with a
backbone curve and cyclic behaviour as shown in Figure 4-33, where K, is the initial stiffness, Kj is the
hardening stiffness, K, is the post-capping stiffness, M, is the yield moment, M. is the moment at
capping, 6,, is the yield rotation and 6., is the rotation at capping. As observed in Figure 4-33, one of
the important characteristics of this model is the negative stiffness introduced for the post-capping
residual strength and the cyclic deterioration that is based on hysteretic energy-dissipation due to cyclic
loading.
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Figure 4-33. Behaviour of nonlinear hinge element. (Ibarra & Krawinkler, 2005)

For this study, the calibration of the lumped plasticity model was performed following the work of
Haselton et al. (2008), where the model was calibrated to account for deterioration that precipitates the
side-sway collapse as shown in Figure 4-34.
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Figure 4-34. Calibration of hysteretic model.(Haselton et al., 2008)

The assembled structural model is fixed in the base of the columns and joints are modelled as infinitely
rigid. A modal analysis was performed for each of the buildings, knowing the exact characteristics of
section dimension, mechanical properties of materials and reinforcement ratios. Table 4-18 shows the
result for the fundamental period of each of the buildings. Additionally, the average fundamental period
for each of the building heights is shown.

Table 4-18. Fundamental period of the buildings computed through modal analysis.

Building | Fundamental Period T: (s) Average Ti (s)
ot &L
200 :
& 2z

4.7.2  Preliminary design assessment through a pushover analysis

To evaluate the performed designs for both FBD and DBD, a pushover analysis was carried out for each
of the buildings. Figure 4-35 through Figure 4-38 show the pushover curves for each of the buildings. It
can be observed that for all the cases the maximum base shear is higher than the design base shear
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(showed in dashed lines). In general, both FBD and DBD have a similar behaviour, with some difference
being observed for the three and six-storey buildings, where the maximum base shear is higher, as
expected, for the FBD method.
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Figure 4-35. Pushover curve for 3-storey building.

As discussed previously, a set of two three-storey buildings (DBD and FBD) were also designed for
seismic loading only, without considering the gravitational loading or other loading combinations for
the beams of the frame. Figure 4-36 shows the pushover curve for this case. It can be observed that the
maximum base shear is much lower for both cases when compared to the designs with gravitational
loads. This is expected, as the governing design combination in these buildings was Combination 2,
which only considers gravitational loads. When this combination was eliminated for the design for only
seismic loads, the ratio of reinforcement of the beams is reduced as shown in sections 4.6.4 and 4.6.5
for FBD and DBD respectively. The decrease in the reinforcement ratio produces lower moment
capacity, which during lateral loading forms hinges in the beams earlier than the design that considers
the gravitational loads.
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Figure 4-36. Pushover curve for 3-storey building (only seismic loading).

In all the cases, it is possible to observe that there is an additional base shear capacity. This additional
base shear capacity of the buildings (when compared to the design base shear) can be attributed to the
fact that gravity loads produce an overstrength in the frame, as they need to be added to the seismic load
during the combination performed for the design. Additionally, as seen in Figure 4-36, the gravity loads
have amplification load factors that in some cases make that a gravity combination governs the design.
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Figure 4-39. Pushover curves normalized to design base shear.

As it can be observed from the previous figures there is a factor of overstrength that can be quantified
as the ratio between the maximum base shear capacity from the pushover curve and the design base
shear. Figure 4-39 shows the pushover curves normalised to the design base shear, so that a clear
comparison can be made. The overstrength factor ranges between 1.1 and 2.0, and it can be observed
that as the height of the building increases, the overstrength factor tends to decrease. Additionally, DBD
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cases gives lower overstrength factors than FBD ones, which is particularly true for the case of the three-
storey building. This difference in overstrength is due to a better estimation of the design base shear in
the case of DBD method, because in the FBD the ductility is assumed by using the R factor and for the
case of DBD the ductility is calculated based on the hysteretic behaviour of the structure and the
corresponding displacement demand for the displacement spectrum.

Figure 4-39 also shows the difference between a design that considers gravity loads (3-FB and 3-DB)
and the seismic load only case (3-FB-NG and 3-DB-NG). It can be observed that the overstrength is
much lower for the case of only seismic loading, as the overstrength varies between 1.2 and 1.4. This
overstrength factors are now similar to those of the six and nine-storey buildings, which is an indication
that for the three-storey buildings the design is mostly driven by gravitational loading, and as the height
increases the seismic loading starts driving the design. This is expected because the internal forces do
not change in the beams with the height of the building, but the internal forces produced by the seismic
loading increase with the increase of height.

4.8 Summary

This chapter presented the main design features for all of the buildings in the case study, starting with
the loads used during the design and its combinations, along with the sectional properties used in the
structural model that was used to determine the internal forces and displacements of the structure during
the design phase. Afterwards, all the buildings are designed using both methods (FBD and DBD),
showing the most important characteristics as total displacement, drifts and seismic force distribution
along the height. A comparison between methods was performed, where it is possible to observe that
the DBD case yields a higher base shear in all the cases and shows the importance of the scaling factor
used in the RSM, which provides an amplification of the forces and stiffness of the designed buildings.
Subsequently, the member design and detailing are presented for each of the buildings.

Moreover, the designs are assessed in a preliminary manner through pushover analysis performed to a
non-linear model. It is possible to show that in every case, there is some degree of overstrength that
comes from the gravitational loading, making the actual base shear capacity of the building higher than
the design base shear.

The next chapter explores in detail the hazard characteristics of the study site, in order to perform an
appropriate record selection for the risk assessment of the buildings design in this section.
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5 HAZARD ASSESSMENT AND GROUND MOTION SELECTION

5.1 Introduction

In order to provide a consistent collapse risk assessment, it is fundamental that the ground shaking at
the site of interest is well characterised. By performing a seismic hazard analysis, it is possible to
estimate the expected ground motion caused by the occurrence of earthquakes that influence the site
under study. Valuable information can be obtained from the hazard analysis such as seismic hazard
curves, response spectrum and hazard disaggregation specific for the site and return period of interest.

Ground motion records are one of the main inputs for the collapse risk assessment, and for the risk
estimate to be representative, the selected records must be hazard-consistent. Regarding this, record
selection is done first by disaggregating (Bazzurro & Cornell, 1999) the contributions of magnitude,
distance and epsilon (number of standard deviations from the median ground motion) to the hazard of
the site.

The selection of a proper intensity measure (IM) is important to provide an unbiased estimate of the risk
of collapse. To do so, the IM should achieve sufficiency and efficiency. Sufficiency is achieved when a
set of different ground motions with the same IM value can provide an unbiased engineering demand
parameter (EDP) distribution. On the other hand, efficiency indicates that the variability of the EDP is
small for a set of ground motions with the same IM. In the case of this study, the chosen IM is the
spectral acceleration at the first mode of vibration of the structure, Sa(T,), taking into account the
cracked stiffness of the reinforced concrete sections. The selection of Sa(T,) as a sufficient and efficient
IM is due to the fact that the response that is being evaluated is the collapse of the structure, which is
mainly affected by the first mode. Also, as it can be observed in the modal analysis section, the first
mode is dominant in the response of all the buildings with participating mass ratios of over 80%.
Additionally, the hazard is disaggregated, as described before, in order to account for all other seismic
parameters (such as magnitude, distance, duration, etc.) that the scalar IM is not able to consider.

5.2 Probabilistic seismic hazard assessment

The selected site for this study is San José, which is the capital city of Costa Rica and the area with the
largest exposure in the country. A probabilistic seismic hazard assessment (PSHA) for San José was
performed to obtain the uniform hazard spectrum, hazard curves and hazard disaggregation needed for
the design and collapse risk assessment of the buildings. RESIS Il (A. Climent, Rojas, Alvarado, &
Benito, 2008) Central American model was used to perform the assessment via the OpenQuake platform
(Global Earthquake Model Foundation, 2018).
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Seismicity in Costa Rica is considered to be medium to high with seismic events ranging between
magnitude moment of 5.0 to 7.8. Most seismic events are due to the subduction zone and volcanic arch
formed between Cocos and Caribbean plates, as observed in Figure 5-1.

North America Plate

Caribbean Plate

> NP 3

Cocos Plate g i
fo) [ 2

r w11

g‘ mss mfa\\

0 Mt w83+ e S Nazca Plate 4 ./ o 5

Figure 5-1. Tectonic configuration and seismicity in Central America and the Caribbean.(USGS, 2018)

Figure 5-2 shows, specifically for Costa Rica, a map of identified faults including the subduction zone.
For the case of San José, the most important sources of seismicity are the faults near the volcanic arch,
which extends through the middle of the territory near the city.
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Figure 5-2. Fault map for Costa Rica. (A. Climent et al., 2008).

For the purpose of obtaining representative results regarding the expected accelerations in the site, a soil
with a Vs30=265 m/s was used, as explained in Section 4.3. Figure 5-3 shows the uniform hazard
spectrum for a return period of 475 years for this site and the design response spectrum according to
ASCE 7-16.
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Figure 5-3. Uniform hazard spectrum with a return period of 475 years for San José.

The uniform hazard spectrum was used for the design stage for both force-based and displacement-based
methodologies, so that the hazard level matches and a fair comparison can be performed for collapse
risk assessment.

In order to perform the risk assessment, it is necessary to integrate the results of the incremental dynamic
analysis with the corresponding hazard curve. Hazard curves represent the mean annual frequency of
exceeding certain intensity levels of ground shaking, which in this case is the spectral acceleration at a
given period of vibration. Equation [5-1] (McGuire, 1995) outlined the mathematical formulation that
expresses the frequency of exceedance, A, of a ground motion amplitude y, including the ground motion
randomness, .

10) = Y v [[| fumdfa@RPLY > yim,r, elamarde [5-1]

For this specific study comparing the performance of RC frame structures design using FBD and DBD,
hazard curves were computed for the specific periods (0.80s, 1.82s and 2.62s) corresponding to the
average of the first mode of the 3, 6 and 9-storey buildings, computed from a modal analysis for the
non-linear model as shown in Table 4-18. Three ground-motion prediction equations (GMPES) were
used for the PSHA, as RESIS Il (A. Climent et al., 2008) model indicates for Costa Rica. (A. Climent
et al., 1994) and (Zhao et al., 2006) GMPEs were used for superficial faults, (Youngs, Chiou, Silva, &
Humphrey, 1997) was used for inter-plate faults and finally (Zhao et al., 2006) and (Youngs et al., 1997)
were used for intra-plate faults. Figure 5-4 shows the resulting hazard curves for each case.
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Figure 5-4. Hazard Curve for spectral acceleration at the three periods of vibration identified.
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In order to proceed with ground motion record selection, disaggregation was performed for Sa(T1) of
each building, and for the design return period of 475 years. As outlined by Bazzurro & Cornell (1999),
disaggregation provides the conditional probability of observing an earthquake scenario (certain
magnitude, M, distance, R, and epsilon, ¢) given a ground motion exceedance. Figure 5-5 through Figure
5-7 show the results of disaggregation for each case. As it can be observed, for all three cases the modal
value of magnitude and distance, as defined by Lin et al. (2013), is 6.75 My, at a 10 km distance with an
epsilon of 1.5.
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Figure 5-5. Disaggregation for Sa(0.80s), 475 years return period.
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Figure 5-6. Disaggregation for Sa(1.82s), 475 years return period.
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Figure 5-7. Disaggregation for Sa(2.62s), 475 years return period.

Table 5-1 shows the main parameters (magnitude, distance and epsilon) for the highest contribution
event for each of the performed disaggregation analyses.

5.3 Record Selection

The selection of records was performed using the conditional mean spectrum approach (Baker, 2011)
based on the results obtained from the PSHA for the three building heights. As it was observed in the
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previous section, the results for disaggregation show that the main earthquakes contributing to hazard
are of magnitude M,=6.75 at a distance of 10 km. Additionally, the selection was performed taking into
account the value of epsilon, which is a property of the ground motion, defined as:

£ = ln(sa)data - ln(.uSa)

Osa

Where (S,)aatq 1S the spectral acceleration of the recording and g, and o, are predicted values of the
median and logarithmic standard deviation. This parameter was proposed by Baker & Cornell (2005) as
an indicator of the spectral shape that can improve the selection of records to obtain better results for
calculating the mean annual frequency of exceedance of EDPs such as maximum inter-storey drift.

Selecting the records through the conditional mean spectrum (CMS) approach provides consistency with
the hazard analysis performed in the previous section. As suggested by Baker (2011), CMS provides the
mean spectral shape associated with the Sa(T,) target. In this way, representative ground motions can
be selected so that they match the target spectral shape. Furthermore, the record selection was performed
so that the maximum scaling factor to be used is 5.0. Figure 5-8 through Figure 5-10 show the response
spectrum for the 30 scaled records selected using the CMS approach. As it can be observed, different
record selections were performed for the spectral accelerations at the three fundamental periods of the
analysed structures. The main parameters for the record selection are shown in Table 5-1, where T is
the fundamental period, My, is the moment-magnitude and R is the distance.

Table 5-1. Input values for record selection using conditional spectrum approach.

No. of stories T1(s) Mw | R (km) Epsilon
3 0.80 6.75 | 10 1.5
6 1.82 6.75 | 10 1.5
9 2.62 6.75 | 10 1.5

Selected ground motions
— [ed]ﬂn

== == ==« 975 Percentile

== == ==« 25 Percentile

Spectral Acceleration [g]

Period [s]
Figure 5-8. Response spectrum for selected records (3 storey buildings with T1=0.80 s)
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Figure 5-9. Response spectrum for selected records (6 storey buildings with T:=1.82 s)
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Figure 5-10. Response spectrum for selected records (9 storey buildings with T1=2.62 s)

The record selection was performed using the conditional mean spectrum tool for ground motion
selection (Baker & Lee, 2017). The records where obtained from the NGA W2 database.

5.4 Summary

A PSHA was performed for the study site, using the RESIS Il model created specifically for Costa Rica.
With this, it was possible to obtain the UHS for a return period of 475 years, which is the one used the
design. Additionally, the hazard curves where obtained for the three building fundamental periods,
which are going to be used in the risk assessment to make a convolution to obtain the mean annual

frequency of exceedance.

In order to perform a reliable IDA, a record selection was performed. For this purpose, the
disaggregation technique was used to obtain the modal value of magnitude, distance and epsilon for
each of the building fundamental periods and for a return period of 475 years. It was observed that in all
the cases the modal value was a magnitude My=6.75 at a distance of 10 km with an epsilon of 1.5.
Afterwards, the conditional spectrum approach was used to make a record selection from the NGA W2
database. This ground motion records are used in Chapter 6, to perform a non-linear time history analysis
of all of the buildings using the IDA methodology.
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6 RISK ASSESSMENT

6.1 Introduction

The main objective of this study is to provide a comparison between the implicit seismic collapse risk
of RC special moment frames designed using DBD and FBD approaches. As part of the study, a
probabilistic seismic hazard assessment was performed and used as the basis for both the design and
assessment, so that the end result is hazard-consistent.

To perform the collapse risk assessment, a suitable engineering demand parameter (EDP) must be
defined. For this study, the chosen EDP was the maximum value along the building height of the peak
storey drift over the duration of each ground motion, given that the structural failure mechanism is
dependent on drift. Additionally, a consistent EDP was chosen with the designs that where done
targeting an allowable storey drift as discussed in Chapter 4.

6.2 Incremental dynamic analysis

Collapse performance was evaluated by means of incremental dynamic analysis (IDA) (Vamvatsikos &
Cornell, 2002). IDA was performed for each building with the 30 individual accelerogram records
selected in the previous section. For IDA, the analysis was performed scaling each of the records until
collapse was reached, yielding the curves as shown in Figure 6-1 through Figure 6-4 for each building.
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Figure 6-1. IDA results for: (a) 3 storey building designed with displacement-based method, (b) 3 storey building design with
force-based design method.
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Figure 6-2. IDA results for: (a) 3 storey building designed with displacement-based method for only seismic loading, (b) 3
storey building design with force-based design method for only seismic loading.
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Figure 6-3. IDA results for: (a) 6 storey building designed with displacement-based method, (b) 6 storey building design with

force-based design method.

1 T T T T T T T T
Indiv. IDA Trace
== == = 16% Fractile
08 F Median 8
. = = = =« 84% Fractile
=)
&~ 06
‘A 04
g
02 1
0 L L L L L L L L L
0 1 2 3 4 5 6 7 8 9 10
Max. Peak Storey Drift, 6 [%]

max

(@)

Intensity, Sa(T)) [g]

1 T T T T T T T T T
Indiv. IDA Trace
= == ==+ 16% Fractile
08 Median i
== = =« 84% Fractile
06
04 r 1
02 s
0 L L L L L L L L L
0 1 2 3 4 5 6 7 8 9 10
Max. Peak Storey Drift, 6 [%]

(b)

Figure 6-4. IDA results for: (a) 9 storey building designed with displacement-based method, (b) 9 storey building design with

force-based design method.
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It can be observed from the IDA curves that, as the building height increases, the intensity causing
collapse tends to decrease, which is seen as the IDA traces begin to flatten off to the right. This can be
associated with the fact that P-Delta effects are higher as the height increases. Additionally, the actual
base shear (i.e. the maximum base shear obtained from the pushover curve) over weight ratio is lower
as the height increases, as shown in Figure 6-5.
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Figure 6-5. Base shear versus weight ratio for different building heights.

6.3 Hazard curve fitting

To obtain the mean annual frequency of exceedance in a closed-form manner, as described in Section
2.3, it is necessary to fit the hazard curve to the PSHA results outlined in Chapter 5. The fitting is done
making a second order approximation of the hazard curve in logspace as follows:

H(s) = k, exp(—k,In?s — k;Ins)
The fitting parameters established for each hazard curve are presented in Table 6-1.

Table 6-1. Hazard curve fitting parameters.

Number of storeys Ko ka k2
3 0.0012 2.8402 0.2986
6 3.8624 ¢° 3.0841 0.2098
9 1.1572 5 3.0549 0.1778

Figure 6-6 shows the hazard curve fitting for all the cases. As it can be observed, there is a good fitting
throughout all the intensity values of the curve.
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Figure 6-6. Hazard curve fit for the following periods: 0.80s (a), 1.82s (b) and 2.62s (c).

6.4 Risk assessment

An evaluation of the MAFE is performed for each of the building heights and design methods. Both
aleatory and epistemic uncertainty are taken into account through dispersion from record-to-record
variability and dispersion from the modelling uncertainty. Figure 6-7 shows the dispersion S, due to
record-to-record variability as a function of increasing drift. It is possible to observe that as the drift
increases, the dispersion increases up to a value of approximately Ss. = 0.4 whereas there is no
discernible difference between the dispersion that is produced by the two design methods for drifts above
2.00%. For lower drifts it can be observed that there is a higher dispersion in FBD for the case of 3 and
9 storey buildings, and a lower dispersion in the case of the 6 storey building.
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Figure 6-7. Dispersion due to record-to-record variability.

Kosi¢ et al. (2016) studied the aleatory and epistemic uncertainty for RC moment resisting frames. The
mean value for dispersion due to modelling in ten code-conforming RC moment frames was found to
be of Bys. = 0.24. This value will be used in this study to include, in an approximate manner, the
modelling uncertainty and thus having more representative MAFE results that incorporate most typical
sources of uncertainty.

The result of the integration can be observed in Figure 6-8, which shows the MAFE curves for all the
building heights and design methodologies. As a first observation, it can be noted that the difference of
the MAFE between FBD and DBD methods is barely visible, as both methods produce comparable
levels of risk with increasing drift. One of the main reasons for this result is the fact that the actual base
shear for both methods was very similar for both methodologies. In the case of the three-storey building,
the difference in actual base shear is approximately 6%, while for the six-storey and nine-storey
buildings is around 5% and 1% respectively, for the values shown in Table 4-12. With this in mind, it is
possible to say that for all the buildings, the difference is very low, and thus, the design for both methods
leads to a similar structural behaviour, as seen in the pushover curves and the final MAFE result. For
the case of the three-storey building, where the difference of the design base shear between both methods
is high (approximately 22%), it would be expected to show different results, but it is important to
highlight that in this case the gravitational forces play an important role and govern the design, which
can be clearly seen in the normalised pushover curves of Figure 4-39, where it is possible to observe
that the 3-DB and 3-FB buildings have a much higher actual base shear capacity and less difference
between methods (6% for actual base shear instead of 22% for the design base shear) due to the
gravitational loads. Then, as these particular designs are driven by the gravitational forces, which are
the same in both methodologies, the designs lead again to a very similar structural behaviour. To study
the influence of the gravitational forces in the seismic behaviour of the building, two three-storey
buildings where designed considering only seismic loading (3-FB-NG and 3-DB-NG). As observed in
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Figure 6-8, there are very small differences between both methods (FBD and DBD) despite the fact that
the design base shear has a 25% difference. It can also be observed that not considering the gravitational
loads results in a higher, but not significant, risk between 0.1% and 2.0% of drift.
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Figure 6-8. Mean annual frequency of exceedance (MAFE) for all the buildings.

Figure 6-8 also shows that there is risk-consistency between the building heights. Initially it was
expected that an increase of the height would mean an increase in the risk, because as the height increases
the ratio between the actual base shear and the weight of the building decreased as shown in Figure 6-5.
However, this aspect is apparently balanced with a low spectral acceleration response, as the period
increases because of the height of the building. Similar results were found by (Haselton et al., 2010),
where it was shown that the collapse risk tends to be consistent over the building heights for RC moment
frames.

It is also possible that the risk is consistent between methods (FBD and DBD) because one of the main
factors that influence the behaviour of RC moment frames is the P-Delta effects, due to large
deformations. The different designs give different initial structural stiffness as shown in Figure 4-39,
but once the plastic hinges are formed in the beams, the behaviour is very similar for every design and
it is mostly affected by P-Delta effects, that eventually drive the buildings to collapse.

At design level, the targeted limit state was a maximum drift of 2%. Table 6-2 presents a comparison
for the results of the MAFE at this level of drift so that the differences between the two design methods
can be observed. It can be observed that the actual base shear over weight ratio is higher than the design
base shear over weight ratio for all the cases, as it was determined from the pushover curves presented
in Chapter 4 due to the overstrength that comes from the gravitational forces. When comparing the
MAFE, it can be observed that there is consistency (the values vary between 0.0020 to 0.0024) along
the design methods and along the height for this level of drift. This is not the case for the buildings
designed only for seismic loading, where it can be observed that the MAFE increases approximately a
50% when compared to the rest of the cases. In terms of dispersion, it can be observed that the dispersion
coming from aleatory uncertainty is similar for all the cases but increases in the case of the buildings
where only seismic loads were considered.
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Table 6-2. Results comparison for 2% drift.

Design | Actual | T1[S] | Sa(T)median | fsc | Pusc A0=2%
Design case V/IW V/IW
ratio ratio
3-DB 0.27 0.38 0.79 1.80 0.18 | 0.24 0.0021
3-FB 0.21 0.40 0.81 1.70 0.19 | 0.24 0.0024
3-DB-NG 0.27 0.38 0.88 1.65 0.25 | 0.24 0.0032
3-FB-NG 0.21 0.40 0.92 1.50 0.25 | 0.24 0.0039
6-DB 0.12 0.15 1.90 0.25 0.21 | 0.24 0.0020
6-FB 0.12 0.16 1.74 0.28 0.19 | 0.24 0.0020
9-DB 0.09 0.10 2.60 0.19 0.16 | 0.24 0.0022
9-FB 0.08 0.09 2.64 0.18 0.20 | 0.24 0.0022

In order to make a complete comparison between both design methods, it is necessary to compare the
design efficiency in terms of cost. Table 6-3 shows, for each of the buildings, the total weight of steel
reinforcement and the associated cost for one frame. The cost is calculated in United States Dollars
(USD) at a price of 0.94 USD per kilogram. This value represents an average of reinforcement steel
price in Costa Rica.

Table 6-3. Comparison of steel weight and cost for buildings.

Building Wsteel [tonne] | Cost [USD]

3-DB 2.81 2646
3-FB 2.63 2475
3-DB-NG 2.12 1990
3-FB-NG 1.98 1862
6-DB 5.04 4741
6-FB 5.10 4794
9-DB 7.63 7175
9-FB 7.81 7345

Figure 6-9 and Figure 6-10 show a comparison between both methods in terms of reinforcement steel
weight and cost respectively. For the case of weight, it can be observed that in the case of the 3-storey
building, FBD produces a lighter design with approximately a 7% difference, but in the case of the 6
and 9 storey buildings, DBD is the method that produces a more efficient design with a 2% difference
approximately.
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Figure 6-9. Reinforcement steel weight comparison between DBD and FBD.
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Cost is directly proportional to the weight of steel, and as so, it is possible to observe from Figure 6-10
that the same trend follows. FBD produces a lower cost for the three storey building and DBD produces
a lower cost for the 6 and 9-storey buildings.
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Figure 6-10. Reinforcement steel cost comparison between DBD and FBD.

