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Abstract

This paper presents a retrofit design procedure for reinforced concrete (RC) frame buildings
using alternative steel bracing systems, developed within a displacement-based approach. By
adopting this approach, the method captures the actual behaviour of existing RC structures
and the contribution of the added bracing systems. The paper outlines the overall retrofit
process and seismic assessment methodology, resulting in the proposed displacement-based
retrofit design framework.

The procedure is demonstrated using a pre-1970, eight-story RC frame case study, with retrofit
targets defined by maximum displacements associated with expected failure mechanisms
identified through detailed seismic assessment (DSA). The DSA is performed using the SLaMA
method from the New Zealand Society for Earthquake Engineering's 2017 Seismic
Assessment Guidelines, revealing that the existing frame is earthquake-prone, exhibiting
specific failure mechanism and limited seismic capacity.

Three different bracing systems are investigated: a concentric braced frame (CBF), a buckling-
restrained brace (BRB), and a CBF with added friction dampers. These retrofit solutions modify
the structural failure mechanisms and improve seismic capacity to exceed 100% of the New
Building Standard (NBS). Post-retrofit evaluations of both global and local behaviour highlight
the strengths and limitations of each bracing system. Nonlinear time-history (NLTH) analyses
using a lumped plasticity model confirm the effectiveness of the proposed displacement-based
design approach and its practicality for selecting and implementing appropriate retrofit
strategies in RC frame buildings.
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1 Introduction

The seismic vulnerability of older reinforced concrete (RC) buildings, particularly those
designed prior to the introduction of capacity design principles, continues to pose significant
risks in earthquake-prone regions. Retrofitting these structures requires careful assessment of
their seismic behaviour and the implementation of effective strengthening strategies. Among
various retrofit techniques, the use of steel bracing systems integrated into a displacement-
based design (DBD) framework has emerged as a promising solution, offering both structural
efficiency and architectural compatibility (FEMA 274 (1997), FEMA 356 (2000), fib Bulletin
(2003), ASCE 41, Rad, et al. (2019, 2020, 2024)).

Past research has extensively explored the inelastic response of steel braces and their
potential in retrofitting RC buildings (Tremblay (2002), Sugano and Fujimura (1980), Badoux
and Jirsa (1990)). Conventional force-based retrofit approaches aim to increase structural
strength but often lead to higher internal demands. In contrast, more recent displacement-
based methods aim to either enhance ductility or reduce seismic demand via increased
damping. Several researchers have proposed diverse retrofit design methodologies, ranging
from energy-based and deformation-based approaches to procedures utilising hysteretic
dampers and buckling-restrained braces. These approaches have varied in complexity,
assumptions, and their consideration of real structural behaviour (Filiatrault and Cherry (1990),
Ciampi et al. (1995), Taucer and Marazzi (2000) Ponzo et al. (2007) Bergami and Nuti (2013)).

However, most existing design procedures rely heavily on linear-elastic analyses and do not
fully capture the nonlinear behaviour of the original (pre-retrofit) building, potentially
overlooking critical interaction effects between the existing structure and the bracing system.
This gap has highlighted the need for more representative methodologies, such as the Simple
Lateral Mechanism Analysis (SLaMA), which was introduced by NZSEE (2017) and Pampanin
(2017). SLaMA facilitates a performance-based assessment by explicitly considering the
sequence of failure mechanisms and hierarchy of strength.

This paper introduces a displacement-based retrofit design procedure, using steel bracing
systems. The design targets the building’s ultimate displacement capacity, ensuring that
retrofitted structures do not exceed their Ultimate Limit State (ULS) displacements. The
procedure is illustrated using eight-storey RC frame case study, followed by validation through
Non-Linear Time History (NLTH) analysis using the Riaumoko software (Carr (2006)). This
approach offers a more realistic and performance-driven strategy for seismic retrofitting.

2 Overview of SLaMA

The Simple Lateral Mechanism Analysis (SLaMA) is a practical hand-based analytical method
developed to assess the seismic performance of existing buildings, particularly reinforced
concrete (RC) frame structures. Compared to linear procedures, nonlinear analysis methods
like SLaMA offer a more accurate representation of a structure's lateral capacity during seismic
events, especially when implemented with an appropriate model that reflects actual failure
mechanisms. While nonlinear capabilities are available in commercial software, SLaMA
provides a transparent and spreadsheet-based approach that facilitates understanding of
structural performance without relying solely on complex numerical models.

