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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.  
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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 
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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.  
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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, Ta, is calculated in seconds as: 

𝑇𝑎 = 𝐶𝑡ℎ𝑛
𝑥 [2-1] 

where ℎ𝑛 is the height of the building in meters, while 𝐶𝑡 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, 𝐶𝑠, can be calculated by using Equation [2-2]: 

𝐶𝑠 =
𝑆𝐷𝑆

(
𝑅
𝐼𝑒

)
 

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

 

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

structure: 

𝐶𝑠 =
𝑆𝐷1

𝑇𝑎 (
𝑅
𝐼𝑒

)
      𝑓𝑜𝑟   𝑇𝑎 ≤ 𝑇𝐿 

[2-3] 

 

𝐶𝑠 =
𝑆𝐷1𝑇𝐿

T𝑎
2 (

𝑅
𝐼𝑒

)
      𝑓𝑜𝑟   𝑇𝑎 > 𝑇𝐿 

[2-4] 

where: 

𝑆𝐷𝑆 = design spectral response acceleration parameter in the short period range defined in ASCE 

7-16. 

 𝑆𝐷1 = 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 𝑞 factor shown in Figure 

2-2 (c). 

𝐼𝑒 = importance factor as defined in ASCE 7-16. 

𝑇𝑎 = estimated period of the structure. 

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

 

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]: 

𝑉𝐸𝐿𝐹𝑀 = 𝐶𝑠𝑊 [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: 

𝐹𝑥 = 𝐶𝑣𝑥𝑉𝐸𝐿𝐹𝑀 [2-6] 

and 

𝐶𝑣𝑥 =
𝑤𝑥ℎ𝑥

𝑘

∑ (𝑤𝑖ℎ𝑖
𝑘)𝑛

𝑖=1

 
[2-7] 

where: 

𝐶𝑣𝑥  = vertical distribution factor. 

𝑉𝐸𝐿𝐹𝑀 = total design lateral force or shear at the base of the structure for the ELFM. 

𝑤𝑖  and 𝑤𝑥  = the portion of the total effective seismic weight of the structure (W) located or 

assigned to level i and x, respectively. 

ℎ𝑖 and ℎ𝑥  = 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 (𝜙𝑖𝑚) 

and the corresponding periods (𝑇𝑚), where 𝑚 corresponds to different mode shapes and 𝑖 corresponds 

to the mass locations. Then, the modal mass participation factor is calculated as: 

𝜌𝑚 =
(∑ 𝜙𝑖𝑚𝑚𝑖

𝑁
𝑖,𝑚=1 )

2

∑ 𝜙𝑖𝑚
2 𝑚𝑖

𝑁
𝑖,𝑚=1 ∑ 𝑚𝑖

𝑁
𝑖=1

 
[2-8] 

 

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

𝑉𝑡 = 𝑆𝑎𝑚𝑔 (𝜌𝑚 ∑ 𝑚𝑖

𝑁

𝑖=1

) 
[2-9] 

 

where  𝑆𝑎𝑚 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: 

𝐹𝑖𝑚 = 𝑉𝑡

𝜙𝑖𝑚𝑚𝑖

∑ 𝜙𝑖𝑚𝑚𝑖
𝑁
𝑖,𝑚=1

 
[2-10] 
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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 𝑉𝑅𝑆𝑀⁄  where: 

𝑉𝐸𝐿𝐹𝑀 = base shear obtained by ELFM. 

𝑉𝑅𝑆𝑀 = 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 (𝐹𝑒). 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, 



Chapter 2. Literature Review 

8 

 

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 (𝐻𝑒), an equivalent mass (𝑚𝑒), and equivalent stiffness (𝐾𝑒) and an equivalent viscous 

damping (𝜉), as shown in Figure 2-3. 

