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ABSTRACT 

A full-scale, five-story building specimen was erected on the Large Outdoor High Performance Shake 
Table (LHPOST) at the University of California, San Diego, outfitted with various nonstructural 
components and systems (NCSs), and subjected to a series of earthquake motion tests and compartment 
scale fire tests. The aim of these tests was to increase knowledge on the performance of NCS and contents 
during earthquakes and post-earthquake fire events. An overview of the building specimen, earthquake 
motions and performance of NCS critical to building fire safety are presented. Outcomes illustrate the 
extent of damage to compartment barriers, façade systems, egress systems and fire protection systems that 
could occur given different levels of ground motion, and how such damage could impact occupant life 
safety and emergency response during fires in earthquake-damaged buildings. Details of the post-
earthquake fire tests and fire performance observations are presented in an associated paper [1]. 
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INTRODUCTION 

While developments in seismic analysis and design methods, building code provisions and mitigation 
technologies has significantly reduced the potential for structural collapse and associated loss of life as a 
result of earthquakes, damage to and losses associated with nonstructural components and systems (NCS) 
remains a concern. This is surprising given the loss potential associated with NCS. In the United States, it 
has been reported that the structural components of a commercial building account for approximately 15-
25% of the original construction cost, while the nonstructural (mechanical, electrical, plumbing, and 
architectural) components account for the remaining 75-85% of the cost [2]. Significant NCS-associated 
losses have occurred due to earthquakes. In the 1994 Northridge earthquake, NCS damage was reported to 
have accounted for 50% of the $18.5 billion loss associated with building damage [3]. Similarly, NCS 
damage was reported to account for the majority of the total losses in the 2010 Maule earthquake in Chile 
[4]. In addition to losses associated with earthquakes alone, the performance of NCS are also important in 
terms of post-earthquake fire performance, since all active and most passive fire protection systems are 
considered NCS. The impact of damage to fire protection NCS has been observed in numerous earthquakes, 
including the 1994 Northridge and 1995 Kobe earthquakes, where damage to fire sprinkler systems and fire 
doors was reported to be over 40% and 30% respectively [5]. While building codes and standards have 
addressed seismic performance of some fire protection systems as a result of these events, such as 
improved requirements for sprinkler hangars and bracing, there has not been much focus on other areas, 
such as seismic performance of compartment barriers, doors and stairways, which form important parts of 
egress systems. The implications of such omissions have also been observed in earthquake events. In the 
2010 and 2011 Christchurch earthquakes, for example, interior stairs collapsed and impeded safe 
evacuation [6]. Such failures not only impact the ability of occupants to escape, but impact the ability of 
first responders to enter buildings and conduct rescue and firefighting operations. As evident from these 
events and others, damage to fire protection NCS can result in occupants and first responders being placed 
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Compartment Damage Observations 

In addition to the outcomes of the blower door fan tests discussed above, other compartment barrier 
damage, which could potentially affect and degrade compartment barrier performance in real buildings, 
was observed on Floor 3 and other floors as well, including:  

 All dynamic firestop systems remained largely intact during the motion tests, as did static firestop 
systems on joints which remained intact. However, during earthquake motions, some joints that would 
be static in normal building operation became dynamic and did not remain intact, and gaps of up to 25 
mm were observed. An example is the joint areas where the interior side of the exterior wall met 
columns, floors and ceilings [10]. Damage to fire stopped joints can allow for smoke and fire spread. 

 While the ceiling system on Floor 3 performed generally well, with the exception of gaps forming at 
wall joints (Fig. 16a), the ceiling system on Floor 1 showed progressive damage with increased 
earthquake motion intensity. Damage to ceiling systems can allow for smoke and fire spread.  

 Two ICU breakout doors were installed in the stair landing area of Floor 4. These doors performed 
well throughout the motion tests, except during FB-5, when the ICU door from the landing to the 
Southwest room area became partially detached from the doorframe [10]. Damage to smoke doors can 
allow for smoke and fire spread. 

 Fire dampers performed generally well. However, after FB-6, one damper out of three was not fully 
closed. This was due to the damper’s blade rotation being prevented by a screw used for the damper 
installation which, once adjusted, allowed the damper to close completely [10]. Damage to dampers 
can allow for smoke and fire spread. 

Additional Observations [9] 

In addition to the damage detailed above, several other areas of concern and observations were noted, some 
of which were observed during fire testing, including: 

 While glazing systems were not installed within the building specimen, fire tests were conducted with 
window openings closed and open. In tests where the windows were fully opened, flame extension was 
observed, smoke venting was observed, and the test fires were exposed to wind-driven conditions, 
which affected the combustion rate, smoke spread and flame angle direction during the fire tests. The 
concern here is that loss of windows could facilitate floor-to-floor fire spread and that wind-driven 
conditions resulting from loss of windows could result in much different fire conditions than the 
building fire protection systems are designed for or the fire department might expect.  

 In various locations within the test specimen gypsum wallboard sections became detached during 
motion tests. The potential fire concern is loss of compartment integrity and spread of fire and smoke.  

 Following the largest ground motions, significant spalling occurred on some of the concrete beam-
column connections on the lower floors. This resulted in exposed steel reinforcing. The combination of 
connection damage and reinforcing bar exposure could impact the structural load-bearing capacity and 
fire performance of the connections and structural system. The potential fire performance concerns 
here are that the building could be at risk for localized structural failure and even collapse. 

 The automatic fire sprinkler system performed well.  In part this is attributed to the small floor areas, 
small pipe sizes, short pipe lengths, hanger spacing and seismic bracing needed to comply with code 
requirements.  Testing of sprinkler system arrangements that reflect existing installations, which pre-
dated code requirements following the 1994 Northridge earthquake, for example, might yield different 
outcomes. Assessment of the performance of existing installations could yield interesting information.  

CONCLUSIONS 

The BNCS Project was undertaken to better understand building nonstructural system performance during 
earthquakes and post-earthquake fire hazards. Based on observations and data collected during these tests, a 
number of fire safety issues were identified. Most notably these include: 

1. Earthquake motions can damage compartment barrier components by creating gaps at joint areas due to 
the movement of the components. In addition, earthquake motions can damage door frames and doors, 
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leaving them unable to perform intended compartmentation functions. Such gaps and unintended openings 
reduce compartment integrity, resulting in unlimited flow of oxygen to a fire and unconstrained spread of 
smoke and flame, impacting both the control of the fire and the tenability of escape routes during the 
evacuation process.  

2. Earthquake motion can render key portions of the means of egress unusable or can significantly hinder 
time to escape. During the earthquake motion tests, several means of egress components and alternate 
egress options were damaged, including the stairway and the elevator. In addition, the earthquake motions 
displaced contents, which could serve to hinder occupants from quickly and safely evacuating. The damage 
to the egress system and distribution of building contents can also impede emergency responder operations.  

3. Important structural connections were damaged following the largest earthquake motions conducted in 
this test series, resulting in spalling of concrete and exposure of reinforcing steel. Such damage could 
degrade the fire resistance rating and load-bearing capacity of the structural member and/or system. 
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