In absolute value, if it is considered that the building consists of approximately 10 individual frames,
the total cost for the steel reinforcement in a 3-storey building is 26460 USD for DBD and 24750 USD
for FBD, then for this case the difference between both methods is 1710 USD. In the case of the 6-storey
building the steel cost is 47410 USD and 47940 USD for DBD and FBD respectively, with a difference
of 530 USD. Finally, for the case of the 9-storey building the steel cost is 71750 USD and 73450 USD
for DBD and FBD respectively, with a difference of 1700 USD. Then, in terms of absolute value, the
most significant difference can be observe in the 3 and 9-storey buildings, where in the first case the
FBD method is more cost-efficient and in the second case the DBD method is more cost-efficient.

6.5 Summary

In order to perform a risk assessment, an IDA was performed for each of the buildings in the case study.
From the IDA, statistical measurements of performance were obtained, specifically the median, the 16
and 84 percentiles and the dispersion for different values of drift. Then, a convolution between a fitted
hazard curve and the IDA results was computed to obtain the MAFE at every value of drift from 0% to
10%. The results were then analysed and compared for each of the design methods and building heights.
It was determined that there exists risk consistency between both the methods and the buildings heights.
Additionally, a comparison between both methods in terms of cost-efficient designs was performed
using an average price for reinforcement steel in Costa Rica.
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7 SUMMARY, CONCLUSIONS AND FUTURE STUDIES

7.1 Summary

A risk assessment study was performed for a set of six RC moment resisting frames designed through
the FBD and DBD methodologies. FBD was done following the provisions of ASCE 7-17 (ASCE,
2017), while DBD was done following the provisions of DBD12 Model Code (Sullivan et al., 2012).
The design and detailing of the concrete members was carried out following the requirements of ACI
318-14 (ACl, 2015).

To obtain hazard-consistent results, a site-specific probabilistic hazard assessment was computed for
San José, Costa Rica. The resulting uniform hazard spectrum was used to perform the designs with both
methodologies (FBD and DBD). Conditional mean spectrum approach (Baker, 2011) was used to carry
out ground motion record selection for non-linear dynamic analysis.

A non-linear two-dimensional model was created to evaluate the performance of the buildings by
implementing an IDA (Vamvatsikos & Cornell, 2002). Through the convolution with the hazard curve,
it was possible to obtain the MAFE. The obtained results were used to make a risk-based comparison
between both methods and evaluate if the designs are risk-consistent.

7.2 Conclusions
The following conclusions can be extracted from the performed risk assessment:

= The results of the study suggested that there is not a major difference in risk for a 2% drift
exceedance for buildings designed for FBD or DBD when following the respective design codes
and detailing rules.

= There was very small influence of building height and the associated seismic risk. The results
showed that there was consistency of the risk over the building heights.

= The force scaling that is required by ASCE 7-16 had an important effect on the overall
performance of the buildings designed using the RSM. As an effect of this scaling, the base
shear amplified more than double in some cases which directly affected the associated collapse
performance.
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The ELFM is the most conservative approach as it gave the highest design base shear amongst
FBD and DBD methods. Although no risk assessment was performed for the ELFM, it is
reasonable to expect a lower risk of collapse for buildings designed in this manner due to its
conservative nature.

Overstrength due to gravitational loads and the load combinations involved in the design
governed the design of the beams in many cases. A risk assessment was performed for the case
of three-storey buildings in which only seismic loading was considered. The results showed that
there is a slight increase in the risk between values of 0.1% and 2% of drift when compared to
the standard design that considers gravitational loads.

One of the components of capacity design is the strong-column weak-beam (SCWB) design
established in ACI 318-14, which was explained in section 4.6.3. This provision of the code
may have had a strong influence on the results, as the ratio of steel in the column design was in
many cases governed by this. Haselton et al. (2010) showed that the SCWB has a very important
effect in the collapse probability. The main effect of this provision over the structural behaviour
is that having stronger columns increases the probability of having hinging distributed across
the height of the building.

Although the results suggest that the risk associated with the design using both methods is
essentially the same, it is important to note that using FBD was very time consuming when
compared to the DBD method, which can be an advantage from a designer’s perspective.

When comparing the methods from a cost-efficient point of view, it can be observed that for the
three-storey building, the FBD method produces a better design, but for taller buildings (six and
nine storeys), DBD produces a more cost-efficient design.

7.3 Future studies

As a first attempt to compare the risk consistency of FBD and DBD designs, this study has limitations
that are worth noting and that could be studied in the future:

Variables involving the design of the buildings are numerous and can produce very different
outcomes. Future studies should include other building heights and different bay spacings.

Additional risk assessment should be performed for sites with different hazard levels, as this
study is limited to one site.

The analysis was performed on a two-dimensional model of frame without any irregularities.

Performing a three-dimensional analysis could offer better insight as it is possible to model
some real building features, such as staircases and lift ducts, that induce irregularities.
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Other building typologies should be considered, as the structural behaviour is influenced
depending on the hysteretic behaviour of the structural elements. In the case of this study, the
ductility comes from the plastic hinges formed at the beam ends, while in the case of other
typologies such as walls, the ductility comes from the plastic hinge formed at the base of the
wall. These two cases will show different behaviour not only because the hysteresis is different
for a wall than for a beam, and also, because the position of the hinging is different and thus the
deformation of the structure will change.
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Appendix A

Displacement based design for 3 storey building:

Displacement based design RF Moment Resistant Frames Displacement profile
Nt;.ofstoreys= 3 HigherMode [ Mosctioss Storey| H; (m)[  &i i Dim) | m; (kg) m;* mi*A‘2 mFAFHI | m¥g* | Fi (kN) Vi B
Soreyheight= ~ 30m | g | 0 | 0] oo0 | o |ooooo| o 0 0 0 0 | 000 | 676 0
Storey weight= 858 kN 1 3 0.407 0.02 | 0.06000 | 87462 5247.706 | 314.8624 | 15743.12| 51453.76 | 115.44 | 676 |25.36068
Storey mass= 87462 kg | uw \;\— 2 6 0.741 ]0.016364 | 0.10909 | 87462 9541.284 | 1040.867 | 57247.71193552.29| 209.88 561 1251018
Drift limit= 0.020 \\ 3 9 1.000 [0.012727| 0.14727 | 87462 12880.73 | 1896.981 | 115926.6 | 126295.6 [ 350.97 351 [10.36589
we‘= 1.00 - .- 0 0 0.000 0 0.00000 0 0 0 0 0 0.00 0 0
0 0 0.000 0 0.00000 0 0 0 0 0 0.00 0 0

Frame Properties B | 0 | 0 | 0000 0 |000000| O 0 0 0 0 0.00 0 0
Hn= 9m Number ofsoreys 27670 | 3253 | 188917 | 271302 | 676
ot 2
Wt 2 3 i Equivalent SDOF 3
Bt 6m b= 0118m
B2= 6m 2 1 m= 235377.1 kg
b= 06 m H= 683 m
hb2= 0.6 m A= 0.079 m
mi= 1 24 1t = 149 2
M2= 1 G 1092%
oyl= 0012 3 > e 0.74 3
oyl= 001 8151 ; T 129s s

0 & 0

K= 5584 kN/m

Material Properties 1 A V= 656 kN .
fi= 28 MPa B= 05
E= 25 Gpa Vo= 20 kN
k= 200 GPa 05 T Vo= 676 kN
f= 420 Mpa
f= 525 MPa .
fvez 462 MPa 0000 0100 0200 0300 0000 0010 0020 0030 0 0 20 0 0 0 500 1000
f"/wfye: L Bi{m) o Lateral force (kN) Shear (kN)
0= 22 mm
€= 000231
6 008
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Appendix A

Displacement based design for 6 storey building:

Displacement based design RF Moment Resistant Frames

N(;. of storeys =
Storey height =
Storey weight=
Storey mass=
Drift limit=

Al
We=

Frame Properties

Hn= 18m
aft 2
W 2
Al
Bl= 6m
B2= 6m
b
hbl= 0.6 m
hb2= 0.6 m
mi= 1
M2= 1
oyl= 0012
oyl= 0012

Material Properties

fi= 28 MPa
E= 25 Gpa
k= 200 GPa
f= 420 MPa
= 525 MPa
fie= 462 MPa
fuffe= 114

db: 22 mm
e 0.00231

6 008

Displacement profile

6 HigherMode | Mhoctios Storey|H; (m)| & oi Di(m) | m;(kg) mi*A; m“*A‘Z m*A¥HI | m*g*a; | F (kN) Voi b1,
m Cat re 0| 0| 000 | o |ooo000| o 0 0 0 0 | 000 | 600 | 0
858 kN 1 1| 3 | 0213 | 002 | 006000 87462 5247.706| 314.8624 ] 15743.12 | 51453.76 | 30.06 | 600 |28.59894
87462 kg | ot s - 2 | 6 | 0407 |0.018261] 0.11478 | 87462 10039.09| 1152313 | 60234.54| 98433.28| 5750 | 570 |13.74495
0020 s 3 | 9 | 0583 |o.016522] 0.16435 | 87462 14374.15| 2362.361 | 129367.4| 140938.6| 8233 | 512 |9.221445
w0 = U | o [oowss| 0080 s7a62 18252.89|3809.299 | 219034.7| 178969.6] 10455 | 430 |7.373426
5 | 15 | 0880 |0.013043] 024783 | 87462 21675.31| 5371707 | 325129.6 | 2125264 | 124.15 | 325 |6.877733
st e 1 gg [ roo0 [0011304] 028174 | 87462 24641.4 | 6342.448 | 443545.3| 241609 | 20112 | 201 |8.033678
e i 94231 | 19953 | 1193055 | 923931 | 600
b1 67 Equivalent SDOF
b 0197m
ol N me= 4783277 kg
He  1266m
A= 0lEm
ut ‘] - 135
fm  963%
§3 §3‘ T,= 257s
K= 2859 kN/m
)1 | Vs 563 kN
8= 05
Vo= 36 kN
1t . V= 600 kN
04 0 ]
0000 0100 0200 0300 0000 0010 0020 0030 w2 30 0 0 1000
Ai{m) 6i Lateral force (kN) Shear (kN)
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Appendix A

Displacement based design for 9 storey building:

Displacement based design RF Moment Resistant Frames Displacement profile
N(;. of storeys = 9 HigherMode | Peclioss Storey[H; (m)| 6 i Bim) | m;(kg) m*, m-‘*AiZ m*AFHi | m*g*h; | Fi(kN) Voi 6p.;
Storeyheight=~ 30m | a ok, 0 | 0| o000 | o [oo00000| 0 0 0 0 000 | 590 0
Storey weight= 858 kN 1 1 0.144 0.02 | 0.06000 | 87462 5247.706 | 314.8624 | 15743.12| 51453.76 | 15.48 590 [29.04854
Storey mass= 87462 kg | uw \;\_ 2 6 0.280 |0.018857| 0.11657 | 87462 10195.54 | 1188.509 | 61173.26 [ 99967.31| 30.07 575 14.063
Drift limit= 0.020 \\ 3 9 0.407 ]0.017714| 0.16971 | 87462 14843.51{2519.156 | 133591.6 | 145540.6 | 43.79 545 |9.293242
m;= 0.95 & - 4 12 | 0.527 [0.016571| 0.21943 | 87462 19191.61 {4211.188 { 230299.3 | 188173.8 | 56.61 501 | 7.08999
5 15 | 0.638 [0.015429| 0.26571 | 87462 23239.84|6175.158 | 348597.6 | 227866.7 | 68.55 444 |5.953402

Frame Properties SR 6 | 18 | 0741 |0.014286| 0.30857 | 87462 26988.2 | 8327.789 | 485787.7|264619.3| 79.61 | 376 |5.431344
Hn= 27m Number ofsoreys 7 21 | 0.835 |0.013143| 0.34800 | 87462 30436.7 | 10591.97 | 639170.6 | 298431.8 | 89.78 296 [5.433661
o 2 8 | 24| 0922 | 0.012 |0.38400 | 87462 33585.32|12896.76 | 806047.7 | 329304.1| 99.07 207 |6.228019
c<2‘: 2 9 27 | 1.000 |0.010857| 0.41657 | 87462 36434.08| 15177.4 |983720.1|357236.1| 107.47 107 |9.625922
BL: 6m 200163 | 61403 | 3704131 1962593 | 590
B2= 6m 9 1 9T 9+
hbl= 06m
hb2= 0.6m 81 81 Equivalent SDOF 8
M= 1 | N A= 023 m
M2= 1 bo= 0261 m 1
oyl= 0.012 6 61 Tp= 4.000 s 6
oyl= 0012 me= 7911562 kg

§5< gs» He= 1851 m 551
Material Properties | 9 S AF 0214 m 5
fe M | '] "4 = 118 4
E= 25 Gpa 3 3l €= 1.19% N
E=  200GPa e 0.85
f= 420 Mpa 24 21 T 362 21
525 MPa K= 2383 kN/m
fe= 462 MPa 1 i V7 603 kN 11
fffs 114 A S — A S — o |F 03 04
= 22mm 000 010 020 030 040 050 0000 0010 0020 0030 o s 1w 10 ||V 3N 0 0 40 60 80
€7 0-00231‘ Ai(m) 6i Lateral force (kN) Vb= 656 kN Shear (kN)
€)5° 0.08
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APPENDIX B - EQUIVALENT LATERAL FORCE DESIGN
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Appendix B

Force-based design for 3 storey building:

Element

Floor system

Floor finish

Ceiling

Electromechanical components
Lightweight divisions

Total

Beams self weight (kN/m) =
Columns self weight (kN/floor)=
Seismic weight (kN) =

Liveload (kN/m2)=
Liveload per floor (kN)=

Effective seismic weight (ASCE7-16 12.7.2)

Weight (kN/m2)
3.23
0.5
0.2
0.1
0.73
4.76

3.5
88
2572

2.4
345.6

Seismic Parameters
S;= 0.81
= 2.44
F= 1.00
v 1.50
Syis= 2.44
Swi= 1.22
Sps= 1.63
Sp1= 0.81
R= 8
l= 1
Cyq= 5.5
= 3
Cs calc= 0.20
Csmax= 0.21
Cs,min= 0.07
Cs= 0.20
V= 523
Factor= 1.95

Categories according to ASCE 7-16
Risk Category 1l
Site Class D

Seismic Design Category

Structure Charactertistics

T= 0.47
Effective width= 6
Framelength= 24
Number of stories= 3
Storie height= 3
hn= 9
T,modal= 0.61
Vt= 268
k= 1

Approximate fundamental period

hn= 9
Ct= 0.05
X= 0.90
Ta= 0.34
Cu= 1.40
T,max= 0.47
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Appendix B

ELFM design for 6 storey building:

Element

Floor system

Floor finish

Ceiling

Electromechanical components
Lightweight divisions

Total

Beams self weight (kN/m) =
Columns self weight (kN/floor)=
Seismic weight (kN) =

Liveload (kN/m2)=
Liveload per floor (kN)=

Effective seismic weight (ASCE7-16 12.7.2)

Weight (kN/m2)
3.23
0.5
0.2
0.1
0.73
4.76

3.5
88
5145

2.4
345.6

Seismic Parameters
S;= 0.81
= 2.44
F= 1.00
v 1.50
Syis= 2.44
Swi= 1.22
Sps= 1.63
Sp1= 0.81
R= 8
l= 1
Cyq= 5.5
= 3
Cs calc= 0.20
Csmax= 0.12
Cs,min= 0.07
Cs= 0.12
V= 592
Factor= 2.38

Categories according to ASCE 7-16
Risk Category 1l
Site Class D

Seismic Design Category

Structure Charactertistics

T= 0.88
Effective width= 6
Framelength= 24
Number of stories= 6
Storie height= 3
hn= 18
T,modal= 1.25
Vi= 249
k= 1.189774

Approximate fundamental period

hn= 18
Ct= 0.05
X= 0.90
Ta= 0.63
Cu= 1.40
T,max= 0.88
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Appendix B

ELFM design for storey building:

Element

Floor system

Floor finish

Ceiling

Electromechanical components
Lightweight divisions

Total

Beams self weight (kN/m) =
Columns self weight (kN/floor)=
Seismic weight (kN) =

Live load (kN/m2)=
Liveload per floor (kN)=

Effective seismic weight (ASCE7-16 12.7.2)
Weight (kN/m2)

3.23
0.5
0.2
0.1

0.73

4.76

3.5
88

7717

2.4

345.6

Seismic Parameters
S;= 0.81
S,= 2.44

2= 1.00

v 1.50
Sms= 2.44
Svi= 1.22
Sps= 1.63
Spi= 0.81
R= 8
l= 1
Cy= 5.5

o= 3
Cs cac= 0.20
Csmax= 0.08
Cs,min= 0.07
Cs= 0.08
V= 617
Factor= 2.85

Categories according to ASCE 7-16
Risk Category 1l
Site Class

Seismic Design Category D

Structure Charactertistics

T=
Effective width=
Framelength=
Number of stories=
Storie height=

hn=

T,modal=

Vt=

k=

1.27
6

24

9

3

27
1.92
217
1.38

Approximate fundamental period

hn= 27
Ct= 0.05
X= 0.90
Ta= 0.90
Cu= 1.40
T,max= 1.27
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Appendix C

[— by, —
Identification Section Properties Material Properties 1
ID = 3-DB h,= 600 mm [ OK!| f' = 28 MPa
Storey=All b,= 250 mm [OK!'| E .= 24870 MPa hy
Grid,x=  1-5 Ly= 5500 mm fy= 420 MPa [ACI 25.2]
Gridy= NA o= 40 mm o= 420 MPa ° | min 25
A~ 150000 mm2 = 200 GPa Yy —t
min=max(25mm, dy, 4/3 dag)
Other input parameters Proposed Shear Reinforcement
A= 1 END 1 (Plastic hinge 1) CENTER (Elastic) END 1 (Plastic hinge 1)
minc  Q 19.1 mm ¢ = 9.5mm ¢ = 9.5 mm ¢ = 9.5mm
min dy enp2= 19.1mm No. legs= 2 No. legs= 2 No. legs= 2
=
w,= 58 kN/m s= 75 mm 5= 125mm 5= 75mm
Important notes:
-If using compression reinforcement, check requirements at the end of the spreadsheet.
-Check for requirements of max. spacing of longitudinal bars at the end of the spreadsheet.
-Lap splice locations must follow the requirements mentioned at the end of the spreadsheet.
-Check for necessary development lenghts at the end of the spreadsheet.
FORCES ACTINGIN EACH SECTION J
END 1= 1100 mm 1 CENTER = 3300 mm END 2= 1100 mm
M, = 100.00 kN-m M, = 115.00 kN-m M, = 100.00 kN-m
M, = 318.00 kN-m M, = 100.00 kN-m M, = 318.00 kN-m
V,= 214.00 kN OK! V,= 214,00 kN OK! JVU= 214.00 kN OK! ]
P,= 13.00kN OK! P,= 13.00 kN OK! P,= 13.00kN OK!
T,= 1.00 kN-m OK! T,= 1.00 kN OK! T,= 1.00 kN OK!
Flexural Reinforcement: Flexural Reinforcement: Flexural Reinforcement:
no. ¢ no. ¢ d (mm) no. ¢ no ¢ d (mm) no. ¢ no. ¢ d (mm)
3 22 0 0 50 3 19 0 0 50 3 22 0 0 50
2 19 0 0 300 3 19 0 0 550 2 19 0 0 300
3 19 0 0 550 0 0 0 0 0 3 19 0 0 550
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

C-2



Appendix C

MOMENT DESIGN

. -
Ay min= 458 mm2

. L |
Ay min= 458 mm2

END 1 CENTER END 2
Press for equilibrium OK! All sections in equilibrium
¢ = Vo9 ¢ = 0.9 ¢ = 0.9
¢ = 0.9 ¢ = 0.9 ¢ = 0.9
oM, = 247kN-m 188 kN-m 247 kN-m
oM, = 308kN-m 188 kN-m 308 kN-m

. |
A min= 458 mm2

Viis/$V,p= 091

END 1 CENTER END 2
—x — —
A min= 458 mm2 A min= 458 mm2 A min= 458 mm2
Agmpc= | 3438 mm2 A= 3438 mm2 Aspc= 3438 mm2
A= 1427 mm2 A= 860 mm2 = 1427 mm2
A= 1728 mm?2 A= 860 mm?2 = 1728 mm?2
M, /6M," = 0.41 M. /oM, = 0.61 SIOM," = 041
M, /6M, = 1.03 M, /éM, = 0.53 M, /¢M, = 1.03
SHEAR DESIGN
END 1 CENTER END 2
¢ = 95mm No.legs= 2 é= 95mm No.legs= 2 ¢ = 95mm No.legs= 2
A= 142 mm2 A= 142 mm2 A= 142 mm2
s= 75mm s= 125mm s= 75mm
Smax= b 115mm Smax= h 138 mm Smax= h 115mm
A= 1 A= 1 A= 1
V= TOkN V.= V131kN Ve=  TOkKN
V= V437N Ve=  V262kN V= V437kN
V.=  327kN ®V,=  295kN V.= 327kN
| = =
w,= 58 kN/m w,= 58 kN/m w,= 58 kN/m
Vema= | 298kN Vorw= 234 kN Vorg= 298 kN
Vemin=  -23kN Vemin=  41kN Vemin=  -23kN
= = =
Vo= 298 kN Vge= 1 234kN Vo= 298 kN

C-3



Appendix C

DEVELOPMENT LENGHTS AND SPLICES

END 1 CENTER J END 2
1. Additional reinforcement 1. Additional reinforcement 1. Additional reinforcement
dy= ¥ 222mm dy= Y191 mm dy= ¥ 191mm
X1= N 300 mm X3= h 300 mm Xp= h 300 mm
A= 1 A= 1 A= 1
| b |
b= 1 b= 1 Y= 1
b= Y1 b= Yos U= Yos
| = =
l‘l”t_ 13 l-bt= 1 th= 13
A= ¥ 142 mm2 A= N 142 mm2 A= N 142 mm2
Cp= N 50 mm Cp= h 50 mm cp= h 50 mm
s= b 75mm s= h 125mm s= 175 mm
n= Y 2 n= h 1 n= h 2
ker= 38 ker= 45 ker= 38
(Cb+ktr)/db= 25 (Cb+ktr)/db= 25 (cb+ktr)/db= 25
- Y325 - Vo5 - Y325
ly= 1061 mm ly= ¥ 702mm ly= ¥ 912mm
Iy ase= ¥ 1061 mm lyase= ¥ 850 mm lyase= ¥ 912 mm
2. Development length into column 2. Development length into column 2. Development length into column
maxdy= 222 mm maxdy= 19.1mm maxdy= 222 mm
lgn= h 326 mm lgn= h 281 mm lgn= h 326 mm
1061 mm | " 912 mm
I I
550 mfn <t 1550
m mm
l—— Xy —>:<—>I : Il<—>’|4— X, —
:
1
1
1
1
1
1
! A
SO ; o
1100mm I ! | "~ . 1100mm
f f " 1 i
: X3 ! X3 :
I | I
850 mm 850 mm
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MAXIMUN SPACING OF REINFORCEMENT IN TENSION FACE AND SKIN REINFORCEMENT

Tension Face Skin reinforcement

c= h 39mm C= h 40mm
f= 280 MPa fe= 280 MPa
max spacing= 283 mm max spacing= 280 mm

LATERAL SUPPORT OF COMPRESSION REINFORCEMENT

Notes for support of compression reinforcement (this applies only when compression is taken into account):
1. Minimun size:

No.10 if longitudinal bars are No32 or less.

No.13 if longitudinal bars are No36 or more, and for bundles.
2. Maximun spacing:

dpjong= 22.2mm

dptrans=  9-5mm

Smax= 250 mm

3. Longitudinal compression reinforcement shall be arranged in such a manner that every corner and alternate bar be
enclosed by the corner of the transverse reinforcement with an included angle of 135 degrees or less. No bar shall be

farther than 150mm clear on each side along the transverse reinforcement from such an enclosed bar.