  

 

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: 

𝜃𝑖 =
(𝛥𝑖+1 + 𝛥𝑖)

(𝑥𝑖+1 − 𝑥𝑖)
 

[2-11] 

  

where Δ𝑖+1 and Δ𝑖 are the maximum displacement in consecutive levels and (𝑥𝑖+1 − 𝑥𝑖) is the height of 

each level. For the case of RC frames, the displacement demands are expressed in the following way: 

Δi = ωθθchi (
4Hn − hi

4Hn − h1
) 

[2-12] 

where ℎ𝑖 is the height of the level in study, 𝐻𝑛 is the total height of the building, 𝜔𝜃 is a higher mode 

drift reduction factor and 𝜃𝑐 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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𝛥𝑑 =
∑ (𝑚𝑖𝛥𝑖

2)𝑛
𝑖=1

∑ (𝑚𝑖𝛥𝑖)𝑛
𝑖=1

 
[2-13] 

 

𝑚𝑒 = ∑ (𝑚𝑖𝛥𝑖) 𝛥𝑑⁄

𝑛

𝑖=1

 
[2-14] 

 

𝐻𝑒 = ∑(𝑚𝑖𝛥𝑖ℎ𝑖)

𝑛

𝑖=1

∑(𝑚𝑖𝛥𝑖)

𝑛

𝑖=1

⁄  
[2-15] 

 

The ductility demand of the system can be calculated as the ratio between the characteristic displacement 

(Δ𝑑) and the yield displacement (Δ𝑦) 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: 

Rξ = (
0.07

0.02 + ξ
)

0.5

 
[2-16] 

With this scaled displacement spectrum, it is possible to read the required effective period (𝑇𝑒) as shown 

in Figure 2-3(d). Then, the effective stiffness and design base shear can be obtained from the following 

expressions: 

Ke = 4π2
me

Te
2  [2-17] 

 

Vb = KeΔd + C
megΔd

He
 

[2-18] 

   

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 (𝑉𝑏) can be 

distributed along the height of the structure as equivalent lateral forces in the following form: 

Fi = kVb (miΔi) ∑(miΔi)

n

i=1

⁄  
[2-19] 

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. 
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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 (𝜆𝐿𝑆) can be estimated as 

proposed by: 

𝜆𝐿𝑆 = ∫
𝑑𝑃(𝐶 < 𝐷|𝑠)

𝑑𝑠

+∞

0

𝐻(𝑠)𝑑𝑠 
[2-20] 

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 = 𝑘𝑜𝑠−𝑘1 = 𝑘𝑜 exp(−𝑘1𝑙𝑛𝑠) [2-21] 

where 𝑘1 and 𝑘𝑜 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 

𝑘1 and 𝑘𝑜, 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) = 𝑘𝑜 exp(−𝑘2𝑙𝑛2𝑠 − 𝑘1𝑙𝑛𝑠) [2-22] 

where 𝑘2 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: 
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𝜆𝐿𝑆 = √𝑝  𝑘𝑜
1−𝑝

 [𝐻(𝑠̂𝑐)]𝑝 exp [
𝑘1

2

4𝑘2

(1 − 𝑝)] 
[2-23] 

where 𝐻(𝑠̂𝑐) is the median hazard value and 𝑝 can be expressed in the following way: 

𝑝 =
1

1 + 2𝑘2𝛽𝑆𝑐
2  

[2-24] 

where 𝛽𝑆𝑐 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 𝛽𝑈𝑆𝑐 due to epistemic sources. It is possible 

to obtain the total dispersion 𝛽𝑇𝑆𝑐 by using the square root of the sum of squares (SRRS) as follows: 

𝛽𝑇𝑆𝑐
2 = 𝛽𝑆𝑐

2 + 𝛽𝑈𝑆𝑐
2  [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 

𝜃1 it is possible to obtain the median 𝑠̂ and the dispersion 𝛽𝑆𝑐 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 𝜆𝐿𝑆 of the limit state 

defined by the drift 𝜃1. 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 𝜃1, the corresponding MAFE 𝜆𝐿𝑆. 

 

 
 

Figure 2-4. Graphical representation of risk assessment process for the MAFE. 
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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 Ω𝑜, and the deflection amplification factor 𝐶𝑑 

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. 

 
 

Figure 2-5. Annual rate of collapse for structures subjected to different hazard levels increasing from left to right. (Iervolino, 

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 
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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 Ω𝑜 and 𝐶𝑑 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. 
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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 (ACI, 

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.  

 
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 fc
’ is the concrete compression strength at 28 days, Ec is the 

elastic modulus of concrete and λ is a reduction factor for lightweight concrete. 
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Table 3-1. Concrete main mechanical characteristics. 

