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Abstract 

In the aftermath of the 2014 South Napa Earthquake, several failures of fire-sprinkler systems 
were observed. The failures were related to excessive displacements of these systems leading 
to an uncontrolled interaction with the surrounding nonstructural components, e.g., suspend-
ed ceiling systems, light fixtures, and ventilation ducts. The large displacements of the fire-
sprinkler system can be related to the support elements with under-designed flexibility and/or 
failures of the support elements in which demand exceeded capacity. In addition to the exces-
sive interaction with the surrounding nonstructural components, the large displacements can 
result in failures of the joints that are designed to accommodate only a limited rotation. To 
investigate the seismic performance of a typical fire-sprinkler system, a building in Napa, 
California (USA) was selected. A fire-sprinkler system in this building was damaged by the 
2014 South Napa Earthquake and the damages were captured in 3D with high accuracy by a 
laser scanner. A finite element model of this building was generated and studied earlier but 
was limited to elastic models of both the building and the fire-sprinkler system. Artificially 
large amplifications of the seismic excitation over the elevation of the building were observed. 
The building’s model was evaluated based on the ambient vibration tests. Amplification of the 
seismic excitation over the elevation was estimated from an instrumented building with a sim-
ilar design and resonant frequencies. The amplified seismic impact was imposed on the fire-
sprinkler system, which was modelled as a system with nonlinear behavior.  

Keywords: Fire-sprinkler System, Seismic Performance, Nonstructural Components, Ambi-
ent Vibration Study, Nonlinear Modelling. 
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1 INTRODUCTION 

A fire-sprinkler system represents a complex piping system suspended from the ceiling that 
spreads out in space and consists of many joints. To investigate the seismic performance of a 
typical fire-sprinkler system, a building in Napa, California (USA) was selected. The fire-
sprinkler system in this building was damaged by the 2014 South Napa Earthquake and the 
damages were captured in 3D with high accuracy by a laser scanner. A finite element model 
of this building was generated and studied earlier [1] but it was limited to elastic models of 
both the building and the fire-sprinkler system. In this study, artificially large amplifications 
of the seismic excitation over the elevation of the building were observed. To address this 
shortcoming, a new model of the building and the fire-sprinkler system was generated. The 
building’s model was calibrated based on the ambient vibration tests. Amplification of the 
seismic excitation over the elevation was estimated from an instrumented building with a sim-
ilar design and resonant frequencies. 

2 AFTERMATH ANALYSIS BY LASER SCANNING 

Immediately after the 2014 South Napa Earthquake, the parking structure with a failed fire-
sprinkler system was laser scanned by means of a C10 ScanStation from Leica Geosystems 
[2]. A global view of the building taken from Google Earth is shown in Figure 1a. The overall 
view of the point cloud collected during this scanning project is presented in Figure 1b. The 
point cloud presented in Figure 1b is a registration of point clouds collected from more than 
14 stations throughout the structure. The point cloud registration was conducted in Cyclone 
from Leica Geosystems [3]. 

a) Aerial view (Google Earth) b) Point cloud
Figure 1: Overall view of the parking structure. 

As was discussed in the earlier paper [1], most failures of the fire-sprinkler system were 
observed on the 3rd floor of the structure, the structure’s highest elevation, where the suspend-
ed fire-sprinkler system was located. In other words, this was the highest floor with a ceiling 
from which the system can be suspended.  Therefore, this elevation was studied in more detail 
and 13 stations of the laser scanning project were conducted on this floor. As a result, all fail-
ures of the fire-sprinkler system were documented within a few millimeters of accuracy. In 
addition, the failures were captured from many points by the still imaging camera built into 
the scanner. A detailed discussion of the failures was provided in [1]. 

3 RESULTS OF AMBIENT VIBRATION STUDY 

A solid element model of the parking structure was generated earlier. It was based on the 
geometry captured by the laser scanner and a few assumptions about the materials used in the 
structure’s construction. To access the actual performance characteristics of the structure, an 
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ambient vibration study was conducted. It was conducted on the top floor of the parking struc-
ture from which the fire-sprinkler system was suspended as presented in Figure 2a. 

A portable data acquisition system (PI-6008U from Pacific Instruments [4]) was used in 
this study. The system has a flexibility in its power supply and as one of the available options 
it can be powered by a car battery. This power supply option was used in this study. The ac-
celeration of the ambient vibrations was recorded.  

a) Global view of setup b) Data acquisition system and recording
laptop 

Figure 2: Setup of ambient vibration study. 