C-5



Appendix C

Identification Material Prop. Section Properties Proposed Shear Reinforcement
ID = 3-DB f'.= 28 MPa | h= 500 mm XX-Axis YY-Axis
Storey=All E= 24870 MPa (b, = 500 mm Plastic hinge region Plastic hinge region
Grid,x=  1-5 fy= 420 MPa [lw= 3000 mm ¢ = 12.7 mm ¢ = 12.7 mm
Grid,y= NA f= 420 MPa|c.= N 40 mm No.legs= 4 No.legs= 4
E= 200 GPa (A= 250000 mm2 s= 100 mm s= 100 mm
0 A= ¥ 1ll,=  SE+09 mmé Ash= 507 mm2 Ash= 507 mm2
ly= S5E+09 mm&4 Other regions Other regions
Y T Ay 450.00 mm ¢ = 9.5mm ¢ = 9.5mm
= dy= £450.00 mm No.legs= &4 No.legs= &4
T X=‘ 140 mm s= 100 mm s= 100 mm
h N <bmi:= 19mm Ash=  284mm2 Ash=  284mm2
n= 12 Pu and Mu corresponding to Vu in xand y
® o A= 176400 mm2 Pu= 1032 kN Pu= OkN
— o, — ug 25mm Mus= 338kN  [Mu= OkN
Axial Force Shear Force inx Shear Forceiny | Axial Force from EQ
- In equilibrium!
Ppo= 637kN  |Vp,= 1kN Vpy= 0kN P'e=  134kN
P = 262kN  |V,,= 1kN Vi,= OkN Pe=  -134kN
P =1 1032 kN Vi, = 147 kN Vg,= OkN P = OkN PRESS BUTTON FOR
v E*1 Ey1 & EQUILIBRIUM
V= 149kN  [Vy,= OkN P~ 0kN
Flexural Reinforcement xx: Flexural Reinforcement yy: Moment capacity of columns and beams
no. ¢ no. ¢ d (mm) ¥ Ast | no. ¢ no. ¢ d(mm) Ast Top joint xx-axis yy-axis
2 22 1 22 50 2 22 1 22 50 Mprcl= 417 439
2 22 0 O 250 2 22 0 O 250 Mprc2= h 417 439
0O 0O O oO 0 0O 0O O O 0 Mprbl= h 378 378
2 22 1 22 450 2 22 1 22 450 Mprb2= h 302 302
0O 0O O oO 0 0O 0 O O 0 Bot joint Xx-axis yy-axis
0O 0O O oO 0 0O 0 O O 0 Mprcl= 417 439
0O 0O O oO 0 0O 0O 0 O 0 Mprc2= 417 439
0O 0O O oO 0 0O 0 O O 0 Mprbl= 378 378
0 0 0 0 0 0 0 0 0 0 Mprb2= 302 302
0O 0O O O 0 0O 0 O O 0
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Appendix C

Dimension and longitudinal reinforcement limits

Buygmin= 300 mm oK! [ACI 18.7.2.1 (a)]
o min= 300 mm OK! [ACI18.7.2.1(a)]
b,/h, or h,/b,= 100 >= 04 OK! [ACI 18.7.2.1 (b)]
A= 3097 mm?2 OK! [ACI 18.7.4.1]
Transverse reinforcement in plastic hinge region
lo= 500 mm [ACI 18.7.5.1]
hx,m:= 350 mm OK! [ACI 18.7.5.2,e and f]
Sorn= 115mm oK! [ACI 18.7.5.3]
Srin= 33mm oK! [ACI 25.7.2.1]
Ag/sbe,= 1.01% oK! [ACI 18.7.5.4]
Agn/sbe,= 1.01% OK! [ACI 18.7.5.4]
Transverse reinforcement in other regions
S 115mm oK! [ACI 18.7.5.5]
Smin= 33mm OK! [ACI 25.7.2.1]
Prmin= 9.5mm oK! [ACI 25.7.2.2]
Shear force check
Vux max= 973 kN OK! [ACI 22.5.1.2]
Vuy max= 848 kN OK! [ACI 22.5.1.2]
Bi-axial moment capacity

Mu, xx 2 (Muyy z_

( /Mn, xx) + ( /Mn, yy) - 1 OK!
Shear capacity

XX-axis yy-axis Check
Plastic hinge region Other Plastic hinge region Other OK!
dVn: 1102 kN 786 kN Vs= 977 kN 661 kN
Vu/dVn= 0.30 0.43 Vu/dVn= 0.34 0.50
Strong column-weak beam check [ACI 18.7.3.2]
XX-axis yy-axis
Joint
SMprc SMprb  IMprc/IMprb  Check SMprc SMprb  IMprc/IMprb  Check
Top 834 680 1.23 OK! 878 680 1.29 OK!
Bottom 834 680 1.23 OK! 878 680 129 OK!
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Appendix C

Interaction Diagram for xx-axis

4000 T

3000 +

1000 %

Axial Force (kN)

-1000 T

-2000 -+

0 100 200 300 400 500

Moment (kN-m)

—— phi-Mn-Pn Mu

Axial Force (kN)

-2000 -+

Interaction Diagram for yy-axis

4000 T

3000 T

2000 +

1000 -

-1000 +

0 100 200 300 400 500
Moment (kN-m)

—— phi Mn-Pn Mu

Important notes:

-Combinations used for earthquake: 1.2D+1.0L+/-1.0E and 0.9D+/-1.0E **If different change Cap sheets accordingly

-Only symmetrical reinforcement is supported in the same axis.

-Lap splices outside lo region, the zone with lap-splice should comply with confinement reinforcement as in hinge region.

-Special provisions apply if column supports reactions from discontinued stiff members. [ACI 18.7.5.6]

-When using mechanical or welded splices check [ACI 18.7.4.3].

-Every corner and alternate longitudinal bar shall have lateral support provided by the corner of a tie with an included angle of

not more than 135 degrees.

-No unsupported bar shall be farther than 150mm clear on each side along the tie form a laterally supported bar.

-If concrete cover exceeds 100mm, additional transverse reinforcement having cover not exceeding 100mm and spacing not

exceeding 300mm shall be provided [ACI 18.7.5.7]

-If f'c exceeds 70MPa, special provisions apply [ACI 22.5.3.1]
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Appendix C

— by —|
Identification Section Properties Material Properties 1
ID = 6-DB h,= 600 mm [ OK!| f' = 28 MPa
Storey= 1,234 b,= 250 mm | OKM| E = 24870 MPa hy
Grid,x=  1-5 Ly= 5500 mm fy= 420 MPa [ACI 25.2]
Gridy= NA o= 40 mm o= 420 MPa ° | min 25
A~ 150000 mm2 <= 200 GPa Yy —
0 min=max(25mm, dy, 4/3 dug)
Other input parameters Proposed Shear Reinforcement
A= 1 END 1 (Plastic hinge 1) CENTER (Elastic) END 1 (Plastic hinge 1)
minc  Q 22.2mm ¢ = 9.5mm ¢ = 9.5 mm ¢ = 9.5mm
min dy enp2= 22.2 mm No. legs= 2 No. legs= 2 No. legs= 2
=
w,= 58 kN/m s= 75 mm 5= 125mm 5= 75mm
Important notes:
-If using compression reinforcement, check requirements at the end of the spreadsheet.
-Check for requirements of max. spacing of longitudinal bars at the end of the spreadsheet.
-Lap splice locations must follow the requirements mentioned at the end of the spreadsheet.
-Check for necessary development lenghts at the end of the spreadsheet.
FORCES ACTINGIN EACH SECTION J
END 1= 1100 mm 1 CENTER = 3300 mm END 2= 1100 mm
M, = 88.00 kN-m M, = 120.00 kN-m M, = 88.00 kN-m
M, = 338.00 kN-m M, = 0.01 kN-m M, = 338.00 kN-m
V,= 220.00 kN OK! V,= 200.00 kN OK! JVU= 220.00 kN OK! ]
P,= 88.00 kN OK! P,= 88.00 kN OK! P,= 88.00 kN OK!
T,= 1.00 kN-m OK! T,= 1.00 kN OK! T,= 1.00 kN OK!
Flexural Reinforcement: Flexural Reinforcement: Flexural Reinforcement:
no. ¢ no. ¢ d (mm) no. ¢ no ¢ d (mm) no. ¢ no. ¢ d (mm)
4 22 0 0 50 2 22 0 0 50 4 22 0 0 50
2 95 O 0 300 2 22 0 0 550 2 95 O 0 300
2 22 0 0 550 0 0 0 0 0 2 22 0 0 550
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Appendix C

MOMENT DESIGN
END 1 CENTER END 2
Press for equilibrium OK! All sections in equilibrium

¢* = N 09 ¢ = 0.9 ¢" = 09
¢ = 0.9 ¢ = 0.9 ¢ = 0.9
&M, = 185kN-m 170kN-m 185kN-m
&M, = 344kN-m 170kN-m 344 kN-m
A in= h 458 mm?2 A = h 458 mm?2 A in= h 458 mm?2

END 1 CENTER END 2
AS min= N 458 mm2 AS min= N 458 mm2 A min= N 458 mm2
A= 34638 mm2 Agmac= 3438 mm2 Asac= 3438 mm2
AS= 916 mm?2 A= 774 mm?2 AS= 916 mm?2
A= 1690 mm?2 A= 774 mm?2 = 1690 mm?2
M, /6M," = 0.48 M, /oM, = 0.71 JIOM, = 0.48
M, /oM, = 0.98 M, /6M, = 0.00 M, /oM, = 0.98

SHEAR DESIGN

END 1 CENTER END 2
é= 95mm No.legs= 2 d= 95mm No.legs= 2 ¢ = 95mm No.legs= 2
A= 142 mm2 A= 142 mm2 A= 142 mm2
s= 75mm s= 125mm s= 75mm
Smax= ¥ 133 mm Srmax= h 138 mm Smax= h 133 mm
A= 1 A= 1 A= 1
V= TOkN Vi=  T130kN V= TOkN
Vo= V437N V.= V262kN V= V437KN
oV,=  327kN dVo=  294kN oV,=  327kN
W= b 58 kN/m wy= Vs kN/m W= Vs kN/m
Vema= | 315kN Verp= | 250kN Verp= | 315kN
Vemin=  -7kN Vemin=  57kN Vemin=  -7kN
Vge=  T315kN V= ' 250kN V= 315kN
Vyis/dV,= 0.96 -Vdis/¢vn= 0.85 -vdis/¢vn= 0.96 -
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Appendix C

DEVELOPMENT LENGHTS AND SPLICES

END 1 CENTER END 2
1. Additional reinforcement 1. Additional reinforcement 1. Additional reinforcement
dy= ¥ 222mm dy= ¥19.1mm dy= ¥ 222mm
X1= h 800 mm X3= N 300 mm X= 1800 mm
A= 1 A= 1 A= 1
b= h be= h Pe= h
| | |
b= 1 b= 0.8 UK 1
| | |
.= 13 Y= 1 Y= 13
A= ¥ 142 mm2 A= ¥ 142 mm2 A= ¥ 142 mm2
Cp= h 50 mm Cp= h 50 mm Cp= h 50 mm
s= 1 75mm s= h 125 mm s= 175 mm
n= h 2 n= ‘ 1 n= ‘ 2
Ker= 38 Ker= 45 kir= 38
(Cb+ktr)/db= 2.5 (Cb+ktr)/db= 2.5 (Cb+ktr)/db= 25
- ¥325 - Vo5 - Y325
ly= ¥ 1061 mm ly= ¥ 702mm ly= ¥ 1061 mm
Iy ace= ™ 1350mm lyace= ¥ 850mm lyace= ¥ 1350mm
2. Development lengthinto column 2. Development lengthinto column 2. Development length into column 3
maxdy= 22.2mm maxdy= 22.2mm maxdy= 22.2mm
lyn= h 326 mm lyn= b 326 mm lyn= h 326 mm
1350 mm y L 1350 mm
I I
C!_ !
%, | 550 m{l‘n | I550 mm %,
:
1
1
1
1
1
1
! 2
1 [ | 1 [
I I | I f
1100 mm I ! ( l | 1100 mm
! ! | 1 |
: X3 : X3 :
I ( |
850 mm 850 mm
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Appendix C

MAXIMUN SPACING OF REINFORCEMENT IN TENSION FACE AND SKIN REINFORCEMENT

Tension Face Skin reinforcement

C= h 39 mm C= h 40 mm
fe= 280 MPa fe= 280 MPa
max spacing= 283 mm max spacing= 280 mm

LATERAL SUPPORT OF COMPRESSION REINFORCEMENT

Notes for support of compression reinforcement (this applies only when compression is taken into account):
1. Minimun size:

No.10 if longitudinal bars are No32 or less.

No.13 if longitudinal bars are No36 or more, and for bundles.
2. Maximun spacing:

dpjong= 19.1 mm

dptrans=  9.5mm

Smax= 250 mm

3. Longitudinal compression reinforcement shall be arranged in such a manner that every corner and alternate bar be
enclosed by the corner of the transverse reinforcement with an included angle of 135 degrees or less. No bar shall be

farther than 150mm clear on each side along the transverse reinforcement from such an enclosed bar.
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Appendix C

— by —|
Identification Section Properties Material Properties 1
ID = 6-DB h,= 600 mm [ OK!| f' = 28 MPa
Storey= 5,6 b,= 250 mm [OK!'| E .= 24870 MPa hy
Grid,x=  1-5 Ly= 5500 mm fy= 420 MPa [ACI 25.2]
Gridy= NA o= 40 mm o= 420 MPa ° | min 25
A~ 150000 mm2 <= 200 GPa Yy —
0 min=max(25mm, dy, 4/3 dug)
Other input parameters Proposed Shear Reinforcement
A= 1 END 1 (Plastic hinge 1) CENTER (Elastic) END 1 (Plastic hinge 1)
minc  Q 22.2mm ¢ = 9.5mm ¢ = 9.5 mm ¢ = 9.5mm
min dy enp2= 22.2 mm No. legs= 2 No. legs= 2 No. legs= 2
=
w,= 58 kN/m s= 75 mm 5= 125mm 5= 75mm
Important notes:
-If using compression reinforcement, check requirements at the end of the spreadsheet.
-Check for requirements of max. spacing of longitudinal bars at the end of the spreadsheet.
-Lap splice locations must follow the requirements mentioned at the end of the spreadsheet.
-Check for necessary development lenghts at the end of the spreadsheet.
FORCES ACTINGIN EACH SECTION J
END 1= 1100 mm 1 CENTER = 3300 mm END 2= 1100 mm
M, = 50.00 kN-m M, = 101.00 kN-m M, = 50.00 kN-m
M, = 258.00 kN-m M, = 100.00 kN-m M, = 258.00 kN-m
V,= 220.00 kN OK! V,= 200.00 kN OK! ]Vu= 220.00 kN OK! ]
P,= 88.00 kN OK! P,= 88.00 kN OK! P,= 88.00 kN OK!
T,= 1.00 kN-m OK! T,= 1.00 kN OK! T,= 1.00 kN OK!
Flexural Reinforcement: Flexural Reinforcement: Flexural Reinforcement:
no. ¢ no. ¢ d (mm) no. ¢ no ¢ d (mm) no. ¢ no. ¢ d (mm)
4 19 0 0 50 2 19 0 0 50 4 19 0 0 50
2 95 O 0 300 2 19 0 0 550 2 95 O 0 300
2 19 0 0 550 0 0 0 0 0 2 19 0 0 550
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Appendix C

MOMENT DESIGN
END 1 CENTER END 2
Press for equilibrium OK! All sections in equilibrium
+ 1 + +
d) = 0.9 ¢ = 09 d) = 0.9
¢ = 0.9 ¢ = 0.9 ¢ = 0.9
oM, = 143kN-m 128 kN-m 143 kN-m
&M, = 262kN-m 128 kN-m 262 kN-m
+ ) . = N b
A min= 458 mm?2 A, min= 458 mm2 A min= 458 mm?2
END 1 CENTER END 2
5 b | 3 | - b |
A, min= 458 mm?2 A, min= 458 mm2 A, min= 458 mm?2
A= 34638 mm2 Agmac= 3438 mm2 Asac= 3438 mm2
AS= 715mm?2 A= 1146 mm?2 AS= 715mm?2
A= 1288 mm2 A= 1146 mm2 = 1288 mm2
M,"/¢M," = 0.35 M,'/6M," = 0.79 J/6M," = 0.35
M, /¢M, = 0.99 M, /dM, = 0.78 M, /¢M, = 0.99
SHEAR DESIGN
END 1 CENTER END 2
é= 95mm No.legs= 2 d= 95mm No.legs= 2 ¢ = 95mm No.legs= 2
A= 142 mm2 A= 142 mm2 A= 142 mm2
s= 75mm s= 125mm s= 75mm
Smax= ¥ 133 mm Srmax= h 138 mm Smax= h 133 mm
A= 1 A= 1 A= 1
V= TOkN Vi=  T136kN V= TOkN
V= T437KN V= 1262kN V= T437KN
dV,= 327 kN oVo= 298 kN dV,= 327 kN
| | |
w,= 58kN/m W= 58kN/m w,= 58 kN/m
Vema= | 278kN Vep= | 214kN Vera= | 278kN
Vemin=  -43kN Vemin=  21kN Vemin=  -43kN
| | |
Vyie= 278 kN Vyis= 214 kN Vyis= 278kN
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Appendix C

DEVELOPMENT LENGHTS AND SPLICES

END 1 CENTER END 2
1. Additional reinforcement 1. Additional reinforcement 1. Additional reinforcement
dp= ¥ 191mm dp= ¥19.1mm dp= ¥19.1mm
X1= h 800 mm X3= N 300 mm X= 1800 mm
A= 1 A= 1 A= 1
b= h be= h Pe= h
D= Yos D= o8 B.= Yos
| | |
.= 13 Y= 1 Y= 13
A= ¥ 142 mm2 A= ¥ 142 mm2 A= ¥ 142 mm2
Cp= h 50 mm Cp= h 50 mm Cp= h 50 mm
s= 1 75mm s= h 125 mm s= 175 mm
n= h 2 n= ‘ 1 n= ‘ 2
Ker= 38 Ker= 45 kir= 38
(Cb+ktr) /db= 2.5 (Cb+ktr) /db= 2.5 (Cb+ktr) /db= 25
- ¥325 - Vo5 - Y325
ly= Y 912mm ly= ¥ 702mm ly= Y912 mm
Iy ace= ™ 1350mm lyace= ¥ 850mm lyace= ¥ 1350mm
2. Development lengthinto column 2. Development lengthinto column 2. Development length into column 3
maxdy= 19.1 mm maxdy= 19.1mm maxdy= 19.1mm
Idh= h 281 mm Idh= h 281 mm Idh= h 281 mm
] [}
I350mm ! Cl‘ : I350mm
X1 —»:4—5-59-F»{‘n ! :5-59-m-m—>|5— X, —
T
1
1
1
1
1
1
1
! .
—i ! L
1100mm | . ; : ! 1100 mm
{ | ) |
: X3 | X3 |
850 mm 850 mm
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Appendix C

MAXIMUN SPACING OF REINFORCEMENT IN TENSION FACE AND SKIN REINFORCEMENT

Tension Face Skin reinforcement

c= h 40 mm C= b 40 mm
f= 280 MPa fe= 280 MPa
max spacing= 279 mm max spacing= 280 mm

LATERAL SUPPORT OF COMPRESSION REINFORCEMENT

Notes for support of compression reinforcement (this applies only when compression is taken into account):
1. Minimun size:

No.10 if longitudinal bars are No32 or less.

No.13 if longitudinal bars are No36 or more, and for bundles.
2. Maximun spacing:

dbjong= 19.1 mm

dptrans=  9.5mm

Smax= 250 mm

3. Longitudinal compression reinforcement shall be arranged in such a manner that every corner and alternate bar be
enclosed by the corner of the transverse reinforcement with an included angle of 135 degrees or less. No bar shall be

farther than 150mm clear on each side along the transverse reinforcement from such an enclosed bar.
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Identification Material Prop. Section Properties Proposed Shear Reinforcement
ID = 6-DB f'.= 28 MPa | h= 500 mm XX-Axis YY-Axis
Storey= 1,2,3 E= 24870 MPa|b,,= 500 mm Plastic hinge region Plastic hinge region
Grid,x=  1-5 fy= 420 MPa [lw= 3000 mm ¢ = 9.5mm ¢ = 9.5mm
Grid,y= NA f= 420 MPa|c.= N 40 mm No. legs= 3 No. legs= 3
E= 200 GPa (A= 250000 mm2 s= 50 mm s= 50 mm
A= ¥ 1ll,=  SE+09 mmé Ash= 213 mm2 Ash= 213 mm2
ly= S5E+09 mm&4 Other regions Other regions
Y T d 450,00 mm b= 9.5mm b= 9.5mm
dy= £450.00 mm No. legs= 3 No.legs= 3
T X=‘ 135mm s= 125 mm s= 125 mm
h Grint 22mm Ash=  213mm2 Ash=  213mm2
— X = - -
n= 12 Pu and Mu corresponding to Vu in xand y
® o A= 176400 mm2 Pu= 1032 kN Pu= OkN
— o, — ug 25mm Mus= 268kN  [Mu= OkN
Axial Force Shear Force inx Shear Forceiny | Axial Force from EQ
- In equilibrium!
Po=  1266kN  |Vp,= 20kN Vpy= 0kN P 234kN
P = 520kN  |V,,= 9kN Vi,= OkN Pe=  -234kN
P =1 2048 kN Vi,= 130 kN Vg, = OkN Peys OkN PRESS BUTTON FOR
v E*1 Ey1 & EQUILIBRIUM
V= 163kN  [V,,= OkN P~ 0kN
Flexural Reinforcement xx: Flexural Reinforcement yy: Moment capacity of columns and beams
no. ¢ no. ¢ d (mm) ¥ Ast | no. ¢ no. ¢ d(mm) Ast Top joint xx-axis yy-axis
2 22 1 22 50 2 22 1 22 50 Mprcl= 480 501
2 22 0 O 250 2 22 0 O 250 Mprc2= h 480 501
2 22 1 22 450 2 22 1 22 450 Mprbl= h 390 390
0O 0O O oO 0 0O 0 O O 0 Mprb2= h 390 390
0O 0O O oO 0 0O 0 O O 0 Bot joint Xx-axis yy-axis
0O 0O O oO 0 0O 0 O O 0 Mprcl= 480 501
0O 0O O oO 0 0O 0O 0 O 0 Mprc2= 480 501
0O 0O O oO 0 0O 0 O O 0 Mprbl= 390 390
0 0 0 0 0 0 0 0 0 0 Mprb2= 390 390
0O 0O O O 0 0O 0 O O 0
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Appendix C

Dimension and longitudinal reinforcement limits

Buygmin= 300 mm OK! [ACI 18.7.2.1 (a)]
o min= 300 mm OK! [ACI18.7.2.1(a)]
b, /h,, or h,/b,= 100 »>= 04 OK! [ACI 18.7.2.1 (b)]
A= 3097 mm?2 OK! [ACI 18.7.4.1]
Transverse reinforcement in plastic hinge region
lo= 500 mm [ACI 18.7.5.1]
hx,m:= 350 mm OK! [ACI 18.7.5.2,e and f]
Soa= 125 mm OK! [ACI 18.7.5.3]
Srin= 33mm oK! [ACI 25.7.2.1]
Agp/sbey= 0.85% oK! [ACI 18.7.5.4]
Agn/sbe,= 0.85% OK! [ACI 18.7.5.4]
Transverse reinforcement in other regions
S 133 mm oK! [ACI 18.7.5.5]
Smin= 33mm OK! [ACI 25.7.2.1]
Prrin= 9.5mm oK! [ACI 25.7.2.2]
Shear force check
Vux max= 973 kN OK! [ACI 22.5.1.2]
Vuy max= 848 kN OK! [ACI 22.5.1.2]
Bi-axial moment capacity
(Mu‘ xx/MTl, xx)k + (Mu‘ yy/MTl, yy) = 0.81085 OK!
Shear capacity
XX-axis yy-axis Check
Plastic hinge region Other Plastic hinge region Other OK!
dVn: 987 kN 625kN Vs= 862 kN 500 kN
Vu/dVn= 0.39 0.62 Vu/dVn= 0.44 0.76
Strong column-weak beam check [ACI 18.7.3.2]
XX-axis yy-axis
Joint
SMprc SMprb  IMprc/IMprb  Check SMprc SMprb  IMprc/IMprb  Check
Top 960 780 1.23 OK! 1002 780 1.29 OK!
Bottom 960 780 1.23 OK! 1002 780 129 OK!
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Interaction Diagram for xx-axis

4000 '|'

3000

2000 i

1000

Axial Force (kN)

-1000 T

-2000 -+

0 100 200 300 400 500

Moment (kN-m)

—— phi-Mn-Pn Mu

Axial Force (kN)

Interaction Diagram for yy-axis

4000
_|_

3000

2000 -

1000 ¢~

-1000 +

-2000 -+
0 100 200 300 400 500

Moment (kN-m)

—— phi Mn-Pn Mu

Important notes:

-Combinations used for earthquake: 1.2D+1.0L+/-1.0E and 0.9D+/-1.0E **If different change Cap sheets accordingly

-Only symmetrical reinforcement is supported in the same axis.

