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ABSTRACT: The seismic strengthening of the former Commerce Building at the 

University of Canterbury using fluid viscous dampers provides a case-study for using 

velocity dependent supplemental damping to improve the seismic performance of ductile 

reinforced concrete moment frames. While the building was designed and detailed to 

essentially current standards, it was very flexible and utilised a precast hollowcore floor 

system with thin topping slab that is vulnerable to large drifts associated with moment-

frames. This paper highlights a simple displacement-based approach to setting retrofit 

design targets, and the considerations to demonstrating code compliance. 

The retrofit using viscous dampers manufactured and tested in New Zealand provided an 

efficient means to reducing ground-motion induced deformations and accelerations. The 

structural benefits to the rest of the project included no foundation strengthening and floor 

diaphragm strengthening being limited to only the perimeter hollowcore units. 

Development of the final design and viscous damper specification involved close 

coordination with the manufacturer in the optimisation of the design, fabrication 

tolerances and site installation methods.  

1 INTRODUCTION AND BUILDING OVERVIEW 

The Education Building (formerly the Commerce Building) at the University of Canterbury is a mid-

1990s ductile reinforced concrete two-way moment-frame. Although constructed as one building it is 

essentially two blocks, the North Block being six storeys plus a light-weight roof and the South Block 

being eight storeys with a concrete slab roof level (Figure 1). The blocks are connected by a central 

floor area that contains lifts and stairs, lobby spaces and plant rooms. The floor system throughout the 

whole building uses 200mm hollowcore units with a nominal 70mm topping slab reinforced with non-

ductile 665 cold-drawn mesh, without starter bars from the moment-frame beams. 

The building has an occupied basement level, however the basement walls are not connected to the 

lateral force-resisting system and act as retaining walls only, with the water-table typically 1.5m above 

the basement floor level. The foundations are a series of individual capacity-designed pads with tie-

beams matching the frame layout, set on a significant and competent gravel layer. 

The moment-frames are consistent and regular over the plan and height of both blocks, with 450 x 800 

mm deep beams, 500 x 700 mm deep columns and joint regions generally well detailed and essentially 

meeting the current Concrete Structures Design Standard [1] for fully ductile ( = 6). During the 2010-

2011 Canterbury earthquake sequence the moment-frames suffered limited damage due to the precast 

concrete façade panel system either not moving freely within their slotted connections, or having 

insufficient gaps between panels. On most faces of the building the panels locked-up with one-another 

or within their fixings, providing an unintended shear panel system that limited the movement of the 

building and protected the moment-frames. Many of the panels and fixings were significantly 

damaged but none lost their support, likely due to the short duration of strong ground motion in each 

event. 

As part of the overall university campus post-earthquake building assessments, this building was the 

focus of an extended series of seismic capacity and performance reviews. These progressed from 

fundamental capacity and detailing checks, through to linear dynamic and finally non-linear dynamic 
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models. Early reviews identified that the weak-beam strong-column mechanism was reliable up to the 

design basis ground motion, however a simple lateral mechanism assessment would have left some 

key structural weaknesses untested by satisfactory means. The non-linear assessment drew from the 

learnings of the previous phases, but allowed an in-depth understanding performance limits driven by 

beam plastic rotations as well as the complexity of diaphragm behaviour in the central core area.  

 
 

Figure 1. Perspective and plan views of the primary structure including strengthening structural steel and 

supplemental damping elements (red) and new floor diaphragm edge infills (green) 

2 SEISMIC PERFORMANCE ISSUES 

The NLRH analyses were carried out in ANSR [2] and worked through a series of increasing ground 

motion intensities, essentially building up a 12-step incremental dynamic analysis (IDA) from 8% to 

100% of the Design Basis Earthquake (DBE). Due to occupant numbers the building is an Importance 

Level 3 (IL3) structure, for which NZS1170.5 [3] sets the Ultimate Limit State (DBE) event as a 1000 

year return period event. At this level of demand, Life-Safety is expected to be achieved. The NLRH 

results captured not only the dynamic interaction and higher-modes of the rather flexible lateral 

system, but also allowed the hierarchy of capacity limitations to be well defined, particularly where 

influenced by the dynamic characteristics of the building. This ultimately helped guide the design 

sequence for strengthening and performance enhancement. 