Three different models of accelerometers were used. Two of them were of a piezoelectric 
type and the third one was a MEMS accelerometer. The results for one of the piezoelectric 
accelerometers discussed herein. The MEMS accelerometer was triaxial, therefore only the 
orientation of the piezoelectric accelerometers was changed to measure the structure’s re-
sponse in all three principal directions. The orientations of the piezoelectric accelerometer in 
Z and X are shown in Figure 3. The orientation of the accelerometer to measure the response 
in Y direction is presented in Figure 4a. The latter shows an example of another piezoelectric 
accelerometer. For comparative analysis of the MEMS and the piezoelectric accelerometer, 
both were installed on the same block as presented in Figure 4b. 

a) Up or vertical orientation (Z) b) Transversal orientation (X)
Figure 3: Orientations of accelerometer to measure response in Z and X. 
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a) Longitudinal orientation (Y) b) MEMS and piezoelectric accelerometer
on the same block 

Figure 4: Orientation of accelerometer in Y and two accelerometers sharing at the same location for a compara-
tive study. 

Typical results of the ambient vibration study are presented in Figure 5. Both plots show 
Fast Fourier Transforms of the acceleration records. The plot on the left is obtained for the 
orientation in the transversal axis of the structure and the plot on the right corresponds to the 
records obtained for the longitudinal orientation of the accelerometer. Based on these plots, 
the lowest resonant frequencies of the structure are 4.8 Hz and 6.9 Hz in the transversal and 
longitudinal directions, respectively. 

It is worth noting that both resonant frequencies of the structure are located within the fre-
quency range of the AC156’s spectral plateau [5].  

a) X or transversal axis b) Y or longitudinal axis
Figure 5: Results of ambient vibration study. 

4 TIME HISTORY BASED ON AC156 SPECTRA 

A selection of a time history for the finite element analysis was based on requirements of 
AC156. The hazard level at the site was taken from the USGS’s maps [6]. The SS values for 
California are presented in Figure 6a. In this figure the legend shows the correlation between 
the color and range of SS expressed in percent of g. Figure 6b shows the close-up view of 
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these maps with the city of Napa shown in the magenta box. A tri-axial time history satisfying 
the requirements of AC156 was developed earlier [7] and had been utilized for the non-
structural testing at the Pacific Earthquake Engineering Center (PEER) – UC Berkeley for 
quite some time. It was scaled accordingly, assuming a maximum value of SS for Napa.  

a) SS hazard map for California b) SS hazard map in vicinity of Napa, CA
Figure 6: Hazard maps 

5 FINITE ELEMENT MODEL 

All modelling was conducted in SAP2000 [8]. The finite element model of the piping sys-
tem is presented in Figure 7. It was generated based on the laser scans. It consists of the main 
supply constructed of a 114-mm pipe that branches out to a 50-mm pipe with sprinkler heads 
at the very end. The 114-mm pipeline consists of 3 major sections. Section 1 of the main sup-
ply runs along the length of the structure and is parallel to the horizontal ceiling or the third 
floor. Section 2 is shorter and runs across the width of the structure. Section 3 also runs along 
the structure’s length, but it is inclined to accommodate the sloped ceiling of the ramped sec-
tion of the floor as opposed to Section 1.  

Figure 7: Finite element model of fire-sprinkler system. 

All pipes were modelled as frames in SAP2000 terminology. The intersection points be-
tween the beams and the 114-mm pipelines were modelled as frictionless rollers allowing the 
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pipe to move along its longitudinal axis and restraining the pipe in both the vertical and trans-
verse directions. The effective mass of the pipelines was increased to account for the weight 
of the water inside the pipes. 

Typical installations of rods used for suspending the piping system from the ceiling are 
shown in Figure 8. The supporting rods were modelled as rods with rigid connections to the 
pipes and the ceiling. Since the actual installation used the threaded rods, the effective diame-
ter of the rods was reduced accordingly, and they were also modelled as elastic frames in the 
first stage of analysis. 

a) Large diameter pipe b) Small diameter pipe
 Figure 8: Typical installation of supporting rods. 

Based on the results of the time history analysis of the elastic FE element model, it was 
concluded that the bending stress in a few supporting rods is below the yielding stress of mild 
steel. Nevertheless, failures of the supporting rods were observed as presented in Figure 9.  

a) Large diameter pipe b) Small diameter pipe
 Figure 9: Typical failures of supporting rods [1]. 

The failure in the right image is related to the low-cycle fatigue capacity of the smaller 
rods in bending. As opposed to that, the left image shows a failure of the larger supporting rod 
that resulted from the failure of the anchoring part of the rod. The anchor’s depth was not suf-
ficient to avoid a failure of the concrete. These nonlinear effects will be modelled in the next 
stage of the finite element modelling. This part of the finite element modelling is ongoing. In 
this stage a number of component tests will be performed to generate a realistic model. 
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7 CONCLUSIONS 

Based on the laser scans of a parking structure a finite element model of the fire-sprinkler
piping system was generated.

To estimate the dominant frequencies of the structure it was studied via ambient vibra-
tion tests.

A few assumptions were made for the first stage of modelling. The resulting simplified
model was studied in a linear time history analysis.

The results of the first stage clearly show larger stresses as the locations of the observed
failures, although they were below the yielding stress of mild steel.

The first stage analysis shows a strong need for non-linear analysis based on component
testing of typical connections. This part of the study is ongoing.
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