-Lap splices outside lo region, the zone with lap-splice should comply with confinement reinforcement as in hinge region.

-Special provisions apply if column supports reactions from discontinued stiff members. [ACI 18.7.5.6]

-When using mechanical or welded splices check [ACI 18.7.4.3].

-Every corner and alternate longitudinal bar shall have lateral support provided by the corner of a tie with an included angle of

not more than 135 degrees.

-No unsupported bar shall be farther than 150mm clear on each side along the tie form a laterally supported bar.

-If concrete cover exceeds 100mm, additional transverse reinforcement having cover not exceeding 100mm and spacing not

exceeding 300mm shall be provided [ACI 18.7.5.7]

-If f'c exceeds 70MPa, special provisions apply [ACI 22.5.3.1]
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Identification Material Prop. Section Properties Proposed Shear Reinforcement
ID = 6-DB f'.= 28 MPa | h= 500 mm XX-Axis YY-Axis
Storey= 45,6 E= 24870 MPa|b,,= 500 mm Plastic hinge region Plastic hinge region
Grid,x=  1-5 fy= 420 MPa [lw= 3000 mm ¢ = 9.5mm ¢ = 9.5mm
Grid,y= NA f= 420 MPa|c.= N 40 mm No. legs= 3 No. legs= 3
E= 200 GPa (A= 250000 mm2 s= 50 mm s= 50 mm
0 A= ¥ 1ll,=  SE+09 mmé Ash= 213 mm2 Ash= 213 mm2
ly= S5E+09 mm&4 Other regions Other regions
Y T Ay 450.00 mm ¢ = 9.5mm ¢ = 9.5mm
= dy= £450.00 mm No. legs= 3 No.legs= 3
T X=‘ 135mm s= 125 mm s= 125 mm
h N <bmi:= 22mm Ash=  213mm2 Ash=  213mm2
n= 12 Pu and Mu corresponding to Vu in xand y
® o A= 176400 mm2 Pu= 1017 kN Pu= OkN
— o, — ug 25mm Mus= 165kN  |Mu= OkN
Axial Force Shear Force inx Shear Forceiny | Axial Force from EQ
- In equilibrium!
Ppo= 652kN  |Vp,= 1kN Vpy= 0kN P'=  129kN
P = 260kN  |V,,= 1kN Vi,= OkN Pe=  -129kN
P =1 1017 kN Vi, = 99 kN Vg,= OkN Peys OkN PRESS BUTTON FOR
v E*1 Ey1 & EQUILIBRIUM
V= 101kN  [Vy,= OkN P~ 0kN
Flexural Reinforcement xx: Flexural Reinforcement yy: Moment capacity of columns and beams
no. ¢ no. ¢ d (mm) ¥ Ast | no. ¢ no. ¢ d(mm) Ast Top joint xx-axis yy-axis
2 22 1 22 50 2 22 1 22 50 Mprcl= 420 441
2 22 0 O 250 2 22 0 O 250 Mprc2= h 420 441
2 22 1 22 450 2 22 1 22 450 Mprbl= h 343 343
0O 0O O oO 0 0O 0 O O 0 Mprb2= h 343 343
0O 0O O oO 0 0O 0 O O 0 Bot joint Xx-axis yy-axis
0O 0O O oO 0 0O 0 O O 0 Mprcl= 420 441
0O 0O O oO 0 0O 0O 0 O 0 Mprc2= 420 441
0O 0O O oO 0 0O 0 O O 0 Mprbl= 343 343
0 0 0 0 0 0 0 0 0 0 Mprb2= 343 343
0O 0O O O 0 0O 0 O O 0

C-20




Appendix C

Dimension and longitudinal reinforcement limits

Buygmin= 300 mm OK! [ACI 18.7.2.1 (a)]
o min= 300 mm OK! [ACI18.7.2.1(a)]
b, /h,, or h,/b,= 100 »>= 04 OK! [ACI 18.7.2.1 (b)]
A= 3097 mm?2 OK! [ACI 18.7.4.1]
Transverse reinforcement in plastic hinge region
lo= 500 mm [ACI 18.7.5.1]
hx,m:= 350 mm OK! [ACI 18.7.5.2,e and f]
Soa= 125 mm OK! [ACI 18.7.5.3]
Srin= 33mm oK! [ACI 25.7.2.1]
Agp/sbey= 0.85% oK! [ACI 18.7.5.4]
Agn/sbe,= 0.85% OK! [ACI 18.7.5.4]
Transverse reinforcement in other regions
S 133 mm oK! [ACI 18.7.5.5]
Smin= 33mm OK! [ACI 25.7.2.1]
Prrin= 9.5mm oK! [ACI 25.7.2.2]
Shear force check
Vux max= 972 kN OK! [ACI 22.5.1.2]
Vuy max= 848 kN OK! [ACI 22.5.1.2]
Bi-axial moment capacity
(Mu, xx/Mn,xx)Z + (Mu’yy/Mn,)’J/)z = 081085  OK!
Shear capacity
XX-axis yy-axis Check
Plastic hinge region Other Plastic hinge region Other OK!
dVn: 985 kN 623 kN Vs= 862 kN 500 kN
Vu/dVn= 0.34 0.54 Vu/dVn= 0.38 0.66
Strong column-weak beam check [ACI 18.7.3.2]
XX-axis yy-axis
Joint
SMprc SMprb  IMprc/IMprb  Check SMprc SMprb  IMprc/IMprb  Check
Top 840 686 1.22 OK! 882 686 1.29 OK!
Bottom 840 686 1.22 OK! 882 686 129 OK!
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Interaction Diagram for xx-axis
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Interaction Diagram for yy-axis
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_|_
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Important notes:

-Combinations used for earthquake: 1.2D+1.0L+/-1.0E and 0.9D+/-1.0E **If different change Cap sheets accordingly

-Only symmetrical reinforcement is supported in the same axis.

-Lap splices outside lo region, the zone with lap-splice should comply with confinement reinforcement as in hinge region.

-Special provisions apply if column supports reactions from discontinued stiff members. [ACI 18.7.5.6]

-When using mechanical or welded splices check [ACI 18.7.4.3].

-Every corner and alternate longitudinal bar shall have lateral support provided by the corner of a tie with an included angle of

not more than 135 degrees.

-No unsupported bar shall be farther than 150mm clear on each side along the tie form a laterally supported bar.

-If concrete cover exceeds 100mm, additional transverse reinforcement having cover not exceeding 100mm and spacing not

exceeding 300mm shall be provided [ACI 18.7.5.7]

-If f'c exceeds 70MPa, special provisions apply [ACI 22.5.3.1]
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— by —|
Identification Section Properties Material Properties 1
ID = 9-DB h,= 600 mm [ OK!| f' = 28 MPa
Storey= 1,234 b,= 250 mm | OKM| E = 24870 MPa hy
Grid,x=  1-5 Ly= 5500 mm fy= 420 MPa [ACI 25.2]
Gridy= NA o= 40 mm o= 420 MPa ° | min 25
A~ 150000 mm2 <= 200 GPa Yy —
0 min=max(25mm, dy, 4/3 dug)
Other input parameters Proposed Shear Reinforcement
A= 1 END 1 (Plastic hinge 1) CENTER (Elastic) END 1 (Plastic hinge 1)
minc  Q 22.2mm ¢ = 9.5mm ¢ = 9.5 mm ¢ = 9.5mm
min dy enp2= 22.2 mm No. legs= 2 No. legs= 2 No. legs= 2
=
w,= 58 kN/m s= 75 mm 5= 125mm 5= 75mm
Important notes:
-If using compression reinforcement, check requirements at the end of the spreadsheet.
-Check for requirements of max. spacing of longitudinal bars at the end of the spreadsheet.
-Lap splice locations must follow the requirements mentioned at the end of the spreadsheet.
-Check for necessary development lenghts at the end of the spreadsheet.
FORCES ACTINGIN EACH SECTION J
END 1= 1100 mm 1 CENTER = 3300 mm END 2= 1100 mm
M, = 110.00 kN-m M, = 123.00 kN-m M, = 110.00 kN-m
M, = 345.00 kN-m M, = 140.00 kN-m M, = 345.00 kN-m
V,= 221.00 kN OK! V,= 170.00 kN OK! ]Vu= 221.00 kN OK! ]
P,= 0.00 kN OK! P,= 0.00 kN OK! P,= 0.00 kN OK!
T,= 0.00 kN-m OK! T,= 0.00 kN OK! T,= 0.00 kN OK!
Flexural Reinforcement: Flexural Reinforcement: Flexural Reinforcement:
no. ¢ no. ¢ d (mm) no. ¢ no ¢ d (mm) no. ¢ no. ¢ d (mm)
4 22 0 0 50 2 22 0 0 50 4 22 0 0 50
2 95 O 0 300 2 19 0 0 550 2 95 O 0 300
2 22 0 0 550 0 0 0 0 0 2 22 0 0 550
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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MOMENT DESIGN
END 1 CENTER END 2
Press for equilibrium OK! All sections in equilibrium

¢* = N 09 ¢ = 0.9 ¢" = 09
¢ = 0.9 ¢ = 0.9 ¢ = 0.9
&M, = 185kN-m 128 kN-m 185 kN-m
&M, =  344kN-m 170 kN-m 344 kN-m
A in= h 458 mm?2 A = h 458 mm?2 A in= h 458 mm?2

END 1 CENTER END 2
AS min= N 458 mm2 AS min= N 458 mm2 A min= N 458 mm2
A= 34638 mm2 Agmac= 3438 mm2 Asac= 3438 mm2
AS= 916 mm?2 A= 1347 mm2 AS= 916 mm?2
A= 1690 mm2 A= 774 mm2 = 1690 mm2
M,'/¢M," = 0.59 M.'/$M," = 0.96 S/OM," = 0.59
M, /oM, = 1.00 M, /M, = 0.82 M, /M, = 1.00

SHEAR DESIGN

END 1 CENTER END 2
é= 95mm No.legs= 2 d= 95mm No.legs= 2 ¢ = 95mm No.legs= 2
A= 142 mm2 A= 142 mm2 A= 142 mm2
s= 75mm s= 125mm s= 75mm
Smax= ¥ 133 mm Srmax= h 138 mm Smax= h 133 mm
A= 1 A= 1 A= 1
V= TOkN Vi=  T130kN V= TOkN
Vo= V437N V.= V262kN V= V437KN
oV,=  327kN &V,=  294kN oV,=  327kN
W= b 58 kN/m W= Vs kN/m W= Vs kN/m
Vema= | 315kN Verp= | 250kN Verp= | 315kN
Vemn=  -7kN Vemn=  57kN Vemn=  -7kN
Vge=  T315kN V= ' 250kN V= 315kN
Vis/dV,= 0.96 -Vdis/¢vn= 0.85 -vdis/¢vn= 0.96 -
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DEVELOPMENT LENGHTS AND SPLICES

END 1 CENTER END 2
1. Additional reinforcement 1. Additional reinforcement 1. Additional reinforcement
dy= ¥ 222mm dy= ¥19.1mm dy= ¥ 222mm
X1= h 800 mm X3= N 300 mm X= 1800 mm
A= 1 A= 1 A= 1
b= h be= h Pe= h
| | |
b= 1 = 038 b= 1
| | |
.= 13 Y= 1 Y= 13
A= ¥ 142 mm2 A= ¥ 142 mm2 A= ¥ 142 mm2
Cp= h 50 mm Cp= h 50 mm Cp= h 50 mm
s= 1 75mm s= h 125 mm s= 175 mm
n= h 2 n= ‘ 1 n= ‘ 2
Ker= 38 Ker= 45 kir= 38
(Cb+ktr)/db= 2.5 (Cb+ktr)/db= 2.5 (Cb+ktr)/db= 25
- ¥325 - Vo5 - Y325
ly= ¥ 1061 mm ly= ¥ 702mm ly= ¥ 1061 mm
Iy ace= ™ 1350mm lyace= ¥ 850mm lyace= ¥ 1350mm
2. Development lengthinto column 2. Development lengthinto column 2. Development length into column 3
maxdy= 22.2mm maxdy= 22.2mm maxdy= 22.2mm
lyn= h 326 mm lyn= b 326 mm lyn= h 326 mm
1350 mm | 1 1350 mm
: CL !
I I
— x, _,:.M{n ! :55()&,:._ X, —>
T
1
1
1
1
1
1
1
! 2
. ! L
1100 mm ! : L ! | 1100 mm
. | I
! X3 | X3 |
I ( |
850 mm 850 mm
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MAXIMUN SPACING OF REINFORCEMENT IN TENSION FACE AND SKIN REINFORCEMENT

Tension Face Skin reinforcement

c= h 39mm C= b 40 mm
f= 280 MPa fe= 280 MPa
max spacing= 283 mm max spacing= 280 mm

LATERAL SUPPORT OF COMPRESSION REINFORCEMENT

Notes for support of compression reinforcement (this applies only when compression is taken into account):
1. Minimun size:

No.10 if longitudinal bars are No32 or less.

No.13 if longitudinal bars are No36 or more, and for bundles.
2. Maximun spacing:

dbjong= 19.1 mm

dptrans=  9.5mm

Smax= 250 mm

3. Longitudinal compression reinforcement shall be arranged in such a manner that every corner and alternate bar be
enclosed by the corner of the transverse reinforcement with an included angle of 135 degrees or less. No bar shall be

farther than 150mm clear on each side along the transverse reinforcement from such an enclosed bar.
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— by —|
Identification Section Properties Material Properties 1
ID = 9-DB h,= 600 mm [ OK!| f' = 28 MPa
Storey= 5,6 b,= 250 mm [OK!'| E .= 24870 MPa hy
Grid,x=  1-5 Ly= 5500 mm fy= 420 MPa [ACI 25.2]
Gridy= NA o= 40 mm o= 420 MPa ° | min 25
A~ 150000 mm2 <= 200 GPa Yy —
0 min=max(25mm, dy, 4/3 dug)
Other input parameters Proposed Shear Reinforcement
A= 1 END 1 (Plastic hinge 1) CENTER (Elastic) END 1 (Plastic hinge 1)
minc  Q 22.2mm ¢ = 9.5mm ¢ = 9.5 mm ¢ = 9.5mm
min dy enp2= 22.2 mm No. legs= 2 No. legs= 2 No. legs= 2
=
w,= 58 kN/m s= 75 mm 5= 125mm 5= 75mm
Important notes:
-If using compression reinforcement, check requirements at the end of the spreadsheet.
-Check for requirements of max. spacing of longitudinal bars at the end of the spreadsheet.
-Lap splice locations must follow the requirements mentioned at the end of the spreadsheet.
-Check for necessary development lenghts at the end of the spreadsheet.
FORCES ACTINGIN EACH SECTION J
END 1= 1100 mm 1 CENTER = 3300 mm END 2= 1100 mm
M, = 80.00 kN-m M, = 104.00 kN-m M, = 80.00 kN-m
M, = 310.00 kN-m M, = 115.00 kN-m M, = 310.00 kN-m
V,= 216.00 kN OK! V,= 160.00 kN OK! ]Vu= 216.00 kN OK! ]
P,= 0.00 kN OK! P,= 0.00kN OK! P,= 0.00 kN OK!
T,= 0.00 kN-m OK! T,= 0.00 kN OK! T,= 0.00 kN OK!
Flexural Reinforcement: Flexural Reinforcement: Flexural Reinforcement:
no. ¢ no. ¢ d (mm) no. ¢ no ¢ d (mm) no. ¢ no. ¢ d (mm)
2 19 2 22 50 2 19 0 0 50 2 19 2 22 50
2 95 O 0 200 2 22 0 0 550 2 95 O 0 200
2 22 0 0 550 0 0 0 0 0 2 22 0 0 550
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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MOMENT DESIGN
END 1 | CENTER END 2
Press for equilibrium OK! All sections in equilibrium
+ 1 + +
d) = 0.9 ¢ = 09 d) = 0.9
¢ = 0.9 ¢ = 0.9 ¢ = 0.9
dM," = 179kN-m 170kN-m 179 kN-m
&M, = 309kN-m 128 kN-m 309 kN-m
+ ) . = N b
A min= 458 mm2 A min= 458 mm?2 Ay min= 458 mm2
END 1 CENTER END 2
5 b | 3 | - ]
A min= 458 mm2 A min= 458 mm2 A min= 458 mm2
A= 34638 mm2 Agmac= 3438 mm2 Asac= 3438 mm2
AS= 916 mm?2 A= 774 mm?2 AS= 916 mm?2
A= 1489 mm2 A= 1347 mm2 = 1489 mm2
M,"/dM," = 0.45 M,'/6M," = 0.61 JIOM," = 0.45
M, /¢M, = 1.00 M, /¢M, = 0.90 M, /¢M, = 1.00
SHEAR DESIGN
END 1 CENTER END 2
¢ = 95mm No.legs= 2 d = 95mm No.legs= 2 ¢ = 95mm No.legs= 2
A= 142 mm2 A= 142 mm2 A= 142 mm2
s= 75mm s= 125mm s= 75mm
Smax= ¥ 133 mm Srmax= h 138 mm Smax= h 133 mm
A= 1 A= 1 A= 1
V= TOkN Vi=  T139kN V= TOkN
Vo= V437N V.= V262kN V= V437KN
dV,= 327 kN oVo= 301 kN dV,= 327 kN
| | |
w,= 58kN/m W= 58kN/m w,= 58 kN/m
Vema= | 300kN Vemp= | 235kN Vema= | 300kN
Vemin=  -22kN Vemin=  42kN Vemin=  -22kN
| | |
Vyie= 300 kN Vyis= 235kN Vyis= 300 kN
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DEVELOPMENT LENGHTS AND SPLICES

END 1
1. Additional reinforcement
dy= ¥ 222mm
x1= b 800 mm

A= 1

b= h

= 1

D= Y13

A= ¥ 142 mm2
Cp= h 50 mm

s= h 75 mm

n= h 2

k= 38
(cp+ky)/dp= 25

- ¥325

ly= ¥ 1061 mm

Iy ace= ™ 1350mm

CENTER
1. Additional reinforcement
dp= ¥19.1mm
X5= 300 mm
A= 1
be= b
D= o8
e b
A= ¥ 142 mm2
Cp= h 50 mm
s= h 125 mm
n= h 1
keo= 45
(cptky)/dy= 25
- Vo5
ly= ¥ 702mm
lyace= ¥ 850mm

END 2
1. Additional reinforcement
dy= ¥ 222mm
X= ™ 800mm

A= 1

Pe= b

= A

U= Y13

A= ¥ 142 mm2
Cp= h 50 mm

s= b 75 mm

n= h 2

kep= 38
(co+ke)/dy= 25

- Y325

ly= ¥ 1061 mm
lyace= ¥ 1350mm

2. Development length into column

2. Development length into column

2. Development length into column

maxdy= 22.2mm maxdy= 22.2mm maxdy= 22.2mm
lyn= h 326 mm lyn= b 326 mm lyn= h 326 mm
] L
1350 mm : Cl_ : 1350 mm
I — —
— X1 " 550mm | 50 mm i X2
T
1
1
1
1
1
1
1
| .
I | o
| ! 1 ! |
1100 mm : ' ! ! ! 1100 mm
I I
! X3 : X3 [
850 mm 850 mm
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MAXIMUN SPACING OF REINFORCEMENT IN TENSION FACE AND SKIN REINFORCEMENT

Tension Face Skin reinforcement

c= h 40 mm C= b 40 mm
f= 280 MPa fe= 280 MPa
max spacing= 279 mm max spacing= 280 mm

LATERAL SUPPORT OF COMPRESSION REINFORCEMENT

Notes for support of compression reinforcement (this applies only when compression is taken into account):
1. Minimun size:

No.10 if longitudinal bars are No32 or less.

No.13 if longitudinal bars are No36 or more, and for bundles.
2. Maximun spacing:

dbjong= 19.1 mm

dptrans=  9.5mm

Smax= 250 mm

3. Longitudinal compression reinforcement shall be arranged in such a manner that every corner and alternate bar be
enclosed by the corner of the transverse reinforcement with an included angle of 135 degrees or less. No bar shall be

farther than 150mm clear on each side along the transverse reinforcement from such an enclosed bar.
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— by —|
Identification Section Properties Material Properties 1
ID = 9-DB h,= 600 mm [ OK!| f' = 28 MPa
Storey= 7,89 b,= 250 mm | OKM| E = 24870 MPa hy
Grid,x=  1-5 Ly= 5500 mm fy= 420 MPa [ACI 25.2]
Gridy= NA o= 40 mm o= 420 MPa ° | min 25
A~ 150000 mm2 <= 200 GPa Yy —
0 min=max(25mm, dy, 4/3 dug)
Other input parameters Proposed Shear Reinforcement
A= 1 END 1 (Plastic hinge 1) CENTER (Elastic) END 1 (Plastic hinge 1)
minc 0 22.2mm o = 9.5mm o = 9.5mm ¢ = 9.5mm
min dy enp2= 22.2 mm No. legs= 2 No. legs= 2 No. legs= 2
=
w,= 58 kN/m s= 75 mm 5= 125mm 5= 75mm
Important notes:
-If using compression reinforcement, check requirements at the end of the spreadsheet.
-Check for requirements of max. spacing of longitudinal bars at the end of the spreadsheet.
-Lap splice locations must follow the requirements mentioned at the end of the spreadsheet.
-Check for necessary development lenghts at the end of the spreadsheet.
FORCES ACTINGIN EACH SECTION J
END 1= 1100 mm 1 CENTER = 3300 mm END 2= 1100 mm
M, = 40,00 kN-m M, = 104.00 kN-m M, = 40,00 kN-m
M, = 254.00 kN-m M, = 73.00 kN-m M, = 254.00 kN-m
V,= 216.00 kN OK! V,= 160.00 kN OK! ]Vu= 216.00 kN OK! ]
P,= 0.00 kN OK! P,= 0.00 kN OK! P,= 0.00 kN OK!
T,= 0.00 kN-m OK! T,= 0.00 kN OK! T,= 0.00 kN OK!
Flexural Reinforcement: Flexural Reinforcement: Flexural Reinforcement:
no. ¢ no. ¢ d (mm) no. ¢ no ¢ d (mm) no. ¢ no. ¢ d (mm)
3 22 0 0 50 2 22 0 0 50 3 22 0 0 50
2 95 O 0 300 2 19 0 0 550 2 95 O 0 300
2 19 0 0 550 0 0 0 0 0 2 19 0 0 550
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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MOMENT DESIGN
END 1 CENTER END 2
Press for equilibrium OK! All sections in equilibrium
+ 1 + +
d) = 0.9 ¢ = 09 d) = 0.9
¢ = 0.9 ¢ = 0.9 T= 0.9
oM, = 143kN-m 128 kN-m 143 kN-m
oM, = 265 kN-m 170 kN-m 265 kN-m
+ ) . = N b
A min= 458 mm2 A min= 458 mm?2 Ay min= 458 mm2
END 1 CENTER END 2
_ o _ o _ |
A min= 458 mm2 A min= 458 mm2 A min= 458 mm2
A= 34638 mm2 Agmac= 3438 mm2 Asac= 3438 mm2
AS= 715mm?2 A= 1347 mm2 AS= 715mm?2
A= 1303 mm?2 A = 774 mm?2 = 1303 mm?2
M,"/oM," = 0.28 M, /oM," = 0.82 J/OM," = 0.28
M, /oM, = 0.96 M, /oM, = 0.43 M, /oM, = 0.96
SHEAR DESIGN
END 1 CENTER END 2
¢ = 95mm No.legs= 2 d = 95mm No.legs= 2 ¢ = 95mm No.legs= 2
A= 142 mm2 A= 142 mm2 A= 142 mm2
s= 75mm s= 125mm s= 75mm
Smax= ¥ 133 mm Srmax= h 138 mm Smax= h 133 mm
A= 1 A= 1 A= 1
V= TOkN Vi=  T130kN V= TOkN
Vo= V437N V.= V262kN V= V437KN
oV,=  327kN ®V,=  294kN ®V.=  327kN
| | b
W= 58kN/m wy= 58 kN/m wy= 58kN/m
Vema= | 280kN Vemp= | 215kN Verp= | 280kN
Vemin=  -42kN Vemin=  22kN Vemin=  -42kN
| | b
Vo= 280 kN Vyie= 215kN Vo= 280 kN
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DEVELOPMENT LENGHTS AND SPLICES

|
|
—— X, —>l—550mfn

END 1 CENTER END 2
1. Additional reinforcement 1. Additional reinforcement 1. Additional reinforcement
dy= ¥ 222mm dy= ¥19.1mm dy= ¥ 222mm
X1= h 800 mm X3= h 300 mm X= 1800 mm
A= 1 A= 1 A= 1
bes "1 bes T bes T
b= 1 b= Yos b= 1
D= Y13 U= T U= Y13
A= ¥ 142 mm2 A= ¥ 142 mm2 A= ¥ 142 mm2
Cp= h 50 mm Cp= h 50 mm Cp= h 50 mm
s= 1 75mm s= 1 125mm s= 175 mm
n= h 2 n= ‘ 1 n= h 2
Ker= 38 Ker= 45 kir= 38
(cp+ke)/dp= 25 (cp+ke)/dp= 25 (cprker)/dp= 25
- ¥325 - Vo5 - Y325
ly= ¥ 1061 mm ly= ¥ 702mm ly= ¥ 1061 mm
Iy ace= ™ 1350mm lyace= ¥ 850mm lyace= ¥ 1350mm
2. Development lengthinto column 2. Development lengthinto column 2. Development length into column 3
maxdy= 22.2mm maxdy= 22.2mm maxdy= 22.2mm
lyn= h 326 mm lyn= b 326 mm lyn= h 326 mm
1356 mm ! C : 1356 mm

|
:SSO-mm-JIn— X, —

N e

1100 mm

X3 X3

1100 mm

850 mm

850 mm
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MAXIMUN SPACING OF REINFORCEMENT IN TENSION FACE AND SKIN REINFORCEMENT

Tension Face Skin reinforcement

c= h 39mm C= b 40 mm
f= 280 MPa fe= 280 MPa
max spacing= 283 mm max spacing= 280 mm

LATERAL SUPPORT OF COMPRESSION REINFORCEMENT

Notes for support of compression reinforcement (this applies only when compression is taken into account):
1. Minimun size:

No.10 if longitudinal bars are No32 or less.