The outcomes of the IDA phase were: 

 The hollowcore seating limit was reached at demands below 33% DBE. This defined the gov-

erning building capacity limit, and set the first retrofit decision point. It is expected that web 

cracking would initiate soon after this level of demand. 

 The core-area diaphragm Life-Safety (ULS) shear strain limit was reached at 50% DBE. Be-

yond this intensity, rapid strength and stiffness degradation developed to the Collapse Limit 

State at 67% DBE. This provided the second retrofit decision point. 
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 The building flexibility and drift response limited the building to 65% DBE. P- effects be-

came significant beyond that, as shown by the rapid increase of maximum drifts to an excess 

of 5% at 100% DBE in Figure 2. 

 The ductile weak-beam strong-column mechanism was maintained throughout the IDA, how-

ever an excessive number of beam elements exceeded Life-Safety (ULS) plastic rotations be-

yond 60% DBE. 

 The overall base-shear capacity of the building was below current NZS1170.5 IL3 ULS 

(DBE) demands. This was also verified through static push-over analyses showing that at 

2.5% peak roof drift the building could develop approximately 70% DBE base-shear. 

 
Figure 2 (a & b). Incremental non-linear dynamic analysis result summary with key performance points 

noted. 

In summary, the building’s primary lateral resisting elements were well detailed to sustain high levels 

of ductility demand, but overall system performance was limited by precast floor unit and diaphragm 

behavior, and excessive drift demands causing significant P- and beam plastic rotation effects. 

3 TARGETS FOR RETROFIT 

The assessment results provided a clear hierarchy of requirements. The client had confirmed 

100% NBS was the performance target, with some secondary consideration towards immediate 

occupancy to be considered but not necessarily explicitly evaluated (at the time of design 

development). The predominant issues for the structure was excessive storey drift developing 

deformation compatibility issues and beam elongation under ductile moment-frame response. This 

lead to a target maximum drift of 1.5% ULS in the retrofit process. By limiting drifts to this level the 

maximum potential beam rotation ductility was reduced to  ≈ 2.0 (east-west direction) and  ≈ 1.0 

(north-south direction), which for the east-west frames was evaluated as producing total elongation 

that was manageable with remedial details for the diaphragm tie-in, capacity and hollow-core seating.. 

The deformation compatibility of the diaphragms both through the core area of the building and 

around all edge (or “alpha”) hollow-core units, was also considered critical to developing a retrofit 

solution, particularly given the lack of starter bars from moment-frame to diaphragm slab.  

Finally the retrofit and any strengthening had to remain cognisant of the existing foundations (tied-in 

pad footings) which although founded on competent gravels, had limited shear capacity, and were 

approximately 1.5m below the water-table. 

4 RETROFIT SOLUTIONS 

The first step to improving the life-safety performance of the New Education Building was to provide 

catch beam elements bolted to the face of the seating beams underneath both ends of all hollow-core 

units. Following this the next critical decision was to introduce a seismic gap between the six storey 
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North Block and the core region of the building, thus creating the South Block which included the 

central core structure. With this separation, the two buildings were treated independently, but using the 

same performance targets. 

For ductile reinforced concrete moment-frames, excessive drift is the key issue to be controlled and 

limited in-order to achieve satisfactory life-safety performance. With the combination of large drifts 

and limited foundation capacity, the introduction of fluid viscous dampers (FVD) was found to be the 

most efficient approach to achieving the targeted performance improvements, particularly when 

consideration for the costs associated to foundation strengthening were acknowledged with alternative 

approaches such as braced-frames or reinforced concrete shear-walls. 