Parameter Value Code requirement Reference 

fc
’ 28 MPa Minimum 21 MPa ACI Table 19.2.1.1 

Ec 
24870 

MPa 
4700√(fc

’) ACI 19.2.2.1 

λ 1 
Depends on type of concrete,  

1 is for normal-weight. 
ACI Table 19.2.4.2 

 

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 

fy 420 MPa 
420 MPa for special seismic 

applications  

ACI Table 

20.2.2.4a 

Es 200 GPa 200 GPa ACI 20.2.2.2 

 

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/m2 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/m2] 

Dead loads 

Floor system 3.20 

Floor finish 0.50 

Ceiling system 0.20 

Electromechanical 0.10 

Light-weight divisions 0.76 

Sub-total 4.76 

Live loads 
Minimum required by code 2.40 

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. 
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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 

No. 

Design 

method 

Bay span 

[m] 

Storey height 

[m] 

No. 

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.  

 
Figure 3-3. Typical floor geometry for the buildings. 

 

 
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: 

▪ Combination 1 :  1.4D 

▪ Combination 2 :  1.2D + 1.6L + 0.5(Lr or S or R) 

▪ Combination 3 :  1.2D + 1.6(Lr or S or R) + (L or 0.5W) 

▪ Combination 4 :  1.2D + 1.0W + L + 0.5(Lr or S or R) 

▪ Combination 5 :  0.9D + 1.0W 

▪ Combination 6 :  1.2D + Ev + Eh + L + 0.2S 

▪ Combination 7 :  0.9D - Ev + Eh 

where D is the dead load, L is the live load, Lr is the roof life load, S is the snow load, R is the rain load, 

W is the wind load, Ev is the vertical earthquake load and Eh is the horizonal earthquake load. For the 

purpose of this study, no rain, snow or wind loads were considered.  
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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. 

 
Figure 4-1. Model geometry for 3 storey building. 

 

 
Figure 4-2. Model geometry for 6 storey building. 

 
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 𝐼𝑔 is the gross moment of inertia and 𝐴𝑔 is the gross cross-sectional area. 

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

 
 

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 Vs,30=265 m/s. The selection of this specific Vs,30 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 S3, which has an average value of  Vs,30=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 

S1 0.81g 
Spectral acceleration for 1s period for maximum credible earthquake with 

a return period of 2500 years. 

Ss 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 1.5 Long period site coefficient as defined in table 11.4-2 of ASCE 7-16. 

SMS 2.44g Ss modified by site class effects. 

SM1 1.215g S1 modified by site class effects. 

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

SD1 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. 

 
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, Ie 1.0 

Risk Category II 

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]. 

𝑇𝑎 = 𝐶𝑡ℎ𝑛
𝑥 [4-1] 

where 𝐶𝑡 and 𝑥 are coefficients that depend on the structural typology, for RC moment frames the values 

are 0.0466 and 0.9 respectively, and ℎ𝑛 corresponds to the height of the structure. 

 

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

𝐶𝑠 =
𝑆𝐷𝑆

(
𝑅
𝐼𝑒

)
 

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

structure: 

𝐶𝑠 =
𝑆𝐷1

𝑇𝑎 (
𝑅
𝐼𝑒

)
      𝑓𝑜𝑟   𝑇𝑎 ≤ 𝑇𝐿 

[4-3] 

 

𝐶𝑠 =
𝑆𝐷1𝑇𝐿

T𝑎
2 (

𝑅
𝐼𝑒

)
      𝑓𝑜𝑟   𝑇𝑎 > 𝑇𝐿 

[4-4] 

 

where 𝑆𝐷𝑆 is the design spectral acceleration for short period, 𝑅 is the response modification factor and 

𝐼𝑒 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) Cs W [kN] 
VELFM 

[kN] 

3-FB 0.34 0.20 2572 523 

6-FB 0.63 0.16 5154 827 

9-FB 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 CuTa. 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 CuTa in a given 

direction, CuTa shall be used in lieu of T in that direction. Where the combined response for the modal 

base shear (Vt) is less than 100% of the calculated base shear (V) using the equivalent lateral force 

procedure, the forces shall be multiplied by V∕Vt .” (ASCE, 2017) 

 

In this case, Cu refers to the coefficient for upper limit on the calculated period, which is variable 

depending on the value of SD1 and Ta is 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 CuTa.  

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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(a)                                                                            (b) 

 

 
(c) 

 
Figure 4-5. First three modes of vibration for 3 storey building, first mode (a), second mode (b) and third mode (c). 

 

 
(a)                                                            (b) 

 
(c) 

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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(a)                                                                 (b) 

 
(c) 

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 [%] 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 [kg] 

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 CuTa and if base shear of the modal analysis is less than 

the base shear calculated by the ELFM using the upper bound period CuTa. 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. 