No.13 if longitudinal bars are No36 or more, and for bundles.
2. Maximun spacing:

dbjong= 19.1 mm

dptrans=  9.5mm

Smax= 250 mm

3. Longitudinal compression reinforcement shall be arranged in such a manner that every corner and alternate bar be
enclosed by the corner of the transverse reinforcement with an included angle of 135 degrees or less. No bar shall be

farther than 150mm clear on each side along the transverse reinforcement from such an enclosed bar.
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Identification Material Prop. Section Properties Proposed Shear Reinforcement
ID = 9-DB f'.= 28 MPa | h= 500 mm XX-Axis YY-Axis
Storey= 1,234 E= 24870 MPa|b,,= 500 mm Plastic hinge region Plastic hinge region
Grid,x=  1-5 fy= 420 MPa [lw= 3000 mm ¢ = 12.7 mm ¢ = 12.7 mm
Grid,y= NA f= 420 MPa|c.= N 40 mm No. legs= 3 No. legs= 3
E= 200 GPa (A= 250000 mm2 s= 65 mm s= 65 mm
A= ¥ 1ll,=  SE+09 mmé Ash= 380 mm2 Ash= 380 mm2
ly= S5E+09 mm&4 Other regions Other regions
! T dy= 450,00 mm ¢ = 9.5mm ¢ = 9.5mm
dy= £450.00 mm No. legs= 3 No.legs= 3
T X=‘ 197 mm s= 125 mm s= 125 mm
h — Grint 22mm Ash=  213mm2 Ash=  213mm2
n|=1 8 Pu and Mu corresponding to Vu in xand y
(] e A= 176400 mm2 Pu= 3051 kN Pu= OkN
—, — ug 25mm Mus= 299kN  [Mu= OkN
Axial Force Shear Force inx Shear Forceiny | Axial Force from EQ
- In equilibrium!
Po=  1894kN |Vp,= 20kN Vpy= 0kN P'.=  350kN
P = 778kN  |V,= 9kN Vi,= OkN Pe=  -350kN
- . PRESS BUTTON FOR
P,= 3051kN  [Ve,= 1346kN [ Vg,= 0kN P e, 0kN EQUILIBRIUM
vux: 167 kN vuy: OkN P~ 0kN
Flexural Reinforcement xx: Flexural Reinforcement yy: Moment capacity of columns and beams
no. ¢ no. ¢ d (mm) ¥ Ast | no. ¢ no. ¢ d(mm) Ast Top joint xx-axis yy-axis
2 22 1 22 50 2 22 1 22 50 Mprcl= 520 548
2 22 0 O 250 2 22 0 O 250 Mprc2= h 520 548
2 22 1 22 450 2 22 1 22 450 Mprbl= h 423 423
0O 0O O oO 0 0O 0 O O 0 Mprb2= h 423 423
0O 0O O oO 0 0O 0 O O 0 Bot joint Xx-axis yy-axis
0O 0O O oO 0 0O 0 O O 0 Mprcl= 520 548
0O 0O O oO 0 0O 0O 0 O 0 Mprc2= 520 548
0O 0O O oO 0 0O 0 O O 0 Mprbl= 423 390
0 0 0 0 0 0 0 0 0 0 Mprb2= 423 423
0O 0O O O 0 0O 0 O O 0
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Dimension and longitudinal reinforcement limits

Buygmin= 300 mm OK! [ACI 18.7.2.1 (a)]
o min= 300 mm OK! [ACI18.7.2.1(a)]
b, /h,, or h,/b,= 100 »>= 04 OK! [ACI 18.7.2.1 (b)]
A= 3097 mm?2 OK! [ACI 18.7.4.1]
Transverse reinforcement in plastic hinge region
lo= 500 mm [ACI 18.7.5.1]
hx,m:= 200 mm OK! [ACI 18.7.5.2,e and f]
Soa= 125 mm OK! [ACI 18.7.5.3]
Srin= 33mm oK! [ACI 25.7.2.1]
Agp/sbey= 1.17% oK! [ACI 18.7.5.4]
Agn/sbe,= 117% OK! [ACI 18.7.5.4]
Transverse reinforcement in other regions
S 133 mm oK! [ACI 18.7.5.5]
Smin= 33mm OK! [ACI 25.7.2.1]
Prrin= 9.5mm oK! [ACI 25.7.2.2]
Shear force check
Vux max= 1141 kN OK! [ACI 22.5.1.2]
Vuy max= 848 kN OK! [ACI 22.5.1.2]
Bi-axial moment capacity
(Mu' X Mn, xx)z + (Mu' Yy Mn, yy)z = 0.968665  OK!
Shear capacity
XX-axis yy-axis Check
Plastic hinge region Other Plastic hinge region Other OK!
dVn: 1380 kN 793 kN Vs= 1088 kN 500 kN
Vu/$Vn= 0.28 0.48 Vu/$Vn= 0.34 0.75
Strong column-weak beam check [ACI 18.7.3.2]
XX-axis yy-axis
Joint
SMprc SMprb  IMprc/IMprb  Check SMprc SMprb  IMprc/IMprb  Check
Top 1040 846 1.23 OK! 1096 846 1.30 OK!
Bottom 1040 846 1.23 OK! 1096 813 135 OK!
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Axial Force (kN)

Interaction Diagram for xx-axis

4000 '|'

I
|
3000 T

2000 -

-1000 T

-2000 -
0 100 200 300

Moment (kN-m)

——phi-Mn-Pn Mu

400

500

Axial Force (kN)

-1000 +

-2000 +

Interaction Diagram for yy-axis

4000
_|_

0 100 200 300 400
Moment (kN-m)

—— phi Mn-Pn Mu

500

Important notes:

-Combinations used for earthquake: 1.2D+1.0L+/-1.0E and 0.9D+/-1.0E **If different change Cap sheets accordingly
-Only symmetrical reinforcement is supported in the same axis.

-Lap splices outside lo region, the zone with lap-splice should comply with confinement reinforcement as in hinge region.

-Special provisions apply if column supports reactions from discontinued stiff members. [ACI 18.7.5.6]

-When using mechanical or welded splices check [ACI 18.7.4.3].

-Every corner and alternate longitudinal bar shall have lateral support provided by the corner of a tie with an included angle of

not more than 135 degrees.

-No unsupported bar shall be farther than 150mm clear on each side along the tie form a laterally supported bar.

-If concrete cover exceeds 100mm, additional transverse reinforcement having cover not exceeding 100mm and spacing not

exceeding 300mm shall be provided [ACI 18.7.5.7]

-If f'c exceeds 70MPa, special provisions apply [ACI 22.5.3.1]
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Identification Material Prop. Section Properties Proposed Shear Reinforcement
ID = 9-DB f'.= 28 MPa | h= 500 mm XX-Axis YY-Axis
Storey= 5,6 E= 24870 MPa (b, = 500 mm Plastic hinge region Plastic hinge region
Grid,x=  1-5 fy= 420 MPa [lw= 3000 mm ¢ = 9.5mm ¢ = 9.5mm
Grid,y= NA f= 420 MPa|c.= N 40 mm No. legs= 3 No. legs= 3
E= 200 GPa (A= 250000 mm2 s= 50 mm s= 50 mm
0 A= ¥ 1ll,=  SE+09 mmé Ash= 213 mm2 Ash= 213 mm2
ly= S5E+09 mm&4 Other regions Other regions
Y T Ay 450.00 mm ¢ = 9.5mm ¢ = 9.5mm
= dy= £450.00 mm No. legs= 3 No.legs= 3
T X=‘ 197 mm s= 125 mm s= 125 mm
h N <bmi:= 22mm Ash=  213mm2 Ash=  213mm2
n= 8 Pu and Mu corresponding to Vu in xand y
® o A= 176400 mm2 Pu= 1696 kN Pu= OkN
— o, — ug 25mm Mus= 184kN  |Mu= OkN
Axial Force Shear Force inx Shear Forceiny | Axial Force from EQ
- In equilibrium!
Po=  1051kN |Vp,= 33kN Vpy= 0kN P'=  170kN
P = 432kN  |V,= 15kN Vi,= OkN Pe=  -133kN
P =1 1696 kN Vi,= 107 kN Vg,= OkN P = OkN PRESS BUTTON FOR
v E*1 Ey1 & EQUILIBRIUM
V= 162kN  [V,,= OkN P~ 0kN
Flexural Reinforcement xx: Flexural Reinforcement yy: Moment capacity of columns and beams
no. ¢ no. ¢ d (mm) ¥ Ast | no. ¢ no. ¢ d(mm) Ast Top joint xx-axis yy-axis
2 22 1 22 50 2 22 1 22 50 Mprcl= 471 484
2 22 0 O 250 2 22 0 O 250 Mprc2= h 471 484
2 22 1 22 450 2 22 1 22 450 Mprbl= h 382 382
0O 0O O oO 0 0O 0 O O 0 Mprb2= h 382 382
0O 0O O oO 0 0O 0 O O 0 Bot joint Xx-axis yy-axis
0O 0O O oO 0 0O 0 O O 0 Mprcl= 471 484
0O 0O O oO 0 0O 0O 0 O 0 Mprc2= 471 484
0O 0O O oO 0 0O 0 O O 0 Mprbl= 382 382
0 0 0 0 0 0 0 0 0 0 Mprb2= 382 382
0O 0O O O 0 0O 0 O O 0
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Dimension and longitudinal reinforcement limits

Buygmin= 300 mm OK! [ACI 18.7.2.1 (a)]
o min= 300 mm OK! [ACI18.7.2.1(a)]
b, /h,, or h,/b,= 100 »>= 04 OK! [ACI 18.7.2.1 (b)]
A= 3097 mm?2 OK! [ACI 18.7.4.1]
Transverse reinforcement in plastic hinge region
lo= 500 mm [ACI 18.7.5.1]
hx,m:= 350 mm OK! [ACI 18.7.5.2,e and f]
Soa= 125 mm OK! [ACI 18.7.5.3]
Srin= 33mm oK! [ACI 25.7.2.1]
Agp/sbey= 0.85% oK! [ACI 18.7.5.4]
Agn/sbe,= 0.85% OK! [ACI 18.7.5.4]
Transverse reinforcement in other regions
S 133 mm oK! [ACI 18.7.5.5]
Smin= 33mm OK! [ACI 25.7.2.1]
Smin= 9.5mm OK! [ACI 25.7.2.2]
Shear force check
Vux max= 1035 kN OK! [ACI 22.5.1.2]
Vuy max= 848 kN OK! [ACI 22.5.1.2]
Bi;.‘:;(ial moment ca\pgcity/ i .2
U " mn,xx) 0777 M, yy) =
0.478448 OK!
Shear capacity
XX-axis yy-axis Check
Plastic hinge region Other Plastic hinge region Other OK!
dVn: 1049 kN 687 kN Vs= 862 kN 500 kN
Vu/$Vn= 0.36 0.54 Vu/$Vn= 0.42 0.73
Strong column-weak beam check [ACI 18.7.3.2]
XX-axis yy-axis
Joint
SMprc SMprb  IMprc/IMprb  Check SMprc SMprb  IMprc/IMprb  Check
Top 942 764 1.23 OK! 968 764 1.27 OK!
Bottom 942 764 1.23 OK! 968 764 127 OK!
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Interaction Diagram for xx-axis

Interaction Diagram for yy-axis

4000 T 4000 +
3000 + 3000 T
2000 -I- 2000 -
|
= i = |
=< : X |
g : 8 |
§ 1000 + I 5 1000 &
e | 4 s
z | S y
< ; é
0 ja—an_s_| t t 0 % } } } } {
-1000 T -1000 +
-2000 + -2000 +
0 100 200 300 400 500 0 100 200 300 400 500
Moment (kN-m) Moment (kN-m)
—— phi-Mn-Pn Mu —— phi Mn-Pn Mu
Important notes:

-Combinations used for earthquake: 1.2D+1.0L+/-1.0E and 0.9D+/-1.0E **If different change Cap sheets accordingly

-Only symmetrical reinforcement is supported in the same axis.

-Lap splices outside lo region, the zone with lap-splice should comply with confinement reinforcement as in hinge region.

-Special provisions apply if column supports reactions from discontinued stiff members. [ACI 18.7.5.6]

-When using mechanical or welded splices check [ACI 18.7.4.3].

-Every corner and alternate longitudinal bar shall have lateral support provided by the corner of a tie with an included angle of

not more than 135 degrees.

-No unsupported bar shall be farther than 150mm clear on each side along the tie form a laterally supported bar.

-If concrete cover exceeds 100mm, additional transverse reinforcement having cover not exceeding 100mm and spacing not

exceeding 300mm shall be provided [ACI 18.7.5.7]

-If f'c exceeds 70MPa, special provisions apply [ACI 22.5.3.1]
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Identification Material Prop. Section Properties Proposed Shear Reinforcement
ID = 9-DB f'.= 28 MPa | h= 500 mm XX-Axis YY-Axis
Storey= 7.89 E= 24870 MPa|b,,= 500 mm Plastic hinge region Plastic hinge region
Grid,x=  1-5 fy= 420 MPa [lw= 3000 mm ¢ = 9.5mm ¢ = 9.5mm
Grid,y= NA f= 420 MPa|c.= N 40 mm No. legs= 3 No. legs= 3
E= 200 GPa (A= 250000 mm2 s= 50 mm s= 50 mm
0 A= ¥ 1ll,=  SE+09 mmé Ash= 213 mm2 Ash= 213 mm2
y ly= S5E+09 mm&4 Other regions Other regions
T A= 450.00 mm ¢ = 9.5mm ¢ = 9.5mm
dy= £450.00 mm No. legs= 3 No.legs= 3
T X=‘ 200 mm s= 114 mm s= 114 mm
h — Grint 19mm Ash=  213mm2 Ash=  213mm2
n|=1 8 Pu and Mu corresponding to Vu in xand y
\J Ll A= 176400 mm2 Pu= 1017 kN Pu= OkN
—p, — ug 25mm Mus= 128kN  [Mu= 0kN
Axial Force Shear Force inx Shear Forceiny | Axial Force from EQ
- In equilibrium!
Ppo= 627kN  |Vp,= 50 kN Vpy= 0kN Pt 55kN
P = 259kN  |V,,= 20kN Vi,= OkN Pe=  -55kN
- . PRESS BUTTON FOR
P,=  1017kN  |Vg=  68kN Ve, OkN P e, OkN EQUILIBRIUM
vux: 148 kN vuy: OkN P~ 0kN
Flexural Reinforcement xx: Flexural Reinforcement yy: Moment capacity of columns and beams
no. ¢ no. ¢ d (mm) ¥ Ast | no. ¢ no. ¢ d(mm) Ast Top joint xx-axis yy-axis
2 22 1 19 50 2 22 1 19 50 Mprcl= 391 400
2 19 0 0 250 2 19 0 0 250 Mprc2= | 391 400
2 22 1 19 450 2 22 1 19 450 Mprbl= h 325 325
0O 0O O oO 0 0O 0 O O 0 Mprb2= h 325 325
0O 0O O oO 0 0O 0 O O 0 Bot joint Xx-axis yy-axis
0O 0O O oO 0 0O 0 O O 0 Mprcl= 391 400
0O 0O O oO 0 0O 0O 0 O 0 Mprc2= 391 400
0O 0O O oO 0 0O 0 O O 0 Mprbl= 325 325
0 0 0 0 0 0 0 0 0 0 Mprb2= 325 325
0O 0O O O 0 0O 0 O O 0
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Dimension and longitudinal reinforcement limits

Buygmin= 300 mm OK! [ACI 18.7.2.1 (a)]
o min= 300 mm OK! [ACI18.7.2.1(a)]
b, /h,, or h,/b,= 100 »>= 04 OK! [ACI 18.7.2.1 (b)]
A= 2694 mm?2 OK! [ACI 18.7.4.1]
Transverse reinforcement in plastic hinge region
lo= 500 mm [ACI 18.7.5.1]
hx,m:= 350 mm OK! [ACI 18.7.5.2,e and f]
Soa= 115 mm OK! [ACI 18.7.5.3]
Srin= 33mm oK! [ACI 25.7.2.1]
Agp/sbey= 0.85% oK! [ACI 18.7.5.4]
Agn/sbe,= 0.85% OK! [ACI 18.7.5.4]
Transverse reinforcement in other regions
Soa= 115 mm OoK! [ACI 18.7.5.5]
Smin= 33mm OK! [ACI 25.7.2.1]
Prrin= 9.5mm oK! [ACI 25.7.2.2]
Shear force check
Vux max= 972 kN OK! [ACI 22.5.1.2]
Vuy max= 848 kN OK! [ACI 22.5.1.2]
Bi-axial moment capacity
(Mu, X xx)z + (Mu' Y fntn, yy)z = 0.526007  OK!
Shear capacity
XX-axis yy-axis Check
Plastic hinge region Other Plastic hinge region Other OK!
dVn: 985 kN 647 kN Vs= 862 kN 523 kN
Vu/dVn= 0.32 0.48 Vu/dVn= 0.36 0.59
Strong column-weak beam check [ACI 18.7.3.2]
XX-axis yy-axis
Joint
SMprc SMprb  IMprc/IMprb  Check SMprc SMprb  IMprc/IMprb  Check
Top 782 650 1.20 OK! 800 650 1.23 OK!
Bottom 782 650 1.20 OK! 800 650 123 OK!
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Interaction Diagram for xx-axis Interaction Diagram for yy-axis

4000 T 4000 +
3000 T+ 3000 T
2000 + 2000 +
=3 =
= x
Q Q
5 1000 5 S 1000 &
w i [N
© ©
E ' z /
0 Py - ' : | 0 : i : |
-1000 1 -1000 -
-2000 1 2000 +
0 100 200 300 400 500 0 100 200 300 400 500
Moment (kN-m) Moment (kN-m)
—— phi-Mn-Pn Mu —— phi Mn-Pn Mu

Important notes:

-Combinations used for earthquake: 1.2D+1.0L+/-1.0E and 0.9D+/-1.0E **If different change Cap sheets accordingly
-Only symmetrical reinforcement is supported in the same axis.

-Lap splices outside lo region, the zone with lap-splice should comply with confinement reinforcement as in hinge region.
-Special provisions apply if column supports reactions from discontinued stiff members. [ACI 18.7.5.6]

-When using mechanical or welded splices check [ACI 18.7.4.3].

-Every corner and alternate longitudinal bar shall have lateral support provided by the corner of a tie with an included angle of

not more than 135 degrees.
-No unsupported bar shall be farther than 150mm clear on each side along the tie form a laterally supported bar.

-If concrete cover exceeds 100mm, additional transverse reinforcement having cover not exceeding 100mm and spacing not

exceeding 300mm shall be provided [ACI 18.7.5.7]

-If f'c exceeds 70MPa, special provisions apply [ACI 22.5.3.1]
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— by —|
Identification Section Properties Material Properties 1
ID = 3-FB h,= 600 mm [ OK!| f' = 28 MPa
Storey=All b,= 250 mm [OK!'| E .= 24870 MPa hy
Grid,x=  1-5 Ly= 5500 mm fy= 420 MPa [ACI 25.2]
Gridy= NA o= 40 mm o= 420 MPa ° | min 25
A~ 150000 mm2 <= 200 GPa Yy —t
0 min=max(25mm, dy, 4/3 dag)
Other input parameters Proposed Shear Reinforcement
A= 1 END 1 (Plastic hinge 1) CENTER (Elastic) END 1 (Plastic hinge 1)
minc  Q 19.1 mm ¢ = 9.5mm ¢ = 9.5 mm ¢ = 9.5mm
min dy enp2= 19.1mm No. legs= 2 No. legs= 2 No. legs= 2
=
w,= 58 kN/m s= 75 mm 5= 125mm 5= 75mm
Important notes:
-If using compression reinforcement, check requirements at the end of the spreadsheet.
-Check for requirements of max. spacing of longitudinal bars at the end of the spreadsheet.
-Lap splice locations must follow the requirements mentioned at the end of the spreadsheet.
-Check for necessary development lenghts at the end of the spreadsheet.
FORCES ACTINGIN EACH SECTION J
END 1= 1100 mm 1 CENTER = 3300 mm END 2= 1100 mm
M, = 25.00 kN-m M, = 102.00 kN-m M, = 25.00 kN-m
M, = 280.00 kN-m M, = 0.01 kN-m M, = 280.00 kN-m
V,= 201.00 kN OK! V,= 201.00 kN OK! JVU= 201.00 kN OK! ]
P,= 13.00kN OK! P,= 13.00kN OK! P,= 13.00kN OK!
T,= 1.00 kN-m OK! T,= 1.00 kN OK! T,= 1.00 kN OK!
Flexural Reinforcement: Flexural Reinforcement: Flexural Reinforcement:
no. ¢ no. ¢ d (mm) no. ¢ no ¢ d (mm) no. ¢ no. ¢ d (mm)
3 19 0 0 50 3 19 0 0 50 3 19 0 0 50
2 19 0 0 94 3 19 0 0 550 2 19 0 0 94
3 19 0 0 550 0 0 0 0 0 3 19 0 0 550
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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MOMENT DESIGN

END 1 | CENTER END 2

Press for equilibrium o o
OK! All sections in equilibrium

+ 1 + +
d) = 0.9 ¢ = 09 d) = 0.9
¢ = 0.9 ¢ = 0.9 ¢ = 0.9
&M, = 193kN-m 188kN-m 193 kN-m
oM, = 295kN-m 188 kN-m 295 kN-m
+ ) . = N b
A min= 458 mm?2 A, min= 458 mm2 A min= 458 mm?2
END 1 CENTER END 2
3 b | - | - L]
A min= 458 mm2 A min= 458 mm2 A min= 458 mm2
A= 34638 mm2 Agmac= 3438 mm2 Asac= 3438 mm2
AS= 1427 mm2 A= 860 mm?2 AS= 1427 mm2
A= 1427 mm?2 A= 860 mm?2 = 1427 mm?2

M, /éM," = 0.13 M, /¢dM," = 0.54 J/PM." = 013

M,/éM. = 095 M, /éM, = 0.00 M, /éM, = 0.95
SHEAR DESIGN

END 1 CENTER END 2
é= 95mm No.legs= 2 d= 95mm No.legs= 2 ¢ = 95mm No.legs= 2
A= 142 mm2 A= 142 mm2 A= 142 mm2
s= 75mm s= 125mm s= 75mm
Smax= ¥ 115mm Srmax= h 138 mm Smax= h 115mm
A= 1 A= 1 A= 1
V= TOkN Vi=  T131kN V= TOkN
Vo= V437N V.= V262kN V= V437KN
V.=  327kN V.= 295kN ®oV,=  327kN
w=  58kN/m W= 58kN/m W= 58kN/m
Vema= 294kN Verp= | 229kN Vera= | 294kN
Vemin=  -28kN Verin=  36kN Vemin=  -28kN
Vge=  T294KkN V= 229kN Vge=  1294KkN
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DEVELOPMENT LENGHTS AND SPLICES

END 1 CENTER END 2
1. Additional reinforcement 1. Additional reinforcement 1. Additional reinforcement
dp= ¥ 191mm dp= ¥19.1mm dp= ¥19.1mm
X1= h 300 mm X3= N 300 mm X= h 300 mm
A= 1 A= 1 A= 1
b= h be= h Pe= h
D= Yos D= o8 B.= Yos
| | |
Y= 13 Y= 1 Y= 13
A= ¥ 142 mm2 A= ¥ 142 mm2 A= ¥ 142 mm2
Cp= h 50 mm Cp= h 50 mm Cp= h 50 mm
s= 1 75mm s= h 125 mm s= 175 mm
n= h 2 n= ‘ 1 n= ‘ 2
ker= 38 k= 45 k= 38
(Cb+ktr) /db= 2.5 (Cb+ktr) /db= 2.5 (Cb+ktr) /db= 2.5
- ¥325 - Vo5 - Y325
ly= Y 912mm ly= ¥ 702mm ly= Y912 mm
Iy ace= ¥ 912mm lyace= ¥ 850mm lyace= Y 912mm
2. Development lengthinto column 2. Development lengthinto column 2. Development length into column
maxdy= 19.1 mm maxdy= 19.1mm maxdy= 19.1mm
Idh= A 281 mm Idh= h 281 mm Idh= h 281 mm
(] 1.
912 mm : Cl— | 912 mm
X, —>l ! I X, —»
! I 550mh [ 1550 mm ' 2
T
l
l
1
1
1
1
1
! 5
T | o
| o L ! )
1100 mm l ! ' ! 1100 mm
] ]
: X3 : X3 :
850 mm 850 mm
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MAXIMUN SPACING OF REINFORCEMENT IN TENSION FACE AND SKIN REINFORCEMENT

Tension Face Skin reinforcement

c= h 40 mm C= b 40 mm
f= 280 MPa fe= 280 MPa
max spacing= 279 mm max spacing= 280 mm

LATERAL SUPPORT OF COMPRESSION REINFORCEMENT

Notes for support of compression reinforcement (this applies only when compression is taken into account):
1. Minimun size:

No.10 if longitudinal bars are No32 or less.