Originally introduced in the 2006 NZSEE guidelines and significantly enhanced in the 2017
edition, SLaMA began as a capacity design-based tool and evolved into a displacement-based
assessment approach, underpinned by the work of Priestley et al. (1991, 1997, 2007) and
Pampanin et al. (2007). In the current NZSEE [2017] guidelines, SLaMA is a mandatory
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component of the Detailed Seismic Assessment (DSA) and must be undertaken before any
numerical seismic modelling.

SLaMA begins with assessing the lateral response of individual structural components,
including beams, columns, and joints, by determining their force and moment capacities as
well as their displacement and rotation capacities. Critical modes of failure (e.g. beam or
column hinging, shear failure, or joint failure) are identified, and the interaction between
elements in beam-column joints is analysed using the hierarchy of strength concept within the
moment-—axial force (M—N) domain.

Following this, the plastic mechanism of the overall frame is established by considering the
combined behaviour of structural subassemblies. Three main global failure modes are
evaluated:

a. Column-Sway (Soft Storey): Plastic hinges form at the top and bottom of
columns in a single storey;

b. Beam-Sway: Plastic hinges develop at beam ends across the structure;

C. Mixed-Sway: A combination of beam, column, and joint failures.

Using these mechanisms, a bilinear capacity curve is constructed for the entire structure based
on global equilibrium, assumed displacement shapes, and yielding components at the ULS.
Section analysis helps determine rotation capacities, and simplified equations (as outlined in
NZSEE (2017), Del Vecchio et al. (2017), Pampanin (2017), and Gentile et al. (2021).) enable
calculation of the structure’s lateral load—displacement behaviour.

Finally, the structure's capacity is compared with seismic demand using an Acceleration—
Displacement Response Spectrum (ADRS) to evaluate performance against a target level (e.g.
%New Building Standard (%NBS) for ULS). This comparison yields a performance rating
critical for retrofit decision-making.

SLaMA bridges the gap between detailed numerical simulation and conceptual understanding
by providing a structured, transparent method for assessing lateral mechanisms, capturing the
real inelastic behaviour of structures, and guiding retrofit strategies accordingly.

Key steps of the SLaMA analytical procedure according to the NZSEE2017 guidelines are
summarised in Figure 1.

3 Displacement-Based Retrofit Methodology

Displacement-Based Retrofit (DBR) is defined as an extension of the Displacement Based
Design Procedure (DBD) proposed by Priestley (1999). The primary purpose of this method is
preventing a building from reaching and exceeding the failure deformation. Following the
SLaMA-based assessment, the ultimate displacement of the building is obtained and
considered herein as a target displacement, to avoid the development of that mechanism
(worth noting that the target displacement of the retrofit could be anything smaller than the
ultimate displacement of the as-built bare frame solution). The retrofit strategy is established
for all three potential failure mechanisms based on the targeting of the ultimate displacement
of the as-built building.

Figure 2 illustrates the basic steps within the procedure, which are:

Step 1): A target displacement is defined based on the result of the assessment of the existing
building and permissible deformation limits of critical components, e.g. joint rotation.
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Step 2): An equivalent single degree of freedom (SDOF) system of the retrofitted braced frame
is defined and the effective height and the mass are obtained according to the DDBD equation
(Priestley et al., 2007).
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Figure 1. Key steps of the SLaMA analytical procedure (Pampanin 2017).

Step 3): The yield drift of the braced frame, using Eq. 1 proposed by (Priestley et al., 2007), is
calculated and the system displacement ductility is computed.

Lpa
ey=gyl’;—sy (1)

where ¢, = strain of steel (brace); L., = length of frame bay; Hy = storey height.

Step 4): The system damping is evaluated based on weighting in proportion to the base shear
carried by a bare frame and braces. The equivalent viscous damping for the braced frame can
be calculated following the recommendations and equations in (Priestley et al., 2007). A
bounded Ramberg Osgood (RO) rule (Figure 3a) is used for CBF and BRB braces. The Elastic-
Perfectly Plastic (EPP) hysteresis model (Figure 3b) is used for the friction-damper. The
equivalent viscous damping is obtained from Figure 3c, based on the selected hysteretic rules
and the braces’ ductility.
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Figure 3. (a) Ramberg Osgood hysteresis rule, (b) Elastic-Perfectly Plastic hysteresis rule, (c) damping-
ductility relationship (d) Hysteretic area for damping calculation (Priestley et al., 2007).
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Furthermore, the basis of substitute-structure analysis by (Jacobsen, 1960) was built on the
comparison between the energy absorbed by the hysteretic steady-state cyclic response to a
given displacement level, to the equivalent viscous damping of the substituted structure (Figure
3d). This process yields Eq. 2 for calculating the equivalent viscous damping.