Building 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. 

Building VELFM [kN] VRSM [kN] VFBD [kN] 
Force scaling 

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 

II 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 Δ𝑎=0.020. 
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Table 4-10. Allowable storey drift according to ASCE 7-16. (ASCE, 2017) 

 

  

ASCE 7-16 establishes the following formula for the calculation of the inelastic deflection, 𝛿𝑥, at any 

level, 𝑥: 

𝛿𝑥 =
𝐶𝑑𝛿𝑥𝑒

𝐼𝑒
 

 

Where  𝐶𝑑 is the deflection amplification factor, 𝛿𝑥𝑒 is the elastic deflection from the analysis and 𝐼𝑒 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 𝐶𝑑 = 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.  

 

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. 

 

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.  

 

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 
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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 Δd is the design displacement, me 

is the equivalent mass, He is the equivalent height, ξeq is the equivalent viscous damping, Te is the 

equivalent period, Ke is the equivalent stiffness and Vb is the total base shear for design. 

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

Parameter 
Building 

3-DB 6-DB 9-DB 

Drift limit [%] 2% 2% 2% 

Δd [m] 0.12 0.20 0.25 

me [kg] 235377 478328 791156 

He [m] 6.83 12.66 18.51 

ξeq [%] 10.92% 9.63% 7.79% 

Te [s] 1.29 2.57 3.62 

Ke [kN/m] 5584 2859 2383 

Vb [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. 

 

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 6th storey) and the shear 

force profile. 

 

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. 

 

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. 

 

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. 

 

 

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. 

 

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

Design case 
Design base shear V 

(kN) 

Total weight 

W (kN) 

V/W 

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, 𝜙, used for the design are as shown in Table 

4-13. 

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

𝑃𝑢 ≤ 0.1 𝑓𝑐
′𝐴𝑔 [4-5] 

𝑇𝑢 ≤ 0.083𝜆√𝑓𝑐
′ (

𝐴𝑐𝑝
2

𝑝𝑐𝑝
) 

[4-6] 

where: 

 𝑃𝑢 : is the factored axial force from the analysis. 

𝑇𝑢 : is the factored torsion force from the analysis. 

𝑓𝑐
′: is the concrete compressive strength at 28 days. 

𝐴𝑔: is the cross-sectional gross area. 

𝜆: is the reduction factor for lightweight concrete. 

𝐴𝑐𝑝: area enclosed by the outside perimeter of the concrete cross section. 

𝑝𝑐𝑝: 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: 

𝑀𝑢 ≤ 𝜙𝑀𝑛 [4-7] 

𝑉𝑢 ≤ 𝜙𝑉𝑛 [4-8] 

where 𝑀𝑢 and 𝑀𝑛 are the factored moment force and the nominal moment strength respectively. 𝑉𝑢 is 

the factored shear force and 𝑉𝑛 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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                                    (a)                                                                       (b)     

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.   

 
                                    (a)                                                                       (b)     

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 

𝑀𝑢 and 𝑉𝑢 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. 

 
 

Figure 4-25. Interaction diagram for RC column design. (Wight & MacGregor, 2012) 

Shear strength is calculated so that Equation [4-9] complies: 

𝑉𝑢 ≤ 𝜙𝑉𝑛 [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, 𝑀𝑝𝑟. ACI 318-14 establishes that it shall be assumed that moments of 

opposite sign corresponding to 𝑀𝑝𝑟 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: 

∑ 𝑀𝑛𝑐 ≥ (6 5⁄ ) ∑ 𝑀𝑛𝑏 [4-10] 

where ∑ 𝑀𝑛𝑐 is the sum of nominal flexural strengths of the columns framing into the joint and ∑ 𝑀𝑛𝑏 

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. 

db,longitudinal: longitudinal reinforcement bar diameter. 

db,shear reinforcement: shear reinforcement bar diameter. 

Ash: area of shear reinforcement within the spacing s. 
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As,top,end 1: area of the longitudinal reinforcement at the top of the section. 

As,middle,end 1: area of the longitudinal reinforcement at the middle of the section. 

As,bot,end 1: area of the longitudinal reinforcement at the bottom of the section. 

𝜌𝑠: ratio of As to the gross section area. 

 

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. 

 
 

Figure 4-27. Member labels for 3-FB and 3-FB-NG buildings. 
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Figure 4-28. Member labels for 6-FB building. 
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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. 