No.13 if longitudinal bars are No36 or more, and for bundles.
2. Maximun spacing:

dbjong= 19.1 mm

dptrans=  9.5mm

Smax= 250 mm

3. Longitudinal compression reinforcement shall be arranged in such a manner that every corner and alternate bar be
enclosed by the corner of the transverse reinforcement with an included angle of 135 degrees or less. No bar shall be

farther than 150mm clear on each side along the transverse reinforcement from such an enclosed bar.

C-47



Appendix C

Identification Material Prop. Section Properties Proposed Shear Reinforcement
ID = 3-FB f'.= 28 MPa | h= 500 mm XX-Axis YY-Axis
Storey=All E= 24870 MPa (b, = 500 mm Plastic hinge region Plastic hinge region
Grid,x=  1-5 fy= 420 MPa [lw= 3000 mm ¢ = 12.7 mm ¢ = 12.7 mm
Grid,y= NA f= 420 MPa|c.= N 40 mm No.legs= 4 No.legs= 4
E= 200 GPa (A= 250000 mm2 s= 100 mm s= 100 mm
A= ¥ 1ll,=  SE+09 mmé Ash= 507 mm2 Ash= 507 mm2
ly= S5E+09 mm&4 Other regions Other regions
Y T d 450,00 mm b= 9.5mm b= 9.5mm
dy= £450.00 mm No.legs= &4 No.legs= &4
T X=‘ 140 mm s= 100 mm s= 100 mm
h Grint 19mm Ash=  284mm2 Ash=  284mm2
— X = - -
n= 12 Pu and Mu corresponding to Vu in xand y
® o A= 176400 mm2 Pu= 1032 kN Pu= OkN
— o, — ug 25mm Mus= 268kN  [Mu= OkN
Axial Force Shear Force inx Shear Forceiny | Axial Force from EQ
- In equilibrium!
Ppo= 637kN  |Vp,= 1kN Vpy= 0kN P'.=  100kN
P = 262kN  |V,,= 1kN Vi,= OkN Pe=  -100kN
P =1 1032 kN Vi, = 114 kN Vg,= OkN P = OkN PRESS BUTTON FOR
v E*1 Ey1 & EQUILIBRIUM
V= 116kN  [V,,= OkN P~ 0kN
Flexural Reinforcement xx: Flexural Reinforcement yy: Moment capacity of columns and beams
no. ¢ no. ¢ d (mm) ¥ Ast | no. ¢ no. ¢ d(mm) Ast Top joint xx-axis yy-axis
4 19 O 0 50 4 19 O 0 50 Mprcl= 440 454
2 19 0 0 180 2 19 0 0 180 Mprc2= | 440 454
2 19 0 O 320 2 19 0 O 320 Mprbl= h 365 365
4 19 0 O 450 4 19 0 O 450 Mprb2= h 365 365
0O 0O O oO 0 0O 0 O O 0 Bot joint Xx-axis yy-axis
0O 0O O oO 0 0O 0 O O 0 Mprcl= 440 454
0O 0O O oO 0 0O 0O 0 O 0 Mprc2= 440 454
0O 0O O oO 0 0O 0 O O 0 Mprbl= 365 365
0 0 0 0 0 0 0 0 0 0 Mprb2= 365 365
0O 0O O O 0 0O 0 O O 0
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Dimension and longitudinal reinforcement limits

Buygmin= 300 mm OK! [ACI 18.7.2.1 (a)]
o min= 300 mm OK! [ACI18.7.2.1(a)]
b, /h,, or h,/b,= 100 »>= 04 OK! [ACI 18.7.2.1 (b)]
A= 3438 mm?2 OK! [ACI 18.7.4.1]
Transverse reinforcement in plastic hinge region
lo= 500 mm [ACI 18.7.5.1]
hx,m:= 350 mm OK! [ACI 18.7.5.2,e and f]
Soa= 115 mm OK! [ACI 18.7.5.3]
Srin= 33mm oK! [ACI 25.7.2.1]
Agp/sbey= 1.01% oK! [ACI 18.7.5.4]
Agn/sbe,= 1.01% OK! [ACI 18.7.5.4]
Transverse reinforcement in other regions
Soa= 115 mm OoK! [ACI 18.7.5.5]
Smin= 33mm OK! [ACI 25.7.2.1]
Prrin= 9.5mm oK! [ACI 25.7.2.2]
Shear force check
Vux max= 973 kN OK! [ACI 22.5.1.2]
Vuy max= 848 kN OK! [ACI 22.5.1.2]
Bi-axial moment capgcity ,
(Mu' xx/Mn, xx) + (Mu,yy/Mn‘ yy) - 1 OK!
Shear capacity
XX-axis yy-axis Check
Plastic hinge region Other Plastic hinge region Other OK!
dVn: 1102 kN 786 kN Vs= 977 kN 661 kN
Vu/$Vn= 0.32 0.44 Vu/$Vn= 0.35 0.52
Strong column-weak beam check [ACI 18.7.3.2]
XX-axis yy-axis
Joint
SMprc SMprb  IMprc/IMprb  Check SMprc SMprb  IMprc/IMprb  Check
Top 880 730 1.21 OK! 908 730 1.24 OK!
Bottom 880 730 1.21 OK! 908 730 124 OK!
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Interaction Diagram for xx-axis Interaction Diagram for yy-axis
5000 T 5000 -+
4000 1 4000 T
3000 + 3000 +
< 2000 T < 200 +
8 8
S S
w w
2 1000 & .‘_; 1000 #+
< <
0 s = — T —— 0 | | | | |
-1000 -1000
-2000 -2000
0 100 200 300 400 500 0 100 200 300 400 500
Moment (kN-m) Moment (kN-m)
—— phi-Mn-Pn Mu —— phi Mn-Pn Mu
Important notes:

-Combinations used for earthquake: 1.2D+1.0L+/-1.0E and 0.9D+/-1.0E **If different change Cap sheets accordingly

-Only symmetrical reinforcement is supported in the same axis.

-Lap splices outside lo region, the zone with lap-splice should comply with confinement reinforcement as in hinge region.
-Special provisions apply if column supports reactions from discontinued stiff members. [ACI 18.7.5.6]

-When using mechanical or welded splices check [ACI 18.7.4.3].

-Every corner and alternate longitudinal bar shall have lateral support provided by the corner of a tie with an included angle of
not more than 135 degrees.

-No unsupported bar shall be farther than 150mm clear on each side along the tie form a laterally supported bar.

-If concrete cover exceeds 100mm, additional transverse reinforcement having cover not exceeding 100mm and spacing not
exceeding 300mm shall be provided [ACI 18.7.5.7]

-If f'c exceeds 70MPa, special provisions apply [ACI 22.5.3.1]
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[— by, —
Identification Section Properties Material Properties 1
ID = 6-FB h,= 600 mm [ OK!| f' = 28 MPa
Storey= 1,23 b,= 250 mm | OKM| E = 24870 MPa hy
Grid,x=  1-5 Ly= 5500 mm fy= 420 MPa [ACI 25.2]
Gridy= NA o= 40 mm o= 420 MPa ° | min 25
A~ 150000 mm2 <= 200 GPa Yy —
0 min=max(25mm, dy, 4/3 dug)
Other input parameters Proposed Shear Reinforcement
A= 1 END 1 (Plastic hinge 1) CENTER (Elastic) END 1 (Plastic hinge 1)
minc  Q 22.2mm ¢ = 9.5mm ¢ = 9.5 mm ¢ = 9.5mm
min dy enp2= 22.2 mm No. legs= 2 No. legs= 2 No. legs= 2
=
w,= 58 kN/m s= 75 mm 5= 125mm 5= 75mm
Important notes:
-If using compression reinforcement, check requirements at the end of the spreadsheet.
-Check for requirements of max. spacing of longitudinal bars at the end of the spreadsheet.
-Lap splice locations must follow the requirements mentioned at the end of the spreadsheet.
-Check for necessary development lenghts at the end of the spreadsheet.
FORCES ACTINGIN EACH SECTION J
END 1= 1100 mm 1 CENTER = 3300 mm END 2= 1100 mm
M, = 88.00 kN-m M, = 110.00 kN-m M, = 88.00 kN-m
M, = 324.00 kN-m M, = 0.01 kN-m M, = 324.00 kN-m
V,= 216.00 kN OK! V,= 216.00kN OK! ]Vu= 216.00 kN OK! ]
P,= 88.00 kN OK! P,= 88.00 kN OK! P,= 88.00 kN OK!
T,= 1.00 kN-m OK! T,= 1.00 kN OK! T,= 1.00 kN OK!
Flexural Reinforcement: Flexural Reinforcement: Flexural Reinforcement:
no. ¢ no. ¢ d (mm) no. ¢ no ¢ d (mm) no. ¢ no. ¢ d (mm)
2 22 0 0 50 2 22 0 0 50 2 22 0 0 50
2 22 0 0 94 2 22 0 0 550 2 22 0 0 94
2 22 0 0 550 0 0 0 0 0 2 22 0 0 550
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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MOMENT DESIGN
END 1 CENTER END 2
Press for equilibrium OK! All sections in equilibrium
+ 1 + +
d) = 0.9 ¢ = 09 d) = 0.9
¢ = 0.9 ¢ = 0.9 ¢ = 0.9
oM, = 176 kN-m 170 kN-m 176 kN-m
oM, = 316 kN-m 170 kN-m 316 kN-m
+ ) . = N b
A min= 458 mm2 A min= 458 mm?2 Ay min= 458 mm2
END 1 CENTER END 2
- b B ) _ |
A min= 458 mm2 A min= 458 mm2 A min= 458 mm2
A= 34638 mm2 Agmac= 3438 mm2 Asac= 3438 mm2
AS= 1548 mm2 A= 774 mm?2 AS= 1548 mm2
A= 1548 mm?2 A = 774 mm?2 = 1548 mm?2

M,"/$M," = 0.50 M, /oM," = 0.65 J/dM," = 0.50

M, /éM, = 1.03 M, /éM, = 0.00 M, /éM, = 1.03
SHEAR DESIGN

END 1 CENTER END 2
é= 95mm No.legs= 2 d= 95mm No.legs= 2 ¢ = 95mm No.legs= 2
A= 142 mm2 A= 142 mm2 A= 142 mm2
s= 75mm s= 125mm s= 75mm
Smax= ¥ 133 mm Srmax= h 138 mm Smax= h 133 mm
A= 1 A= 1 A= 1
V= TOkN Vi=  T130kN V= TOkN
Vo= V437N V.= V262kN V= V437KN
V.=  327kN ®V,=  294kN ®oV,=  327kN
w=  58kN/m W= 58kN/m W= 58kN/m
Vema= 302N Verp= | 238kN Vemp= | 302kN
Vemin=  -19kN Vomin=  45kN Vemin=  -19kN
Vge=  T302kN V= 238kN Vge=  1302kN
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DEVELOPMENT LENGHTS AND SPLICES

END 1 CENTER END 2
1. Additional reinforcement 1. Additional reinforcement 1. Additional reinforcement
dy= ¥ 222mm dy= ¥19.1mm dy= ¥ 222mm
X1= h 800 mm X3= N 300 mm X= 1800 mm
A= 1 A= 1 A= 1
b= h be= h Pe= h
| | |
b= 1 b= 0.8 UK 1
| | |
.= 13 Y= 1 Y= 13
A= ¥ 142 mm2 A= ¥ 142 mm2 A= ¥ 142 mm2
Cp= h 50 mm Cp= h 50 mm Cp= h 50 mm
s= 1 75mm s= h 125 mm s= 175 mm
n= h 2 n= ‘ 1 n= ‘ 2
Ker= 38 Ker= 45 kir= 38
(Cb+ktr)/db= 2.5 (Cb+ktr)/db= 2.5 (Cb+ktr)/db= 25
- ¥325 - Vo5 - Y325
ly= ¥ 1061 mm ly= ¥ 702mm ly= ¥ 1061 mm
Iy ace= ™ 1350mm lyace= ¥ 850mm lyace= ¥ 1350mm
2. Development lengthinto column 2. Development lengthinto column 2. Development length into column
maxdy= 22.2mm maxdy= 22.2mm maxdy= 22.2mm
lyn= h 326 mm lyn= b 326 mm lyn= h 326 mm
| [}
1350 mm : CL ] 1350 mm
I I
— Xy — ' ! lssommmr—— X2 —
:
1
1
1
1
1
1
1
! 2
o ! L
[ I
1100mm 1 - I . | 1100 mm
I I
: X3 : X3 :
850 mm 850 mm

C-53



Appendix C

MAXIMUN SPACING OF REINFORCEMENT IN TENSION FACE AND SKIN REINFORCEMENT

Tension Face Skin reinforcement

c= h 39mm C= b 40 mm
f= 280 MPa fe= 280 MPa
max spacing= 283 mm max spacing= 280 mm

LATERAL SUPPORT OF COMPRESSION REINFORCEMENT

Notes for support of compression reinforcement (this applies only when compression is taken into account):
1. Minimun size:

No.10 if longitudinal bars are No32 or less.

No.13 if longitudinal bars are No36 or more, and for bundles.
2. Maximun spacing:

dbjong= 19.1 mm

dptrans=  9.5mm

Smax= 250 mm

3. Longitudinal compression reinforcement shall be arranged in such a manner that every corner and alternate bar be
enclosed by the corner of the transverse reinforcement with an included angle of 135 degrees or less. No bar shall be

farther than 150mm clear on each side along the transverse reinforcement from such an enclosed bar.
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— by —|
Identification Section Properties Material Properties 1
ID = 6-FB h,= 600 mm [ OK!| f' = 28 MPa
Storey= 4,56 b,= 250 mm | OKM| E = 24870 MPa hy
Grid,x=  1-5 Ly= 5500 mm fy= 420 MPa [ACI 25.2]
Gridy= NA o= 40 mm o= 420 MPa ° | min 25
A~ 150000 mm2 <= 200 GPa Yy —
0 min=max(25mm, dy, 4/3 dug)
Other input parameters Proposed Shear Reinforcement
A= 1 END 1 (Plastic hinge 1) CENTER (Elastic) END 1 (Plastic hinge 1)
minc  Q 19.1 mm ¢ = 9.5mm ¢ = 9.5 mm ¢ = 9.5mm
min dy enp2= 19.1mm No. legs= 2 No. legs= 2 No. legs= 2
=
w,= 58 kN/m s= 75 mm 5= 125mm 5= 75mm
Important notes:
-If using compression reinforcement, check requirements at the end of the spreadsheet.
-Check for requirements of max. spacing of longitudinal bars at the end of the spreadsheet.
-Lap splice locations must follow the requirements mentioned at the end of the spreadsheet.
-Check for necessary development lenghts at the end of the spreadsheet.
FORCES ACTINGIN EACH SECTION J
END 1= 1100 mm 1 CENTER = 3300 mm END 2= 1100 mm
M, = 50.00 kN-m M, = 102.00 kN-m M, = 50.00 kN-m
M, = 289.00 kN-m M, = 0.01 kN-m M, = 289.00 kN-m
V,= 201.00 kN OK! V,= 201.00 kN OK! ]Vu= 201.00 kN OK! ]
P,= 13.00kN OK! P,= 13.00kN OK! P,= 13.00kN OK!
T,= 1.00 kN-m OK! T,= 1.00 kN OK! T,= 1.00 kN OK!
Flexural Reinforcement: Flexural Reinforcement: Flexural Reinforcement:
no. ¢ no. ¢ d (mm) no. ¢ no ¢ d (mm) no. ¢ no. ¢ d (mm)
2 22 0 0 50 2 22 0 0 50 2 22 0 0 50
2 19 0 0 94 2 22 0 0 550 2 19 0 0 94
2 22 0 0 550 0 0 0 0 0 2 22 0 0 550
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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MOMENT DESIGN

END 1 CENTER END 2
Press for equilibrium OK! All sections in equilibrium
+ 1 + +
d) = 0.9 ¢ = 09 d) = 0.9
¢ = 0.9 ¢ = 0.9 ¢ = 0.9
&M, = 175kN-m 170 kN-m 175 kN-m
&M, =  278kN-m : 170 kN-m 278 kN-m
+ ) . = N b
A min= 458 mm2 A min= 458 mm?2 Ay min= 458 mm2
END 1 CENTER END 2
3 | - | - |
A min= 458 mm2 A min= 458 mm2 A min= 458 mm2
A= 34638 mm2 Agmac= 3438 mm2 Asac= 3438 mm2
AS= 1341 mm2 A= 774 mm?2 AS= 1341 mm2
A= 1341 mm2 A= 774 mm2 = 1341 mm2
M,'/¢M, = 0.29 M.'/$M," = 0.60 S/OM, = 029
M, /oM, = 1.04 M, /¢M, = 0.00 M, /oM, = 1.04

SHEAR DESIGN

END 1 CENTER END 2

¢ = 95mm No.legs= 2 d = 95mm No.legs= 2 ¢ = 95mm No.legs= 2
A= 142 mm2 A= 142 mm2 A= 142 mm2
s= 75mm s= 125mm s= 75mm
Smax= ¥ 115mm Srmax= h 138 mm Smax= h 115mm
A= 1 A= 1 A= 1
V= TOkN Vi=  T130kN V= TOkN
Vo= V437N V.= V262kN V= V437KN
oV,=  327kN ®V,=  294kN ®V.=  327kN

| | b
W= 58kN/m wy= 58 kN/m wy= 58kN/m
Vema= | 286kN Vemp= | 221kN Verp= | 286kN
Vemin=  -36kN Vmin=  28kN Vemin=  -36kN

| | b
Vo= 286 kN Vyie= 221 kN Vo= 286 kN
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DEVELOPMENT LENGHTS AND SPLICES

END 1 CENTER END 2
1. Additional reinforcement 1. Additional reinforcement 1. Additional reinforcement
dp= ¥ 191mm dp= ¥19.1mm dp= ¥19.1mm
X1= h 300 mm X3= N 300 mm X= h 300 mm
A= 1 A= 1 A= 1
b= h be= h Pe= h
D= Yos D= o8 B.= Yos
| | |
.= 13 Y= 1 Y= 13
A= ¥ 142 mm2 A= ¥ 142 mm2 A= ¥ 142 mm2
Cp= h 50 mm Cp= h 50 mm Cp= h 50 mm
s= 1 75mm s= h 125 mm s= 175 mm
n= h 2 n= ‘ 1 n= ‘ 2
Ker= 38 Ker= 45 kir= 38
(cp+ke)/dp= 25 (cp+ke)/dy= 25 (cotke)/dp= 25
- ¥325 - Vo5 - Y325
ly= Y 912mm ly= ¥ 702mm ly= Y912 mm
Iy ace= ¥ 912mm lyace= ¥ 850mm lyace= Y 912mm
2. Development lengthinto column 2. Development lengthinto column 2. Development length into column 3
maxdy= 22.2mm maxdy= 22.2mm maxdy= 22.2mm
lyn= h 326 mm lyn= b 326 mm lyn= h 326 mm
912 mm | i 912 mm
: ct :
X, 550 an : I550 mm | X
1
1
1
1
1
1
1
1
1
i L
] ; 1 ]
| | | f
1100 mm : ! L : | 1100 mm
' ] : [
: X3 : X3 :
I | I
850 mm 850 mm
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MAXIMUN SPACING OF REINFORCEMENT IN TENSION FACE AND SKIN REINFORCEMENT

Tension Face Skin reinforcement

c= h 39mm C= b 40 mm
f= 280 MPa fe= 280 MPa
max spacing= 283 mm max spacing= 280 mm

LATERAL SUPPORT OF COMPRESSION REINFORCEMENT

Notes for support of compression reinforcement (this applies only when compression is taken into account):
1. Minimun size:

No.10 if longitudinal bars are No32 or less.