Typically an efficient viscous damped system can achieve 30% of critical damping in a cost effective 

manner. Using the Eurocode 8 [4] damping reduction factors, this reduces the spectral demand by 

nearly fifty percent. For the New Education Building this was not sufficient to bring the building 

performance in-line with the overall targets, therefore additional stiffness was required to reduce the 

displacements. This additional stiffness had to be balanced with increased base-shear demands, such 

that the overall base-shear capacity could be matched to NZS 1170.5 design requirements. Buckling 

Restrained Braces (BRB) were introduced over the lower storeys of the structure to provide a 

controlled amount of stiffness and limited additional overstrength axial forces to be sustained by the 

foundations. 

 
Figure 3. NLRH model showing fluid viscous dampers (blue) and buckling-restrained braces (cream) in-

side new steel frames (orange). The steel frames are introduced inside the primary reinforced concrete 

frame (grey). 

Due to the significant amounts of reinforcement in the potential plastic-hinge zones and beam-column 

joints of the original frame structure, early discussions with the contractor prior to moving forward 

from Concept Design) focussed on how to introduce the FVD and BRB elements without needing to 

drill into these heavily congested regions. With the acknowledgement that the alpha hollowcore units 

were to be removed and replaced with new infill slabs, the opportunity to also introduce a secondary 

steel frame that would carry the FVD and BRB elements was promoted (Figure 4 and Figure 5). This 

provided a means to coordinating diaphragm strengthening, mitigation of the hollowcore unit/moment-

frame deformation incompatibility and also simplified the connection of the FVD/BRB elements to the 

existing concrete structure.  

4.1 Development of the Viscous Damped Solution 

The process to developing the viscous damped design solution generally followed the suggested 

approach described by Pettinga et al. [5]. While both drift limitations and base-shear minimums were 

concurrently managed as design targets, the process was entirely derived through hand-calculation, 

Fluid Viscous Damp-
ers over full height of 

structure 

Buckling-Restrained 
Braces installed of 
lower half of structure 
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essentially using Direct Displacement-Based Design in order to understand how the two approaches 

interacted. 

 
 

Figure 4. (a) Diagonal viscous damper (and buckling-restrained brace beyond) with new steel frame inside 

the existing concrete moment-frame and new infill floor is also visible (b) Horizontal dampers (near soffit) 

with chevron brace configuration drive the relative storey velocity. 

Once a preliminary distribution of FVDs was determined, the non-linear response history model was 

updated to include the damper elements and new steel frames (and BRBs) and the results from these 

analyses were used to demonstrate Building Code compliance as an Alternative Solution. 

Lead-times for FVDs can be substantial, and therefore communication with suppliers was initiated 

well before the structural design was finalised. The FVD contract was awarded to Victor Seismic who 

are based in Christchurch, and were able to provide continuous support both in-terms of tuning the 

performance of the dampers (and specification), and also in coordinating with the steel fabricator and 

main contractor on-site, on issues such as tolerance and the most cost-efficient connection details to 

the steel frame gussets. The early development of these relationships and information sharing has been 

a key component to the smooth installation of the damper units on-site, even with the very fine 

tolerances that were allowed in their connections. 

Prototype testing was required as part of the damper specification, and this was carried out including 

third-party inspection at the Holmes Solutions laboratory in Christchurch. The testing program for 

both prototype and quality assurance testing was developed from EN15129 [6]. 

5 PERFORMANCE SUMMARY 

The New Zealand design Standards and Building Code do not contain guidance on the design and 

analysis of fluid viscous damped frames, therefore NLRH verification is currently the only path to 

demonstrating code compliance via alternative methods. Currently NZS1170.5 requires a minimum of 

three scaled earthquake record pairs to be used, with the maximum envelope being the only code 

allowed combination to evaluate these results (i.e. an average of seven or more does not exist in the 

NZ Standard context). For this project the verification analysis used four records, provided by the 

geotechnical consultant for the assessment phase. 

The MCE analyses were carried out as a means to confirm the collapse prevention characteristics of 

the retrofitted structures. These also provided a means to specifying the capacity, velocity and stroke 

of the FVD units following ASCE 7-10 [7], and reviewing aspects of capacity design for the 

connections of the new steel frames.  