C1-A B1-A C1-A B1-A B2-A C1-A C2-A B1-A B2-A B3-A

H (m) = 0.5 0.6 0.5 0.6 0.6 0.5 0.5 0.6 0.6 0.6

B (m) = 0.5 0.25 0.5 0.25 0.25 0.5 0.5 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

db, longitudinal (mm) = 19.1 19.1 22.2 22.2 22.2 22.2 22.2 19.1 22.2 22.2

db, shear reinforcement (mm) = 12.7 9.5 9.5 9.5 9.5 12.7 9.5 9.5 9.5 9.5

Ash (mm
2
) = 507.00 142.00 213.00 142.00 142.00 380.00 213.00 142.00 142.00 142.00

As,top,end 1 (mm
2
)= 1595.40 1374/462 1161.20 1478.80 1291.60 1161.20 1161.20 1562.20 1476.80 1291.60

As,mid,end 1 (mm
2
)= 0.00 0/253 774.10 0.00 0.00 774.10 774.10 0.00 0.00 0.00

As,bot,end 1 (mm
2
)= 1595.40 859/462 1161.20 774.15 774.15 1161.20 1161.20 774.15 774.15 774.15

3-FB / 3-FB-NG 6-FB 9-FB
Parameter

 

Table 4-15. Reinforcement ratios for elements designed using forced-based design. 

C1-A B1-A C1-A B1-A B2-A C1-A C2-A B1-A B2-A B3-A

ρs,top (%)= 0.71% 1.00% / 0.34% 0.52% 1.08% 0.94% 0.52% 0.52% 1.14% 1.07% 0.94%

ρs,middle (%)= 0.00% 0.00% / 0.18% 0.34% 0.00% 0.00% 0.34% 0.34% 0.00% 0.00% 0.00%

ρs,bottom (%)= 0.71% 0.63% / 0.34% 0.52% 0.56% 0.56% 0.52% 0.52% 0.56% 0.56% 0.56%

ρs,total (%)= 1.42% 1.62% / 0.86% 1.38% 1.64% 1.50% 1.38% 1.38% 1.70% 1.64% 1.50%

Parameter
3-FB / 3-FB-NG 6-FB 9-FB

 

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. 

 
 

Figure 4-30. Member labels for 3-DB and 3-DB-NG buildings. 
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Figure 4-31. Member labels for 6-DB building. 
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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. 

C1-B B1-B C1-B B1-B B2-B C1-B C2-B C3-B B1-A B2-A B3-A

H (m) = 0.5 0.6 0.5 0.6 0.6 0.5 0.5 0.5 0.6 0.6 0.6

B (m) = 0.5 0.25 0.5 0.25 0.25 0.5 0.5 0.5 0.25 0.25 0.25

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

db, longitudinal (mm) = 22.2 22.2 22.2 22.2 19.1 22.2 22.2 22.2 22.2 22.2 22.2

db, shear reinforcement (mm) = 12.7 9.5 9.5 9.5 9.5 12.7 9.5 9.5 9.5 9.5 9.5

Ash (mm
2
) = 507.00 142.00 213.00 142.00 142.00 380.00 213.00 213.00 142.00 142.00 142.00

As,top,end 1 (mm
2
)= 1161.00 1161/603 1161.20 1548.00 1146.00 1161.20 1161.20 1060.60 1548.00 1445.20 1161.00

As,mid,end 1 (mm
2
)= 774.00 567/253 774.10 142.00 142.00 774.10 774.10 573.00 142.00 0.00 142.00

As,bot,end 1 (mm
2
)= 1161.00 860/603 1161.20 550.00 573.00 1161.20 1161.20 1060.60 774.00 872.15 573.00

Parameter
3-DB / 3-DB-NG 6-DB 9-DB

 
 

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

C1-B B1-B C1-B B1-B B2-B C1-B C2-B C3-B B1-A B2-A B3-A

ρs,top (%)= 0.52% 0.84% / 0.44% 0.52% 1.13% 0.83% 0.52% 0.52% 0.47% 1.13% 1.05% 0.84%

ρs,middle (%)= 0.34% 0.41% / 0.18% 0.34% 0.10% 0.10% 0.34% 0.34% 0.25% 0.10% 0.00% 0.10%