No.13 if longitudinal bars are No36 or more, and for bundles.
2. Maximun spacing:

dbjong= 19.1 mm

dptrans=  9.5mm

Smax= 250 mm

3. Longitudinal compression reinforcement shall be arranged in such a manner that every corner and alternate bar be
enclosed by the corner of the transverse reinforcement with an included angle of 135 degrees or less. No bar shall be

farther than 150mm clear on each side along the transverse reinforcement from such an enclosed bar.
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Identification Material Prop. Section Properties Proposed Shear Reinforcement
ID = 6-FB f'.= 28 MPa | h= 500 mm XX-Axis YY-Axis
Storey= 1,2,3 E= 24870 MPa|b,,= 500 mm Plastic hinge region Plastic hinge region
Grid,x=  1-5 fy= 420 MPa [lw= 3000 mm ¢ = 9.5mm ¢ = 9.5mm
Grid,y= NA f= 420 MPa|c.= N 40 mm No. legs= 3 No. legs= 3
E= 200 GPa (A= 250000 mm2 s= 50 mm s= 50 mm
A= ¥ 1ll,=  SE+09 mmé Ash= 213 mm2 Ash= 213 mm2
ly= S5E+09 mm&4 Other regions Other regions
Y T d 450,00 mm b= 9.5mm b= 9.5mm
dy= £450.00 mm No. legs= 3 No.legs= 3
T X=‘ 135mm s= 125 mm s= 125 mm
h Grint 22mm Ash=  213mm2 Ash=  213mm2
— X = - -
n= 12 Pu and Mu corresponding to Vu in xand y
® o A= 176400 mm2 Pu= 1032 kN Pu= OkN
— o, — ug 25mm Mus= 268kN  [Mu= OkN
Axial Force Shear Force inx Shear Forceiny | Axial Force from EQ
- In equilibrium!
Po=  1266kN  |Vp,= 20kN Vpy= 0kN P 234kN
P = 520kN  |V,,= 9kN Vi,= OkN Pe=  -234kN
P =1 2048 kN Vi,= 130 kN Vg, = OkN Peys OkN PRESS BUTTON FOR
v E*1 Ey1 & EQUILIBRIUM
V= 163kN  [V,,= OkN P~ 0kN
Flexural Reinforcement xx: Flexural Reinforcement yy: Moment capacity of columns and beams
no. ¢ no. ¢ d (mm) ¥ Ast | no. ¢ no. ¢ d(mm) Ast Top joint xx-axis yy-axis
2 22 1 22 50 2 22 1 22 50 Mprcl= 480 501
2 22 0 O 250 2 22 0 O 250 Mprc2= h 480 501
2 22 1 22 450 2 22 1 22 450 Mprbl= h 390 390
0O 0O O oO 0 0O 0 O O 0 Mprb2= h 390 390
0O 0O O oO 0 0O 0 O O 0 Bot joint Xx-axis yy-axis
0O 0O O oO 0 0O 0 O O 0 Mprcl= 480 501
0O 0O O oO 0 0O 0O 0 O 0 Mprc2= 480 501
0O 0O O oO 0 0O 0 O O 0 Mprbl= 390 390
0 0 0 0 0 0 0 0 0 0 Mprb2= 390 390
0O 0O O O 0 0O 0 O O 0
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Dimension and longitudinal reinforcement limits

Buygmin= 300 mm OK! [ACI 18.7.2.1 (a)]
o min= 300 mm OK! [ACI18.7.2.1(a)]
b, /h,, or h,/b,= 100 »>= 04 OK! [ACI 18.7.2.1 (b)]
A= 3097 mm?2 OK! [ACI 18.7.4.1]
Transverse reinforcement in plastic hinge region
lo= 500 mm [ACI 18.7.5.1]
hx,m:= 350 mm OK! [ACI 18.7.5.2,e and f]
Soa= 125 mm OK! [ACI 18.7.5.3]
Srin= 33mm oK! [ACI 25.7.2.1]
Agp/sbey= 0.85% oK! [ACI 18.7.5.4]
Agn/sbe,= 0.85% OK! [ACI 18.7.5.4]
Transverse reinforcement in other regions
S 133 mm oK! [ACI 18.7.5.5]
Smin= 33mm OK! [ACI 25.7.2.1]
Prrin= 9.5mm oK! [ACI 25.7.2.2]
Shear force check
Vux max= 973 kN OK! [ACI 22.5.1.2]
Vuy max= 848 kN OK! [ACI 22.5.1.2]
Bi-axial moment cap:zzcity y ,

M, XX T, Yy -

{ In,xx) +\ In,yy) = 081085  OK!
Shear capacity

XX-axis yy-axis Check
Plastic hinge region Other Plastic hinge region Other OK!
dVn: 987 kN 625kN Vs= 862 kN 500 kN
Vu/dVn= 0.39 0.62 Vu/dVn= 0.44 0.76
Strong column-weak beam check [ACI 18.7.3.2]
XX-axis yy-axis
Joint
SMprc SMprb  IMprc/IMprb  Check SMprc SMprb  IMprc/IMprb  Check
Top 960 780 1.23 OK! 1002 780 1.29 OK!
Bottom 960 780 1.23 OK! 1002 780 129 OK!
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Interaction Diagram for xx-axis

Interaction Diagramfor yy-axis

4000 1 4000 T
3000 3000
2000 ¥ 2000 Ll
—_— 1 —_— 1
= =z
=3 | x
| =
[J] [J]
S 1000 % I 5 1000
3 | / k-
< / 2
0 : : : : : 0 : : : : {
-1000 + -1000 +
-2000 + 2000 4
0 100 200 300 400 500 0 100 200 300 400

Moment (kN-m)

——phi-Mn-Pn

Mu

Moment (kN-m)

—— phi Mn-Pn Mu

500

Important notes:

-Combinations used for earthquake: 1.2D+1.0L+/-1.0E and 0.9D+/-1.0E **If different change Cap sheets accordingly

-Only symmetrical reinforcement is supported in the same axis.

-Lap splices outside lo region, the zone with lap-splice should comply with confinement reinforcement as in hinge region.

-Special provisions apply if column supports reactions from discontinued stiff members. [ACI 18.7.5.6]

-When using mechanical or welded splices check [ACI 18.7.4.3].

-Every corner and alternate longitudinal bar shall have lateral support provided by the corner of a tie with an included angle of

not more than 135 degrees.

-No unsupported bar shall be farther than 150mm clear on each side along the tie form a laterally supported bar.

-If concrete cover exceeds 100mm, additional transverse reinforcement having cover not exceeding 100mm and spacing not

exceeding 300mm shall be provided [ACI 18.7.5.7]

-If f'c exceeds 70MPa, special provisions apply [ACI 22.5.3.1]
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Identification Material Prop. Section Properties Proposed Shear Reinforcement
ID = 6-FB f'.= 28 MPa | h= 500 mm XX-Axis YY-Axis
Storey= 45,6 E= 24870 MPa|b,,= 500 mm Plastic hinge region Plastic hinge region
Grid,x=  1-5 fy= 420 MPa [lw= 3000 mm ¢ = 9.5mm ¢ = 9.5mm
Grid,y= NA f= 420 MPa|c.= N 40 mm No. legs= 3 No. legs= 3
E= 200 GPa (A= 250000 mm2 s= 50 mm s= 50 mm
0 A= ¥ 1ll,=  SE+09 mmé Ash= 213 mm2 Ash= 213 mm2
ly= S5E+09 mm&4 Other regions Other regions
Y T Ay 450.00 mm ¢ = 9.5mm ¢ = 9.5mm
= dy= £450.00 mm No. legs= 3 No.legs= 3
T X=‘ 135mm s= 125 mm s= 125 mm
h N <bmi:= 22mm Ash=  213mm2 Ash=  213mm2
n= 12 Pu and Mu corresponding to Vu in xand y
® o A= 176400 mm2 Pu= 1017 kN Pu= OkN
— o, — ug 25mm Mus= 165kN  |Mu= OkN
Axial Force Shear Force inx Shear Forceiny | Axial Force from EQ
- In equilibrium!
Ppo= 652kN  |Vp,= 1kN Vpy= 0kN P'=  129kN
P = 260kN  |V,,= 1kN Vi,= OkN Pe=  -129kN
P =1 1017 kN Vi, = 99 kN Vg,= OkN Peys OkN PRESS BUTTON FOR
v E*1 Ey1 & EQUILIBRIUM
V= 101kN  [Vy,= OkN P~ 0kN
Flexural Reinforcement xx: Flexural Reinforcement yy: Moment capacity of columns and beams
no. ¢ no. ¢ d (mm) ¥ Ast | no. ¢ no. ¢ d(mm) Ast Top joint xx-axis yy-axis
2 22 1 22 50 2 22 1 22 50 Mprcl= 420 441
2 22 0 O 250 2 22 0 O 250 Mprc2= h 420 441
2 22 1 22 450 2 22 1 22 450 Mprbl= h 343 343
0O 0O O oO 0 0O 0 O O 0 Mprb2= h 343 343
0O 0O O oO 0 0O 0 O O 0 Bot joint Xx-axis yy-axis
0O 0O O oO 0 0O 0 O O 0 Mprcl= 420 441
0O 0O O oO 0 0O 0O 0 O 0 Mprc2= 420 441
0O 0O O oO 0 0O 0 O O 0 Mprbl= 343 343
0 0 0 0 0 0 0 0 0 0 Mprb2= 343 343
0O 0O O O 0 0O 0 O O 0
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Dimension and longitudinal reinforcement limits

Buygmin= 300 mm OK! [ACI 18.7.2.1 (a)]
o min= 300 mm OK! [ACI18.7.2.1(a)]
b, /h,, or h,/b,= 100 »>= 04 OK! [ACI 18.7.2.1 (b)]
A= 3097 mm?2 OK! [ACI 18.7.4.1]
Transverse reinforcement in plastic hinge region
lo= 500 mm [ACI 18.7.5.1]
hx,m:= 350 mm OK! [ACI 18.7.5.2,e and f]
Soa= 125 mm OK! [ACI 18.7.5.3]
Srin= 33mm oK! [ACI 25.7.2.1]
Agp/sbey= 0.85% oK! [ACI 18.7.5.4]
Agn/sbe,= 0.85% OK! [ACI 18.7.5.4]
Transverse reinforcement in other regions
S 133 mm oK! [ACI 18.7.5.5]
Smin= 33mm OK! [ACI 25.7.2.1]
Prrin= 9.5mm oK! [ACI 25.7.2.2]
Shear force check
Vux max= 972 kN OK! [ACI 22.5.1.2]
Vuy max= 848 kN OK! [ACI 22.5.1.2]
Bi-axial moment capacity
(Mu, xx/Mn,xx)Z + (Mu’yy/Mn,)’J/)z = 081085  OK!
Shear capacity
XX-axis yy-axis Check
Plastic hinge region Other Plastic hinge region Other OK!
dVn: 985 kN 623 kN Vs= 862 kN 500 kN
Vu/dVn= 0.34 0.54 Vu/dVn= 0.38 0.66
Strong column-weak beam check [ACI 18.7.3.2]
XX-axis yy-axis
Joint
SMprc SMprb  IMprc/IMprb  Check SMprc SMprb  IMprc/IMprb  Check
Top 840 686 1.22 OK! 882 686 1.29 OK!
Bottom 840 686 1.22 OK! 882 686 129 OK!
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Interaction Diagram for xx-axis Interaction Diagram for yy-axis

4000 '|' 4000 -|—

3000 3000
|
2000 - 2000 -
|

I
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=
=4 | 3 ! AN
Q [}
E 1000 / & 1000 |-
. [N
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< / S
0 f : : f { 0 : ey f {
-1000 T+ -1000 +
-2000 1 -2000 1
0 100 200 300 400 500 0 100 200 300 400 500
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—— phi-Mn-Pn Mu —— phi Mn-Pn Mu

Important notes:

-Combinations used for earthquake: 1.2D+1.0L+/-1.0E and 0.9D+/-1.0E **If different change Cap sheets accordingly

-Only symmetrical reinforcement is supported in the same axis.

-Lap splices outside lo region, the zone with lap-splice should comply with confinement reinforcement as in hinge region.
-Special provisions apply if column supports reactions from discontinued stiff members. [ACI 18.7.5.6]

-When using mechanical or welded splices check [ACI 18.7.4.3].

-Every corner and alternate longitudinal bar shall have lateral support provided by the corner of a tie with an included angle of
not more than 135 degrees.

-No unsupported bar shall be farther than 150mm clear on each side along the tie form a laterally supported bar.

-If concrete cover exceeds 100mm, additional transverse reinforcement having cover not exceeding 100mm and spacing not
exceeding 300mm shall be provided [ACI 18.7.5.7]

-If f'c exceeds 70MPa, special provisions apply [ACI 22.5.3.1]
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— by —|
Identification Section Properties Material Properties 1
ID = 9-FB h,= 600 mm [ OK!| f' = 28 MPa
Storey= 1,234 b,= 250 mm | OKM| E = 24870 MPa hy
Grid,x=  1-5 Ly= 5500 mm fy= 420 MPa [ACI 25.2]
Gridy= NA o= 40 mm o= 420 MPa ° | min 25
A~ 150000 mm2 <= 200 GPa Yy —t
0 min=max(25mm, dy, 4/3 dag)
Other input parameters Proposed Shear Reinforcement
A= 1 END 1 (Plastic hinge 1) CENTER (Elastic) END 1 (Plastic hinge 1)
minc  Q 22.2mm ¢ = 9.5mm ¢ = 9.5 mm ¢ = 9.5mm
min dy enp2= 22.2 mm No. legs= 2 No. legs= 2 No. legs= 2
=
w,= 58 kN/m s= 75 mm 5= 125mm 5= 75mm
Important notes:
-If using compression reinforcement, check requirements at the end of the spreadsheet.
-Check for requirements of max. spacing of longitudinal bars at the end of the spreadsheet.
-Lap splice locations must follow the requirements mentioned at the end of the spreadsheet.
-Check for necessary development lenghts at the end of the spreadsheet.
FORCES ACTINGIN EACH SECTION J
END 1= 1100 mm 1 CENTER = 3300 mm END 2= 1100 mm
M, = 112.00 kN-m M, = 121.00 kN-m M, = 112.00 kN-m
M, = 342.00 kN-m M, = 0.01 kN-m M, = 342.00 kN-m
V,= 216.00 kN OK! V,= 216.00kN OK! ]Vu= 216.00 kN OK! ]
P,= 88.00 kN OK! P,= 88.00 kN OK! P,= 88.00 kN OK!
T,= 1.00 kN-m OK! T,= 1.00 kN OK! T,= 1.00 kN OK!
Flexural Reinforcement: Flexural Reinforcement: Flexural Reinforcement:
no. ¢ no. ¢ d (mm) no. ¢ no ¢ d (mm) no. ¢ no. ¢ d (mm)
3 19 0 0 50 3 19 0 0 50 3 19 0 0 50
2 22 0 0 94 2 22 0 0 550 2 22 0 0 94
2 22 0 0 550 0 0 0 0 0 2 22 0 0 550
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

C-65



Appendix C

MOMENT DESIGN
END 1 CENTER END 2
Press for equilibrium OK! All sections in equilibrium
+ 1 + +
d) = 0.9 ¢ = 09 d) = 0.9
¢ = 0.9 ¢ = 0.9 b = 0.9
oM, = 177kN-m 170 kN-m 177 kN-m
oM, = 333kN-m 188 kN-m 333kN-m
+ ) . = N b
A min= 458 mm2 A min= 458 mm?2 Ay min= 458 mm2
END 1 CENTER END 2
_ o _ o N |
A min= 458 mm2 A min= 458 mm2 A min= 458 mm2
A= 34638 mm2 Agmac= 3438 mm2 Asac= 3438 mm2
AS= 1548 mm2 A= 774 mm?2 AS= 1548 mm2
A= 1634 mm?2 A = 860 mm?2 = 1634 mm?2
M, /oM," = 0.63 M, /oM," = 0.71 J/OM," = 0.63
M, /oM, = 1.03 M, /¢M, = 0.00 M, /oM, = 1.03
SHEAR DESIGN
END 1 CENTER END 2
é= 95mm No.legs= 2 d= 95mm No.legs= 2 ¢ = 95mm No.legs= 2
A= 142 mm2 A= 142 mm2 A= 142 mm2
s= 75mm s= 125mm s= 75mm
Smax= ¥ 133 mm Srmax= h 138 mm Smax= h 133 mm
A= 1 A= 1 A= 1
V= TOkN Vi=  T131kN V= TOkN
Vo= V437N V.= V262kN V= V437KN
oV,=  327kN ®V,=  295kN ®V.=  327kN
| | b
w,= 58 kN/m W= 58 kN/m w,= 58 kN/m
Vema= | 310kN Vep= | 246 kN Vera= | 310kN
Vomin=  -12kN Vemin=  53kN Vomin=  -12kN
| | b
Vyie= 310kN Vyie= 246 kN Vyie= 310kN
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DEVELOPMENT LENGHTS AND SPLICES

END 1 CENTER END 2
1. Additional reinforcement 1. Additional reinforcement 1. Additional reinforcement
dy= ¥ 222mm dy= ¥19.1mm dy= ¥ 222mm
X1= h 800 mm X3= N 300 mm X= 1800 mm
A= 1 A= 1 A= 1
b= h be= h Pe= h
| | |
b= 1 b= 0.8 UK 1
| | |
.= 13 Y= 1 Y= 13
A= ¥ 142 mm2 A= ¥ 142 mm2 A= ¥ 142 mm2
Cp= h 50 mm Cp= h 50 mm Cp= h 50 mm
s= 1 75mm s= h 125 mm s= 175 mm
n= h 2 n= ‘ 1 n= ‘ 2
Ker= 38 Ker= 45 kir= 38
(Cb+ktr)/db= 2.5 (Cb+ktr)/db= 2.5 (Cb+ktr)/db= 25
- ¥325 - Vo5 - Y325
ly= ¥ 1061 mm ly= ¥ 702mm ly= ¥ 1061 mm
Iy ace= ™ 1350mm lyace= ¥ 850mm lyace= ¥ 1350mm
2. Development lengthinto column 2. Development lengthinto column 2. Development length into column 3
maxdy= 22.2mm maxdy= 22.2mm maxdy= 22.2mm
lyn= h 326 mm lyn= b 326 mm lyn= h 326 mm
1350 mm ! [ 1350 mm
I I
550 Cl- 1550
X, :>: ms‘n : :‘ﬂ*— X, —
1
T
1
1
1
1
1
1
1
! L
L i R
1100mm i ! TN 1100 mm
i f h I i
: X3 : X3 :
I | I
850 mm 850 mm
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MAXIMUN SPACING OF REINFORCEMENT IN TENSION FACE AND SKIN REINFORCEMENT

Tension Face Skin reinforcement

c= h 40 mm C= b 40 mm
f= 280 MPa fe= 280 MPa
max spacing= 279 mm max spacing= 280 mm

LATERAL SUPPORT OF COMPRESSION REINFORCEMENT

Notes for support of compression reinforcement (this applies only when compression is taken into account):
1. Minimun size:

No.10 if longitudinal bars are No32 or less.

No.13 if longitudinal bars are No36 or more, and for bundles.
2. Maximun spacing:

dbjong= 19.1 mm

dptrans=  9.5mm

Smax= 250 mm

3. Longitudinal compression reinforcement shall be arranged in such a manner that every corner and alternate bar be
enclosed by the corner of the transverse reinforcement with an included angle of 135 degrees or less. No bar shall be

farther than 150mm clear on each side along the transverse reinforcement from such an enclosed bar.
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[— by, —
Identification Section Properties Material Properties 1
ID = 9-FB h,= 600 mm [ OK!| f' = 28 MPa
Storey= 56,7 b,= 250 mm | OKM| E = 24870 MPa hy
Grid,x=  1-5 Ly= 5500 mm fy= 420 MPa [ACI 25.2]
Gridy= NA o= 40 mm o= 420 MPa ° | min 25
A~ 150000 mm2 <= 200 GPa Yy —
0 min=max(25mm, dy, 4/3 dug)
Other input parameters Proposed Shear Reinforcement
A= 1 END 1 (Plastic hinge 1) CENTER (Elastic) END 1 (Plastic hinge 1)
minc  Q 22.2mm ¢ = 9.5mm ¢ = 9.5 mm ¢ = 9.5mm
min dy enp2= 22.2 mm No. legs= 2 No. legs= 2 No. legs= 2
=
w,= 58 kN/m s= 75 mm 5= 125mm 5= 75mm
Important notes:
-If using compression reinforcement, check requirements at the end of the spreadsheet.
-Check for requirements of max. spacing of longitudinal bars at the end of the spreadsheet.
-Lap splice locations must follow the requirements mentioned at the end of the spreadsheet.
-Check for necessary development lenghts at the end of the spreadsheet.
FORCES ACTINGIN EACH SECTION J
END 1= 1100 mm 1 CENTER = 3300 mm END 2= 1100 mm
M, = 88.00 kN-m M, = 106.00 kN-m M, = 88.00 kN-m
M, = 316.00 kN-m M, = 0.01 kN-m M, = 316.00 kN-m
V,= 216.00 kN OK! V,= 216.00kN OK! JVU= 216.00 kN OK! ]
P,= 88.00 kN OK! P,= 88.00 kN OK! P,= 88.00 kN OK!
T,= 1.00 kN-m OK! T,= 1.00 kN OK! T,= 1.00 kN OK!
Flexural Reinforcement: Flexural Reinforcement: Flexural Reinforcement:
no. ¢ no. ¢ d (mm) no. ¢ no ¢ d (mm) no. ¢ no. ¢ d (mm)
2 22 0 0 50 2 22 0 0 50 2 22 0 0 50
2 22 0 0 94 2 22 0 0 550 2 22 0 0 94
2 22 0 0 550 0 0 0 0 0 2 22 0 0 550
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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MOMENT DESIGN
END 1 CENTER END 2
Press for equilibrium OK! All sections in equilibrium
+ 1 + +
d) = 0.9 ¢ = 09 d) = 0.9
¢ = 0.9 ¢ = 0.9 ¢ = 0.9
oM, = 176 kN-m 170 kN-m 176 kN-m
oM, = 316 kN-m 170 kN-m 316 kN-m
+ ) . = N b
A min= 458 mm?2 A, min= 458 mm2 A min= 458 mm?2
END 1 CENTER END 2
_ o _ o _ |
A, min= 458 mm?2 A, min= 458 mm2 A, min= 458 mm?2
A= 34638 mm2 Agmac= 3438 mm2 Asac= 3438 mm2
AS= 1548 mm2 A= 774 mm?2 AS= 1548 mm2
A= 1548 mm?2 A = 774 mm?2 = 1548 mm?2
M,"/oM," = 0.50 M, /oM," = 0.62 J/OM," = 0.50
M, /oM, = 1.00 M, /¢M, = 0.00 M, /oM, = 1.00
SHEAR DESIGN
END 1 CENTER END 2
é= 95mm No.legs= 2 d= 95mm No.legs= 2 ¢ = 95mm No.legs= 2
A= 142 mm2 A= 142 mm2 A= 142 mm2
s= 75mm s= 125mm s= 75mm
Smax= ¥ 133 mm Srmax= h 138 mm Smax= h 133 mm
A= 1 A= 1 A= 1
V= TOkN Vi=  T130kN V= TOkN
V,=  V437kN V= V262kN V,=  V437kN
oV,=  327kN ®V,=  294kN ®V.=  327kN
| | b
W= 58kN/m wy= 58 kN/m wy= 58kN/m
Vema= 302N Verp= | 238kN Vemp= | 302kN
Vemin=  -19kN Vemin=  45kN Vemin=  -19kN
| | b
Vo= 302 kN Vyie= 238 kN Vo= 302 kN
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DEVELOPMENT LENGHTS AND SPLICES

END 1 CENTER END 2
1. Additional reinforcement 1. Additional reinforcement 1. Additional reinforcement
dy= ¥ 222mm dy= ¥19.1mm dy= ¥ 222mm
X1= h 800 mm X3= N 300 mm X= 1800 mm
A= 1 A= 1 A= 1
b= h be= h Pe= h
| | |
b= 1 = 038 b= 1
| | |
.= 13 Y= 1 Y= 13
A= ¥ 142 mm2 A= ¥ 142 mm2 A= ¥ 142 mm2
Cp= h 50 mm Cp= h 50 mm Cp= h 50 mm
s= 1 75mm s= h 125 mm s= 175 mm
n= h 2 n= ‘ 1 n= ‘ 2
Ker= 38 Ker= 45 kir= 38
(Cb+ktr)/db= 2.5 (Cb+ktr)/db= 2.5 (Cb+ktr)/db= 25
- ¥325 - Vo5 - Y325
ly= ¥ 1061 mm ly= ¥ 702mm ly= ¥ 1061 mm
Iy ace= ™ 1350mm lyace= ¥ 850mm lyace= ¥ 1350mm
2. Development lengthinto column 2. Development lengthinto column 2. Development length into column 3
maxdy= 22.2mm maxdy= 22.2mm maxdy= 22.2mm
lyn= h 326 mm lyn= b 326 mm lyn= h 326 mm
1350 mm | i 1350 mm
l ct :
X, | 550 an : I550 mm | X
1
1
1
1
1
1
1
1
1
i L
] ; 1 ]
| | | f
1100 mm : ! L : | 1100 mm
' ] : [
: X3 : X3 :
I | I
850 mm 850 mm
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MAXIMUN SPACING OF REINFORCEMENT IN TENSION FACE AND SKIN REINFORCEMENT

Tension Face Skin reinforcement

c= h 39mm C= b 40 mm
f= 280 MPa fe= 280 MPa
max spacing= 283 mm max spacing= 280 mm

LATERAL SUPPORT OF COMPRESSION REINFORCEMENT

Notes for support of compression reinforcement (this applies only when compression is taken into account):
1. Minimun size:

No.10 if longitudinal bars are No32 or less.