A
Enyst = gmp (2)
Step 5): The effective period is obtained using a displacement response spectrum by applying
the spectral damping reduction factor Ry = [2%5]0'5 to the 5% damped spectrum (eq.C3.1

NZSEE 2017).

Step 6): The total required base shear of the braced frame is calculated as Vy, yota1 = Kegf: Aq-
The required base shear for the brace system based on an analytical approach is obtained as
Vb,brace = keffAd - Vb,fralme-

It should be noted that in principle the actual base shear of the “new” bare frame (Vy frame).
within a retrofitted configuration, will be different and potentially be higher than that of the
original as-built bare frame. This divergence arises from the alteration in the failure mechanism
of the bare frame caused by introducing the brace frame. However, by considering the
relationship Vi prace = Vb total — Vb, frame, N€GlEcting this increase and maintaining a lower base
shear for the bare frame represents a conservative approach.

Step 7): Distribute the Vi, 1,14 along the height of the frame and calculate the axial force of the
braces based on equilibrium consideration (to account for the push-pull effect due to the bare
frame and the contribution from the braces). Finally, the required sectional area for the braces
can be obtained, depending on the design compression capacity of the braces.

4  Example of the Design Procedure on Case Study Frames

This section briefly summaries an example of the proposed retrofit procedure on the selected
case study frame. The case study consists of an eight-storey three bays frame.

4.1 Seismic assessment of the case study frame

A Detailed Seismic Assessment (DSA) of the case study frame is implemented using a SLaMA
approach. The aim of this assessment is evaluation the current seismic capacity of the building
in terms of %New Building Standard (%NBS) and if the building is classified as being
earthquake-prone in accordance with the Building Act (2004).

The frame details are compatible with pre-1970s buildings, designed with inadequate joint
shear reinforcement. Figure 5a is shown the cross-section of the case study frame.
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Figure 4. Cross-section of the case study frame. (b) Detail of plastic and shear hinge in the frame.
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The assessment and hierarchy of strength results indicate that a column-sway mechanism
govern the failure mechanism for the frame with the brittle failure of exterior beam-column
joints and the column shear failure of the internal columns (Figure 4b). A yield drift of 8, =
0.6% and ultimate drift of 8, = 0.9% is considered according to the section analysis results.
The as-built frame ends up having a seismic rating of 49% NBS (New Building Standard) and
is considered earthquake-prone. The results of the assessment are shown in Figure 5.
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Figure 5. Example of the hierarchy of strength for (a) an external and (b) an internal beam-column joint.
(c) ADRS demand curve and frame lateral capacity of the as-built frame.

4.2  Retrofit design of the bracing system

For the retrofit of the case study frame, three types of braces are considered. The non-
dissipative Concentric Braced Frame (CBF), the Buckling-Restrained Braces (BRB) and CBF
with friction dampers. The key features of the selected systems were previously reviewed and
discussed by the authors (Rad et al. (2019, 2020)). The target design drift is assumed as 64 =
0.9%, corresponding to the ultimate drift of the existing frame for preventing frame failure
mechanism. This selected ultimate drift is the same for all the retrofit options. Moreover, the
equivalent SDOF system features (effective mass, effective height and target displacement) is
the same according to DDBD equation (Priestley et al. (2007)).

The first notable difference starts with defining the yield drift. For the non-dissipative CBF
systems, which are working in compression buckling and yielding in tension, the yield drift is
calculated according to Eq. (1). The strain of the steel is ¢, = f,/E. The type of material (e.g.
f, = 250 MPa or f, = 350 MPa) that has been used for brace profile, affects the amount of
strain. On the other hand, the slenderness limitation should be considered in the selection of
the steel material. This is especially more important when the length of the brace is long (e.g.
brace length for the case study frame is 6.5m).

The Buckling-restrained braces do not have instead a buckling behaviour in compression and
the slenderness limitation does not affect the calculation of the yield drift.

For the friction damper, the brace that is connected to the friction devices needs to remain
elastic. There are two key factors in the design of the Friction connection that includes a
reduction factor (@gc = 0.75) and an over-strength factor (@os = 1.4) (Khoo et al. (2015)).
(different from the reduction factor and over-strength factor that are used for CBF and BRB
based on NZS 3404). The reduction factor is used for detailing of friction-connection and the
designed friction-connection capacity is multiplied by the over-strength factor for designing the
connected braces. Table 1 summarises the numerical results of the DBR examples.

AEES National Conference 7



Table 1. Summary of the displacement-based retrofit design for the case study.