ρs,bottom (%)= 0.52% 0.63% / 0.44% 0.52% 0.40% 0.42% 0.52% 0.52% 0.47% 0.56% 0.63% 0.42%

ρs,total (%)= 1.38% 1.88% / 1.06% 1.38% 1.63% 1.35% 1.38% 1.38% 1.20% 1.79% 1.69% 1.36%

Parameter
3-DB / 3-DB-NG 6-DB 9-DB

 
 

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 𝐾𝑒 is the initial stiffness, 𝐾𝑠 is the 

hardening stiffness, 𝐾𝑐 is the post-capping stiffness, 𝑀𝑦 is the yield moment, 𝑀𝑐 is the moment at 

capping, 𝜃𝑦 is the yield rotation and 𝜃𝑐𝑎𝑝 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. 

 
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 T1 (s) Average T1 (s) 

3-DB 0.79 
0.80 

3-FB 0.81 

6-DB 1.90 
1.82 

6-FB 1.74 

9-DB 2.60 
2.62 

9-FB 2.64 

 

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 



Chapter 4. Building Design 

49 

 

(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. 

 
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. 

 
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 4-37. Pushover curve for 6 storey building. 

 
Figure 4-38. Pushover curve for 9 storey building. 

 

 
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(𝑇1), taking into account the 

cracked stiffness of the reinforced concrete sections. The selection of 𝑆𝑎(𝑇1) 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 II (Á. 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.    

 
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. 

 
Figure 5-2. Fault map for Costa Rica. (Á. Climent et al., 2008). 

For the purpose of obtaining representative results regarding the expected accelerations in the site, a soil 

with a Vs,30=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, λ, of a ground motion amplitude y, including the ground motion 

randomness, ε. 

𝜆(𝑦) = ∑ 𝜈𝑖 ∭ 𝑓𝑀(𝑚)𝑓𝑅(𝑟)𝑓𝜀(𝜀)𝑃[𝑌 > 𝑦|𝑚, 𝑟, 𝜀]𝑑𝑚𝑑𝑟𝑑𝜀

𝑖

 [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 II (Á. 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. 

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, ε) 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 Mw at a 10 km distance with an 

epsilon of 1.5. 

 
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. 

 

 
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 Mw=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: 

𝜀 =
ln(𝑆𝑎)𝑑𝑎𝑡𝑎 − ln(𝜇𝑆𝑎)

𝜎𝑆𝑎
 

 

Where (𝑆𝑎)𝑑𝑎𝑡𝑎 is the spectral acceleration of the recording and 𝜇𝑆𝑎 and 𝜎𝑆𝑎 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(T1) 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 T1 is 

the fundamental period, Mw 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 

 

 
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 T1=1.82 s) 

 
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 II 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 Mw=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.  

 
   (a)                                                                             (b) 

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. 

 

 
   (a)                                                                             (b) 

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. 

 
   (a)                                                                             (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. 

 

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) = 𝑘𝑜 exp(−𝑘2𝑙𝑛2𝑠 − 𝑘1𝑙𝑛𝑠) 

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 k1 k2 

3 0.0012 2.8402 0.2986 

6 3.8624 e-5 3.0841 0.2098 

9 1.1572 e-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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                                      (a)                                                                           (b) 

 
                                      (c) 

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 𝛽𝑆𝑐 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 𝛽𝑆𝑐 = 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. 

Kosič 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 𝛽𝑈𝑆𝑐 = 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. 

 
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 case 

Design 

V/W 

ratio 

Actual 

V/W 

ratio 

T1 [s]  Sa(T)median βSc βUSc λθ=2% 

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.  

 
 

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.  

 
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 (ACI, 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 
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Displacement based design for 3 storey building: 

 

 
 

 

 

 

  

Displacement based design RF Moment Resistant Frames Displacement profile

No. of storeys =

Storey height = m

Storey weight= kN

Storey mass= kg

Drift limit=

ωѲ=

Frame Properties

Hn= m

α1=

α2= Equivalent SDOF

B1= m Δd= m

B2= m me= kg

hb1= m He= m

hb2= m Δy= m

M1= μ=

M2= ξeq=

Ѳy1= ɳ=

Ѳy1= Te= s

Ke= kN/m

Material Properties Vo= kN

f'c= MPa β=

Ec= Gpa VP-Δ= kN

Es= GPa Vb= kN

fy= MPa

fu= MPa

fye= MPa

fu/fye=

db= mm

ϵy=

ϵl s=

0 0 0.00 676 0

ѲP-Δ,imi*Δi*Hi mi*g*Δi Fi  (kN) VDi

0 0.000 0.00000 0 0 0

mi*Δi mi*Δi
23 Storey Δi (m) mi  (kg)