No.13 if longitudinal bars are No36 or more, and for bundles.
2. Maximun spacing:

dbjong= 19.1 mm

dptrans=  9.5mm

Smax= 250 mm

3. Longitudinal compression reinforcement shall be arranged in such a manner that every corner and alternate bar be
enclosed by the corner of the transverse reinforcement with an included angle of 135 degrees or less. No bar shall be

farther than 150mm clear on each side along the transverse reinforcement from such an enclosed bar.
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[— by, —
Identification Section Properties Material Properties 1
ID = 9-FB h,= 600 mm [ OK!| f' = 28 MPa
Storey= 89 b,= 250 mm [OK!'| E .= 24870 MPa hy
Grid,x=  1-5 Ly= 5500 mm fy= 420 MPa [ACI 25.2]
Gridy= NA o= 40 mm o= 420 MPa ° | min 25
A~ 150000 mm2 <= 200 GPa Yy —
0 min=max(25mm, dy, 4/3 dug)
Other input parameters Proposed Shear Reinforcement
A= 1 END 1 (Plastic hinge 1) CENTER (Elastic) END 1 (Plastic hinge 1)
minc  Q 19.1 mm ¢ = 9.5mm ¢ = 9.5 mm ¢ = 9.5mm
min dy enp2= 19.1mm No. legs= 2 No. legs= 2 No. legs= 2
=
w,= 58 kN/m s= 75 mm 5= 125mm 5= 75mm
Important notes:
-If using compression reinforcement, check requirements at the end of the spreadsheet.
-Check for requirements of max. spacing of longitudinal bars at the end of the spreadsheet.
-Lap splice locations must follow the requirements mentioned at the end of the spreadsheet.
-Check for necessary development lenghts at the end of the spreadsheet.
FORCES ACTINGIN EACH SECTION J
END 1= 1100 mm 1 CENTER = 3300 mm END 2= 1100 mm
M, = 50.00 kN-m M, = 101.00 kN-m M, = 50.00 kN-m
M, = 263.00 kN-m M, = 0.01 kN-m M, = 263.00 kN-m
V,= 201.00 kN OK! V,= 201.00 kN OK! ]Vu= 201.00 kN OK! ]
P,= 13.00kN OK! P,= 13.00kN OK! P,= 13.00kN OK!
T,= 1.00 kN-m OK! T,= 1.00 kN OK! T,= 1.00 kN OK!
Flexural Reinforcement: Flexural Reinforcement: Flexural Reinforcement:
no. ¢ no. ¢ d (mm) no. ¢ no ¢ d (mm) no. ¢ no. ¢ d (mm)
2 22 0 0 50 2 22 0 0 50 2 22 0 0 50
2 19 0 0 94 2 22 0 0 550 2 19 0 0 94
2 22 0 0 550 0 0 0 0 0 2 22 0 0 550
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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MOMENT DESIGN
END 1 CENTER END 2
Press for equilibrium OK! All sections in equilibrium
+ 1 + +
d) = 0.9 ¢ = 09 d) = 0.9
¢ = 0.9 ¢ = 0.9 b = 0.9
oM, = 175kN-m 170 kN-m 175kN-m
oM, = 278 kN-m 170 kN-m 278 kN-m
+ ) . = N b
A min= 458 mm2 A min= 458 mm?2 Ay min= 458 mm2
END 1 CENTER END 2
_ o _ o _ |
A min= 458 mm2 A min= 458 mm2 A min= 458 mm2
A= 34638 mm2 Agmac= 3438 mm2 Asac= 3438 mm2
AS= 1341 mm2 A= 774 mm?2 AS= 1341 mm2
A= 1341 mm?2 A = 774 mm?2 = 1341 mm?2
M,"/oM," = 0.29 M,"/oM," = 0.59 J/OM," = 0.29
M, /oM, = 0.95 M, /¢M, = 0.00 M, /oM, = 0.95
SHEAR DESIGN
END 1 CENTER END 2
¢ = 95mm No.legs= 2 d = 95mm No.legs= 2 ¢ = 95mm No.legs= 2
A= 142 mm2 A= 142 mm2 A= 142 mm2
s= 75mm s= 125mm s= 75mm
Smax= ¥ 115mm Srmax= h 138 mm Smax= h 115mm
A= 1 A= 1 A= 1
V= TOkN Vi=  T130kN V= TOkN
Vo= V437N V.= V262kN V= V437KN
oV,=  327kN ®V,=  294kN ®V.=  327kN
| | b
W= 58kN/m wy= 58 kN/m wy= 58kN/m
Vema= | 286kN Vemp= | 221kN Verp= | 286kN
Vemin=  -36kN Vmin=  28kN Vemin=  -36kN
| | b
Vo= 286 kN Vyie= 221 kN Vo= 286 kN
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DEVELOPMENT LENGHTS AND SPLICES

END 1 CENTER END 2
1. Additional reinforcement 1. Additional reinforcement 1. Additional reinforcement
dp= ¥ 191mm dp= ¥19.1mm dp= ¥19.1mm
X1= h 300 mm X3= N 300 mm X= h 300 mm
A= 1 A= 1 A= 1
b= h be= h Pe= h
D= Yos D= o8 B.= Yos
| | |
.= 13 Y= 1 Y= 13
A= ¥ 142 mm2 A= ¥ 142 mm2 A= ¥ 142 mm2
Cp= h 50 mm Cp= h 50 mm Cp= h 50 mm
s= 1 75mm s= h 125 mm s= 175 mm
n= h 2 n= ‘ 1 n= ‘ 2
Ker= 38 Ker= 45 kir= 38
(Cb+ktr)/db= 2.5 (Cb+ktr)/db= 2.5 (Cb+ktr)/db= 25
- ¥325 - Vo5 - Y325
ly= Y 912mm ly= ¥ 702mm ly= Y912 mm
Iy ace= ¥ 912mm lyace= ¥ 850mm lyace= Y 912mm
2. Development lengthinto column 2. Development lengthinto column 2. Development length into column
maxdy= 22.2mm maxdy= 22.2mm maxdy= 22.2mm
lyn= h 326 mm lyn= b 326 mm lyn= h 326 mm
| L
912 mm : CL : 912 mm
i
X1 ) n ! S50 mm " X2 >
:
1
1
1
1
1
1
! A
T | o
] ! . l |
1100 mm : o ) ! g 1100 mm
. : I
! X3 | X3 |
850 mm 850 mm
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MAXIMUN SPACING OF REINFORCEMENT IN TENSION FACE AND SKIN REINFORCEMENT

Tension Face Skin reinforcement

c= h 39mm C= b 40 mm
f= 280 MPa fe= 280 MPa
max spacing= 283 mm max spacing= 280 mm

LATERAL SUPPORT OF COMPRESSION REINFORCEMENT

Notes for support of compression reinforcement (this applies only when compression is taken into account):
1. Minimun size:

No.10 if longitudinal bars are No32 or less.

No.13 if longitudinal bars are No36 or more, and for bundles.
2. Maximun spacing:

dbjong= 19.1 mm

dptrans=  9.5mm

Smax= 250 mm

3. Longitudinal compression reinforcement shall be arranged in such a manner that every corner and alternate bar be
enclosed by the corner of the transverse reinforcement with an included angle of 135 degrees or less. No bar shall be

farther than 150mm clear on each side along the transverse reinforcement from such an enclosed bar.
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Identification Material Prop. Section Properties Proposed Shear Reinforcement
ID = 9-FB f'.= 28 MPa | h= 500 mm XX-Axis YY-Axis
Storey= 1,234 E= 24870 MPa (b, = 500 mm Plastic hinge region Plastic hinge region
Grid,x=  1-5 fy= 420 MPa [lw= 3000 mm ¢ = 12.7 mm ¢ = 12.7 mm
Grid,y= NA f= 420 MPa|c.= N 40 mm No. legs= 3 No. legs= 3
E= 200 GPa (A= 250000 mm2 s= 65 mm s= 65 mm
A= ¥ 1ll,=  SE+09 mmé Ash= 380 mm2 Ash= 380 mm2
ly= S5E+09 mm&4 Other regions Other regions
Y T d 450,00 mm b= 9.5mm b= 9.5mm
dy= £450.00 mm No. legs= 3 No.legs= 3
T X=‘ 197 mm s= 125 mm s= 125 mm
h Grint 22mm Ash=  213mm2 Ash=  213mm2
— X = - -
n= 8 Pu and Mu corresponding to Vu in xand y
® o A= 176400 mm2 Pu= 3051 kN Pu= OkN
— o, — ug 25mm Mus= 316kN  [Mu= OkN
Axial Force Shear Force inx Shear Forceiny | Axial Force from EQ
- In equilibrium!
Po=  1894kN |Vp,= 20kN Vpy= 0kN P'.=  350kN
P = 778kN  |V,= 9kN Vi,= OkN Pe=  -350kN
P =1 3051 kN Vi,= 136 kN Vg, = OkN Peys OkN PRESS BUTTON FOR
v E*1 Ey1 & EQUILIBRIUM
V= 169kN  [V,,= OkN P~ 0kN
Flexural Reinforcement xx: Flexural Reinforcement yy: Moment capacity of columns and beams
no. ¢ no. ¢ d (mm) ¥ Ast | no. ¢ no. ¢ d(mm) Ast Top joint xx-axis yy-axis
2 22 1 22 50 2 22 1 22 50 Mprcl= 520 548
2 22 0 O 250 2 22 0 O 250 Mprc2= h 480 501
2 22 1 22 450 2 22 1 22 450 Mprbl= h 410 410
0O 0O O oO 0 0O 0 O O 0 Mprb2= h 410 410
0O 0O O oO 0 0O 0 O O 0 Bot joint Xx-axis yy-axis
0O 0O O oO 0 0O 0 O O 0 Mprcl= 520 548
0O 0O O oO 0 0O 0O 0 O 0 Mprc2= 480 501
0O 0O O oO 0 0O 0 O O 0 Mprbl= 390 390
0 0 0 0 0 0 0 0 0 0 Mprb2= 390 390
0O 0O O O 0 0O 0 O O 0
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Dimension and longitudinal reinforcement limits

Buygmin= 300 mm OK! [ACI 18.7.2.1 (a)]
o min= 300 mm OK! [ACI18.7.2.1(a)]
b, /h,, or h,/b,= 100 »>= 04 OK! [ACI 18.7.2.1 (b)]
A= 3097 mm?2 OK! [ACI 18.7.4.1]
Transverse reinforcement in plastic hinge region
lo= 500 mm [ACI 18.7.5.1]
hx,m:= 200 mm OK! [ACI 18.7.5.2,e and f]
Soa= 125 mm OK! [ACI 18.7.5.3]
Srin= 33mm oK! [ACI 25.7.2.1]
Agp/sbey= 1.17% oK! [ACI 18.7.5.4]
Agn/sbe,= 117% OK! [ACI 18.7.5.4]
Transverse reinforcement in other regions
S 133 mm oK! [ACI 18.7.5.5]
Smin= 33mm OK! [ACI 25.7.2.1]
Prrin= 9.5mm oK! [ACI 25.7.2.2]
Shear force check
Vux max= 1141 kN OK! [ACI 22.5.1.2]
Vuy max= 848 kN OK! [ACI 22.5.1.2]
Bi-axial moment capacity
(Mu, xx/Mn xx)‘ + (Mu,yy/Mn )é =
, Yy 0.968665 OK!
Shear capacity
XX-axis yy-axis Check
Plastic hinge region Other Plastic hinge region Other OK!
dVn: 1380 kN 793 kN Vs= 1088 kN 500 kN
Vu/$Vn= 0.28 0.48 Vu/$Vn= 0.34 0.75
Strong column-weak beam check [ACI 18.7.3.2]
XX-axis yy-axis
Joint
SMprc SMprb  IMprc/IMprb  Check SMprc SMprb  IMprc/IMprb  Check
Top 1000 820 1.22 OK! 1049 820 1.28 OK!
Bottom 1000 780 1.28 OK! 1049 780 135 OK!

C-78



Appendix C

Interaction Diagram for xx-axis

4000 '|'

I
3000

T
2000 -

1000 +

Axial Force (kN)

-1000 T

-2000 -+
0 100 200

Moment (kN-m)

——phi-Mn-Pn

400

Axial Force (kN)

Interaction Diagram for yy-axis

4000
_|_

-1000 +

-2000 -+

100 200 300 400
Moment (kN-m)

—— phi Mn-Pn Mu

500

Important notes:

-Combinations used for earthquake: 1.2D+1.0L+/-1.0E and 0.9D+/-1.0E **If different change Cap sheets accordingly
-Only symmetrical reinforcement is supported in the same axis.

-Lap splices outside lo region, the zone with lap-splice should comply with confinement reinforcement as in hinge region.

-Special provisions apply if column supports reactions from discontinued stiff members. [ACI 18.7.5.6]

-When using mechanical or welded splices check [ACI 18.7.4.3].

-Every corner and alternate longitudinal bar shall have lateral support provided by the corner of a tie with an included angle of

not more than 135 degrees.

-No unsupported bar shall be farther than 150mm clear on each side along the tie form a laterally supported bar.

-If concrete cover exceeds 100mm, additional transverse reinforcement having cover not exceeding 100mm and spacing not

exceeding 300mm shall be provided [ACI 18.7.5.7]

-If f'c exceeds 70MPa, special provisions apply [ACI 22.5.3.1]
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Identification Material Prop. Section Properties Proposed Shear Reinforcement
ID = 9-FB f'.= 28 MPa | h= 500 mm XX-Axis YY-Axis
Storey= 5,6,7 E= 24870 MPa (b, = 500 mm Plastic hinge region Plastic hinge region
Grid,x=  1-5 fy= 420 MPa [lw= 3000 mm ¢ = 9.5mm ¢ = 9.5mm
Grid,y= NA f= 420 MPa|c.= N 40 mm No. legs= 3 No. legs= 3
E= 200 GPa (A= 250000 mm2 s= 50 mm s= 50 mm
0 A= ¥ 1ll,=  SE+09 mmé Ash= 213 mm2 Ash= 213 mm2
ly= S5E+09 mm&4 Other regions Other regions
Y T Ay 450.00 mm ¢ = 9.5mm ¢ = 9.5mm
= dy= £450.00 mm No. legs= 3 No.legs= 3
T X=‘ 197 mm s= 125 mm s= 125 mm
h N <bmi:= 22mm Ash=  213mm2 Ash=  213mm2
n= 8 Pu and Mu corresponding to Vu in xand y
® o A= 176400 mm2 Pu= 1696 kN Pu= OkN
— o, — ug 25mm Mus= 184kN  |Mu= OkN
Axial Force Shear Force inx Shear Forceiny | Axial Force from EQ
- In equilibrium!
Po=  1051kN |Vp,= 33kN Vpy= 0kN P'=  170kN
P = 432kN  |V,= 15kN Vi,= OkN Pe=  -133kN
P =1 1696 kN Vi,= 107 kN Vg, = OkN P = OkN PRESS BUTTON FOR
v E*1 Ey1 & EQUILIBRIUM
V= 162kN  [V,,= OkN P~ 0kN
Flexural Reinforcement xx: Flexural Reinforcement yy: Moment capacity of columns and beams
no. ¢ no. ¢ d (mm) ¥ Ast | no. ¢ no. ¢ d(mm) Ast Top joint xx-axis yy-axis
2 22 1 22 50 2 22 1 22 50 Mprcl= 471 484
2 22 0 O 250 2 22 0 O 250 Mprc2= h 471 484
2 22 1 22 450 2 22 1 22 450 Mprbl= h 390 390
0O 0O O oO 0 0O 0 O O 0 Mprb2= h 390 390
0O 0O O oO 0 0O 0 O O 0 Bot joint Xx-axis yy-axis
0O 0O O oO 0 0O 0 O O 0 Mprcl= 471 484
0O 0O O oO 0 0O 0O 0 O 0 Mprc2= 471 484
0O 0O O oO 0 0O 0 O O 0 Mprbl= 390 390
0 0 0 0 0 0 0 0 0 0 Mprb2= 390 390
0O 0O O O 0 0O 0 O O 0
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Dimension and longitudinal reinforcement limits

Buygmin= 300 mm OK! [ACI 18.7.2.1 (a)]
o min= 300 mm OK! [ACI18.7.2.1(a)]
b, /h,, or h,/b,= 100 »>= 04 OK! [ACI 18.7.2.1 (b)]
A= 3097 mm?2 OK! [ACI 18.7.4.1]
Transverse reinforcement in plastic hinge region
lo= 500 mm [ACI 18.7.5.1]
hx,m:= 350 mm OK! [ACI 18.7.5.2,e and f]
Soa= 125 mm OK! [ACI 18.7.5.3]
Srin= 33mm oK! [ACI 25.7.2.1]
Agp/sbey= 0.85% oK! [ACI 18.7.5.4]
Agn/sbe,= 0.85% OK! [ACI 18.7.5.4]
Transverse reinforcement in other regions
S 133 mm oK! [ACI 18.7.5.5]
Smin= 33mm OK! [ACI 25.7.2.1]
Prrin= 9.5mm oK! [ACI 25.7.2.2]
Shear force check
Vux max= 1035 kN OK! [ACI 22.5.1.2]
Vuy max= 848 kN OK! [ACI 22.5.1.2]
Bi-axial moment cap:zzcity y ,

M, XX T, Yy -

( fin,xx) +{ /M, yy ) = 0285324  OK!
Shear capacity

XX-axis yy-axis Check
Plastic hinge region Other Plastic hinge region Other OK!
dVn: 1049 kN 687 kN Vs= 862 kN 500 kN
Vu/$Vn= 0.36 0.54 Vu/$Vn= 0.42 0.73
Strong column-weak beam check [ACI 18.7.3.2]
XX-axis yy-axis
Joint
SMprc SMprb  IMprc/IMprb  Check SMprc SMprb  IMprc/IMprb  Check
Top 942 780 1.21 OK! 968 780 1.24 OK!
Bottom 942 780 1.21 OK! 968 780 124 OK!
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Interaction Diagram for xx-axis Interaction Diagram for yy-axis
4000 T 4000 T
3000 + 3000 T
2000 -I- 2000 +-
|
z : z '
=3 : < |
| - |
(V] i Q
S 1000 % S 1000 -
w | w
= e
3 2
0 : e : : 0 : —— : :
-1000 T -1000 +
2000 1 -2000 L
0 100 200 300 400 500 0 100 200 300 400 500
Moment (kN-m) Moment (kN-m)
——phi-Mn-Pn Mu —— phi Mn-Pn Mu

Important notes:

-Combinations used for earthquake: 1.2D+1.0L+/-1.0E and 0.9D+/-1.0E **If different change Cap sheets accordingly
-Only symmetrical reinforcement is supported in the same axis.

-Lap splices outside lo region, the zone with lap-splice should comply with confinement reinforcement as in hinge region.
-Special provisions apply if column supports reactions from discontinued stiff members. [ACI 18.7.5.6]

-When using mechanical or welded splices check [ACI 18.7.4.3].

-Every corner and alternate longitudinal bar shall have lateral support provided by the corner of a tie with an included angle of

not more than 135 degrees.
-No unsupported bar shall be farther than 150mm clear on each side along the tie form a laterally supported bar.

-If concrete cover exceeds 100mm, additional transverse reinforcement having cover not exceeding 100mm and spacing not

exceeding 300mm shall be provided [ACI 18.7.5.7]

-If f'c exceeds 70MPa, special provisions apply [ACI 22.5.3.1]
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Identification Material Prop. Section Properties Proposed Shear Reinforcement
ID = 9-FB f'.= 28 MPa | h= 500 mm XX-Axis YY-Axis
Storey= 89 E= 24870 MPa (b, = 500 mm Plastic hinge region Plastic hinge region
Grid,x=  1-5 fy= 420 MPa [lw= 3000 mm ¢ = 9.5mm ¢ = 9.5mm
Grid,y= NA f= 420 MPa|c.= N 40 mm No. legs= 3 No. legs= 3
E= 200 GPa (A= 250000 mm2 s= 50 mm s= 50 mm
0 A= ¥ 1ll,=  SE+09 mmé Ash= 213 mm2 Ash= 213 mm2
ly= S5E+09 mm&4 Other regions Other regions
Y T Ay 450.00 mm ¢ = 9.5mm ¢ = 9.5mm
= dy= £450.00 mm No. legs= 3 No.legs= 3
T X=‘ 197 mm s= 125 mm s= 125 mm
h N <bmi:= 22mm Ash=  213mm2 Ash=  213mm2
n= 8 Pu and Mu corresponding to Vu in xand y
® o A= 176400 mm2 Pu= 678 kN Pu= OkN
— o, — ug 25mm Mus= 106kN  [Mu= OkN
Axial Force Shear Force inx Shear Forceiny | Axial Force from EQ
- In equilibrium!
Ppo= 465kN  |Vp,= 48 kN Vpy= 0kN Pt 55kN
P = 185kN  |V,,= 22kN Vi,= OkN Pe=  -15kN
P =1 678 kN Vi, = 77 kN Vg,= OkN P = OkN PRESS BUTTON FOR
v E*1 Ey1 & EQUILIBRIUM
V= 157kN  [Vy,= OkN P~ 0kN
Flexural Reinforcement xx: Flexural Reinforcement yy: Moment capacity of columns and beams
no. ¢ no. ¢ d (mm) ¥ Ast | no. ¢ no. ¢ d(mm) Ast Top joint xx-axis yy-axis
2 22 1 22 50 2 22 1 22 50 Mprcl= 411 413
2 22 0 O 250 2 22 0 O 250 Mprc2= h 413 413
2 22 1 22 450 2 22 1 22 450 Mprbl= h 343 343
0O 0O O oO 0 0O 0 O O 0 Mprb2= h 343 343
0O 0O O oO 0 0O 0 O O 0 Bot joint Xx-axis yy-axis
0O 0O O oO 0 0O 0 O O 0 Mprcl= 411 413
0O 0O O oO 0 0O 0O 0 O 0 Mprc2= 413 413
0O 0O O oO 0 0O 0 O O 0 Mprbl= 343 343
0 0 0 0 0 0 0 0 0 0 Mprb2= 343 343
0O 0O O O 0 0O 0 O O 0
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Dimension and longitudinal reinforcement limits

Buygmin= 300 mm OK! [ACI 18.7.2.1 (a)]
o min= 300 mm OK! [ACI18.7.2.1(a)]
b, /h,, or h,/b,= 100 »>= 04 OK! [ACI 18.7.2.1 (b)]
A= 3097 mm?2 OK! [ACI 18.7.4.1]
Transverse reinforcement in plastic hinge region
lo= 500 mm [ACI 18.7.5.1]
hx,m:= 350 mm OK! [ACI 18.7.5.2,e and f]
Soa= 125 mm OK! [ACI 18.7.5.3]
Srin= 33mm oK! [ACI 25.7.2.1]
Agp/sbey= 0.85% oK! [ACI 18.7.5.4]
Agn/sbe,= 0.85% OK! [ACI 18.7.5.4]
Transverse reinforcement in other regions
S 133 mm oK! [ACI 18.7.5.5]
Smin= 33mm OK! [ACI 25.7.2.1]
Prrin= 9.5mm oK! [ACI 25.7.2.2]
Shear force check
Vux max= 935kN OK! [ACI 22.5.1.2]
Vuy max= 848 kN OK! [ACI 22.5.1.2]
Bi-axial moment capacity
(Mu' o, xx)z + (Mu’ yy/Mn‘ yy)z = 0564135  OK!
Shear capacity
XX-axis yy-axis Check
Plastic hinge region Other Plastic hinge region Other OK!
dVn: 949 kN 587 kN Vs= 862 kN 500 kN
Vu/dVn= 0.33 0.53 Vu/dVn= 0.36 0.62
Strong column-weak beam check [ACI 18.7.3.2]
XX-axis yy-axis
Joint
SMprc SMprb  IMprc/IMprb  Check SMprc SMprb  IMprc/IMprb  Check
Top 824 686 1.20 OK! 826 686 1.20 OK!
Bottom 824 686 1.20 OK! 826 686 120 OK!
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Interaction Diagram for xx-axis

4000 T
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2000 +
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Interaction Diagramfor yy-axis
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Important notes:

-Combinations used for earthquake: 1.2D+1.0L+/-1.0E and 0.9D+/-1.0E **If different change Cap sheets accordingly

-Only symmetrical reinforcement is supported in the same axis.

-Lap splices outside lo region, the zone with lap-splice should comply with confinement reinforcement as in hinge region.

-Special provisions apply if column supports reactions from discontinued stiff members. [ACI 18.7.5.6]

-When using mechanical or welded splices check [ACI 18.7.4.3].

-Every corner and alternate longitudinal bar shall have lateral support provided by the corner of a tie with an included angle of

not more than 135 degrees.

-No unsupported bar shall be farther than 150mm clear on each side along the tie form a laterally supported bar.

-If concrete cover exceeds 100mm, additional transverse reinforcement having cover not exceeding 100mm and spacing not

exceeding 300mm shall be provided [ACI 18.7.5.7]

-If f'c exceeds 70MPa, special provisions apply [ACI 22.5.3.1]
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