0
Gd Ad he m, y Ay Hn fe Vb 0,NBS
(mm) | (mm) | (ton) (mm) (kN)

As-built 0.9% 108 12000 175 0.6% 72 1.5 10.5% 237 49%
CBF 0.9% 108 12000 175 0.19% 23 4.7 16% 636 108%
BRB 0.9% 108 12000 175 0.21% 26 4.2 17% 596 107%

Friction 0.9% 108 12000 175 0.19% 23 47 18.2% 577 107%

The ADRS curves of the retrofitted frames, compared with the as-built bare frame solution, are
shown in Figure 6.
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Figure 6. Retrofit results of the case study frame (a) ADRS curve for CBF. (b) ADRS curve for BRB. (c)
ADRS curve for Friction damper.

The final aim of all retrofit strategies is to protect all elements of the existing building from
moderate-to-severe damage in seismic events, not necessarily to maintain the bare frame in
the elastic range. This means that after implementing the selected retrofit strategy, the internal
actions of the existing structural elements (e.g. beam, columns, etc.) need to be checked with
the targeted limit states in the elements. The results can help to understand whether there is
a need for a local retrofit or not.

Typically, the bending moment and shear forces of the beams and columns are reduced in the
braced frame — particularly in those bays retrofitted with braces, when compared to the as-built
frame. Comprehensive information, including the shear, bending moment and axial load for
the as-built and retrofitted frames can be found in Rad et. al (2024).

5 Verify The Outcomes of Design Through Non-Linear Analysis

Non-Linear Time History (NLTH) analyses of the as-built and retrofitted frames are
implemented using a finite-element software Riaumoko (Carr 2006). A total of 40 ground
motions are used from the QuakeCore project (Yeow et al. 2018) and scaled following the
recommendation of the NZS1170.5 (Figure 7a). As is expected from the results of the SLaMA,
the results of inter-storey drift are shown the poor performance of the as-built frame. The inter-
storey drifts were concentrated at the levels two and three, suggesting significant damage at
these levels. For the retrofitted frames, the results of inter-storey drift indicate that the braces
perform well in controlling drift and preventing the frame from reaching and exceeding failure
drift. Table 2 and Figure 7b summarise the results of the median value of the inter-story drift
and Figure 7c the results of the median value of the peak floor acceleration for the as-built and
retrofitted frames.
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Table 2. Summary of non-linear time-history analysis results.

Inter-story | As-built CBF BRB Friction
drift Damper

Design - 0.9% 0.9% 0.9%
NLTH 1.7% | 046% | 0.62% 0.31%
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As-built

H 8 8

184} 7
Rl 7
T 18t BRB
S 1 6 6
= i ——CBF .
S 12Hd cif 5 [ Friction damper
—= 1, o
g 1 ir ) \" ’49 GMs Median  NZ51170.5 g 4 & 4 1 As-built
< o8 / ——BRB
= V‘/- 40 GMs Mean 3 3 t
g O ¥, | ——ceBF
T . 2 2 }
1] N
-9 .
[ N, 1 1

i S, . 0 0.005 0.01 0.015 0.02

! A T | X o X . 0 0.2 0.4 0.6 0.8
2 25 3 35 4 45 Interstorey drift (rad) Acceleration (g)
Period (s)

Figure 7. a) Response spectra from the suit of input records; a) and b) Median value of the inter-story
drift and floor acceleration responses.

6 Conclusions

This study introduces a displacement-based analytical retrofit procedure for existing reinforced
concrete (RC) frames using steel bracing systems. The addition of steel braces enhances
lateral strength and energy dissipation while limiting damage in the original frame. The
procedure follows the displacement-based retrofit philosophy, targeting the ultimate
displacement derived from SLaMA results to ensure that the structure does not reach or
exceed its ULS displacement. In doing so, it modifies the frame’s deformed shape and failure
sequence to mitigate both local and global brittle failure

Three bracing alternatives were considered for retrofitting the case study frame: concentric
braced frames (CBF), buckling-restrained braces (BRB), and CBFs with friction dampers. The
effectiveness of the proposed methodology was demonstrated through nonlinear static
(pushover) analysis within the ADRS domain and nonlinear time history (NLTH) analyses.
Results confirm that the procedure enhances building performance and reduce the damage by
providing an appropriate ductility and non-linear behaviour for braced frames.

The key contribution of this research is the development of a complete, spreadsheet-based
retrofit methodology that is both practical and mechanically robust. The approach allows
engineers to retrofit RC frame buildings with steel bracing systems in a way that protects
against brittle local and global failure mechanisms while targeting predefined performance
levels and capturing the actual behaviour of both the existing structure and the bracing system.
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