0.14727 87462

57247.71 93552.29 209.88 561 12.51018

25.36068

0.10909 87462 9541.284 1040.867
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Displacement based design for 6 storey building: 

 

 
 

 

 

 

  

Displacement based design RF Moment Resistant Frames Displacement profile

No. of storeys =

Storey height = m

Storey weight= kN

Storey mass= kg

Drift limit=

ωѲ=

Frame Properties

Hn= m

α1=

α2= Equivalent SDOF

B1= m Δd= m

B2= m me= kg

hb1= m He= m

hb2= m Δy= m

M1= μ=

M2= ξeq=

Ѳy1= ɳ=

Ѳy1= Te= s

Ke= kN/m

Material Properties Vo= kN

f'c= MPa β=

Ec= Gpa VP-Δ= kN

Es= GPa Vb= kN

fy= MPa

fu= MPa

fye= MPa

fu/fye=

db= mm

ϵy=

ϵl s=

0

87462 5247.706

0

VDi ѲP-Δ,imi*Δi
2 mi*Δi*Hi mi*g*Δi Fi  (kN)

0 0 0 0.00 6003.0 0 0 0.000 0 0.00000 0

mi  (kg) mi*Δi6 Storey Hi  (m) δi Ѳi Δi (m)

60234.54 98433.28 57.50 570 13.7449587462 2 6 0.407 0.018261 0.11478 87462 10039.09 1152.313

314.8624 15743.12 51453.76 30.06 600 28.59894858 1 3 0.213 0.02 0.06000
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1.00 4 12 0.741 0.014783 0.20870 87462

87462 14374.15 2362.361 129367.4 140938.6 82.330.020 3 9 0.583 0.016522 0.16435

325129.6 212526.4 124.15 325 6.877733

7.373426219034.7 178969.6 104.55 430

5 15 0.880 0.013043 0.24783 87462 21675.31 5371.707

18252.89 3809.299

8.033678

18 94231 19953 1193055 923931 600

24641.4 6942.448 443545.3 241609 201.12 2016 18 1.000 0.011304 0.28174 87462

0.6 12.66

0.6 0.146

1 1.35

2

2

6 0.197

6 478327.7

2859

563

28 0.5

25 36

1 9.63%

0.012 0.78

0.012 2.57

22

0.00231

0.08

200 600

420

525

462

1.14

0

1

2

3

4

5

6

0.000 0.100 0.200 0.300

S
to

re
y

Δi (m)

0

1

2

3

4

5

6

0.000 0.010 0.020 0.030

S
to

re
y

Ѳi

0

1

2

3

4

5

6

0 500 1000

S
to

re
y

Shear (kN)

0

1

2

3

4

5

6

0 100 200 300

S
to

re
y

Lateral force (kN)



Appendix A 

A-4 

 

 

Displacement based design for 9 storey building: 

 

 

 
 

Displacement based design RF Moment Resistant Frames Displacement profile

No. of storeys =

Storey height = m

Storey weight= kN

Storey mass= kg

Drift limit=

ωѲ=

Frame Properties

Hn= m

α1=

α2=

B1= m

B2= m

hb1= m

hb2= m Equivalent SDOF

M1= Δd= m

M2= ΔD,ξ= m

Ѳy1= TD= s

Ѳy1= me= kg

He= m

Material Properties Δy= m

f'c= MPa μ=

Ec= Gpa ξeq=

Es= GPa ɳ=

fy= MPa Te= s

fu= MPa Ke= kN/m

fye= MPa Vo= kN

fu/fye= β=

db= mm VP-Δ= kN

ϵy= Vb= kN

ϵl s=

0

87462 5247.706

0

VDi ѲP-Δ,imi*Δi
2 mi*Δi*Hi mi*g*Δi Fi  (kN)

0 0 0 0.00 590

61173.26 99967.31 30.07 575 14.063

3.0 0 0 0.000 0 0.00000 0

mi  (kg) mi*Δi9 Storey Hi  (m) δi Ѳi Δi (m)

87462 2 6 0.280 0.018857 0.11657 87462 10195.54 1188.509
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APPENDIX B – EQUIVALENT LATERAL FORCE DESIGN 
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Force-based design for 3 storey building: 