The retrofit performance was evaluated using the traditional metrics of storey drift and floor 

accelerations, along with evaluation of the various ASCE 41-13 [8] performance limit-state 

(a) (b) 

Fluid Viscous Damper 

Buckling-Restrained Brace 

Fluid Viscous Damper 
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parameters. 

 
Figure 5. (a) Section detail of the hollowcore replacement infill showing diaphragm tie cage with lapping 

MacAlloy bar that passes through each of the transverse beams to provide continuity between bays (b) In-

fill detail showing tie cage, MacAlloy continuity bar and dowelled-in bars to the perimeter beam to limit 

frame pull-away from the floor. 

As identified above, limiting the storey drift was the fundamental aspect of performance that needed to 

be addressed through the addition of the new damped or braced steel frames. The target DBE peak 

storey drift was 1.5% and as the plots in Figure 6 (a) & (c) show, this was achieved (noting that the 

corner vector drift not shown here was at 1.5%, the peak X or Z values were less than this). The MCE 

drifts were also well controlled and below 3% in the worst case. The implication from this is that the 

existing reinforced concrete frames would maintain their gravity load carrying capacity, however it is 

possible that at some levels the hollowcore units would lose their original seating and require the 

catch-beams installed under them. The peak floor accelerations in Figure 6 (b) & (d) are generally 

consistent over the height of each building, with a limited higher-mode roof level ‘kick’ noted. This 

information was used as input to the Parts & Portions design information passed on to the mechanical 

and services engineer. 

The performance limit-state evaluation confirmed that the retrofitted buildings were able to meet the 

ULS Life-Safety requirements. The limit-state envelope (combined from all earthquake records) in 

Figure 7(a) provides an overview of the distribution of peak damage, which was confined to the 

reinforced concrete moment-frame beams and BRB elements. The damage exceeded ASCE 41-13 

Immediate Occupancy limits, but did not exceed Life Safety limits.  

Figure 7(b) provides the distribution of rotation ductility demands in the concrete beams. With 

reference to the expected ductilities, at the target 1.5% drift discussed earlier, it is noted that the peak 

ductilities exceed the targets however these were localized and generally across a floor level the 

ductility was within 15% to the expected values noted earlier.  

 

(a) (b) 
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MacAlloy continuity bar is 
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Thin slab transfer over void-
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Figure 6. Final maximum diaphragm centre-of-mass ‘CoM’ storey drift (a & c) and acceleration profiles 

(b & d) at Ultimate Limit State (1000 yr RP DBE) and Collapse Limit State (150% DBE). Original struc-

ture maximum results for ground motions scaled to 68% current code demand, indicated by grey dashed 

lines. 

 
Figure 7. (a) Damage envelope from ANSR showing the ASCE 41-13 damage limit states at DBE demand 

(green ≥ Immediate Occupancy but less than Life Safety limit, the blue elements shown are the fluid vis-

cous dampers which do not correlate to damage limit state colours). (b) Distribution of maximum rein-

forced concrete beam rotation ductility for each building in the principal directions. Orange elements are 

the new structural steel beams and columns. 
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6 CONCLUSIONS 

Ductile moment-frame structures have a number of performance issues that are driven by the large 

storey drifts that such structural systems will likely undergo during a design-level earthquake event. 

The retrofit project described here provides in-sight to the key aspects associated to remediating such 

structures, particularly reinforced concrete frames with precast floor systems that are vulnerable to the 

effects of beam elongation. 

The introduction of fluid viscous dampers, in tandem with a limited number of buckling-restrained 

braces provided both a structurally efficient and cost effective means to controlling drift, floor 

acceleration, and limiting additional foundation demands. Early interaction with the damper supplier 

helped refine the device and connection design, and ensured that the various parties involved with the 

installation on-site could be involved with the coordination of tolerance controls which ultimately has 

led to successful introduction of the units on-site. 
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