 

 
 

 

 
 

 

  

Element Weight (kN/m2) S1= 0.81

Floor system 3.23 Ss= 2.44

Floor finish 0.5 Fa= 1.00

Ceiling 0.2 Fv= 1.50

Electromechanical components 0.1 SMS= 2.44

Lightweight divisions 0.73 SM1= 1.22

Total 4.76 SDS= 1.63

SD1= 0.81

Beams self weight (kN/m) = 3.5 R= 8

Columns self weight (kN/floor)= 88 Ie= 1

Seismic weight (kN) = 2572 Cd= 5.5

Ωo= 3

Live load (kN/m2)= 2.4 Cs,calc= 0.20

Live load per floor (kN)= 345.6 Cs,max= 0.21

Cs,min= 0.07

Cs= 0.20

V= 523

Factor= 1.95

Effective seismic weight (ASCE 7-16 12.7.2) Seismic Parameters

Risk Category II T= 0.47 hn= 9

Site Class D Effective width= 6 Ct= 0.05

Seismic Design Category D Frame length= 24 x= 0.90

Number of stories= 3 Ta= 0.34

Storie height= 3 Cu= 1.40

hn= 9 T,max= 0.47

T,modal= 0.61

Vt= 268

k= 1

Categories according to ASCE 7-16 Structure Charactertistics Approximate fundamental period
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ELFM design for 6 storey building: 

 

 
 

 

 
 

 

  

Element Weight (kN/m2) S1= 0.81

Floor system 3.23 Ss= 2.44

Floor finish 0.5 Fa= 1.00

Ceiling 0.2 Fv= 1.50

Electromechanical components 0.1 SMS= 2.44

Lightweight divisions 0.73 SM1= 1.22

Total 4.76 SDS= 1.63

SD1= 0.81

Beams self weight (kN/m) = 3.5 R= 8

Columns self weight (kN/floor)= 88 Ie= 1

Seismic weight (kN) = 5145 Cd= 5.5

Ωo= 3

Live load (kN/m2)= 2.4 Cs,calc= 0.20

Live load per floor (kN)= 345.6 Cs,max= 0.12

Cs,min= 0.07

Cs= 0.12

V= 592

Factor= 2.38

Effective seismic weight (ASCE 7-16 12.7.2) Seismic Parameters

Risk Category II T= 0.88 hn= 18

Site Class D Effective width= 6 Ct= 0.05

Seismic Design Category D Frame length= 24 x= 0.90

Number of stories= 6 Ta= 0.63

Storie height= 3 Cu= 1.40

hn= 18 T,max= 0.88

T,modal= 1.25

Vt= 249

k= 1.189774

Categories according to ASCE 7-16 Structure Charactertistics Approximate fundamental period
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ELFM design for  storey building: 

 

 

 
 

 

 
 

 

Element Weight (kN/m2) S1= 0.81

Floor system 3.23 Ss= 2.44

Floor finish 0.5 Fa= 1.00

Ceiling 0.2 Fv= 1.50

Electromechanical components 0.1 SMS= 2.44

Lightweight divisions 0.73 SM1= 1.22

Total 4.76 SDS= 1.63

SD1= 0.81

Beams self weight (kN/m) = 3.5 R= 8

Columns self weight (kN/floor)= 88 Ie= 1

Seismic weight (kN) = 7717 Cd= 5.5

Ωo= 3

Live load (kN/m2)= 2.4 Cs,calc= 0.20

Live load per floor (kN)= 345.6 Cs,max= 0.08

Cs,min= 0.07

Cs= 0.08

V= 617

Factor= 2.85

Effective seismic weight (ASCE 7-16 12.7.2) Seismic Parameters

Risk Category II T= 1.27 hn= 27

Site Class D Effective width= 6 Ct= 0.05

Seismic Design Category D Frame length= 24 x= 0.90

Number of stories= 9 Ta= 0.90

Storie height= 3 Cu= 1.40

hn= 27 T,max= 1.27

T,modal= 1.92

Vt= 217

k= 1.38

Categories according to ASCE 7-16 Structure Charactertistics Approximate fundamental period



Appendix C 

C-1 

 

 
 

 

 

 

 

 

 

 

 

APPENDIX C – REINFORCED CONCRETE MEMBER DESIGN 
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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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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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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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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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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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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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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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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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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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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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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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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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