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This paper documents tests conducted to assess anchor loading characteristics
and distributions over a suspended ceiling before, during, and after a series of
simulated earthquakes. Miniature force-measurement devices were installed on
a 4.5 by 6.5 m section of gypsum board ceiling located in a full-scale five-
story building. The building was subjected to a series of four scaled earthquakes
until failure of the ceiling occurred. The test results show that the ceiling-to-slab
acceleration amplification was a factor of about 6.4 for horizontal accelerations
and 15.0 for vertical acceleration immediately prior to failure of the ceiling. Var-
iation of the peak axial anchor forces across the ceiling under earthquake loading
was significant; the maxima exceed the mean value by a factor of up to 3.8 times.
Rainflow counting of axial anchor load cycles is used to provide cycling demand
for both the linear and nonlinear response of the ceiling. [DOIL: 10.1193/
1.4000076]

INTRODUCTION

Attachment of large-span, lightweight systems to steel or concrete using multiple distrib-
uted anchorages encompasses a large number of applications in construction practice. Design
provisions and product qualification standards for the anchorage of these systems using metal
anchors in concrete under static conditions are provided in the United States in acceptance
criteria issued by the International Code Council Evaluation Service (ICC-ES 2010) and in
Europe in guidelines issued by the European Organisation for Technical Approvals (EOTA
1997). During an earthquake these systems may be subjected to demanding actions, that is,
forces and displacements. In spite of the prevalence of distributed anchorage applications,
design provisions and product qualification standards under earthquake loading do not exist.

Systems with distributed anchorages are also referred to as using multiple anchors or
redundant anchorages. Examples of typical systems with distributed anchorages include
sprinkler pipes and ceilings. While a particular anchorage may consist of a single anchor
or a group of closely spaced anchors connected by a fixture—for example, a baseplate—
what distinguishes a point anchorage from distributed anchorages is whether force from
the attached element can redistribute to other anchorages in the system if excessive anchor

¥ Hilti Corporation, Feldkircherstrale 100, 9494 Schaan, Liechtenstein

® Tokyo Institute of Technology, Nagatsuta 4259, Midori-ku, Yokohama 226-8502, Japan

° Formerly at National Research Institute for Earth Science and Disaster Prevention, Miki, Hyogo 673-0515, Japan
9 Formerly at Hilti Japan, 2-6-20 Chigasaki Minami, Tsuzuki-ku, Yokohama 224-8550, Japan

1447
Earthquake Spectra, Volume 28, No. 4, pages 1447-1467, November 2012; © 2012, Earthquake Engineering Research Institute



1448 HOEHLER ET AL.

Figure 1. (a) Point anchorage and (b) distributed anchorages.

slip or failure occurs at one location. For example, in Figure 1a, if one assumes that the
column shown is freestanding, failure of the four-anchor group will lead to total loss of
force (F). In Figure 1b, even if the two-anchor group located above force F fails, the
force may be transmitted to neighboring anchorages along the pipe if the strength and stiff-
ness of the pipe are sufficient.

Much of our understanding of the behavior of systems with distributed anchorages is
based on statistical analyses of idealized systems under quasi-static loading (R6Ble and
Eligehausen 2001). Because systems with distributed anchorages encompass a large number
of applications, it is of interest to gain information about the performance of actual systems
under earthquake loading conditions.

Designers typically assume that anchor loads for spatially distributed systems such as
ceilings are distributed according to the tributary area (Figure 2, design assumption). In
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Figure 2. Schematic drawing of anchor loads in ceiling hangers.
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real buildings, anchor loads may vary due to the normal tolerances of construction practice
(Figure 2, as-built). During an earthquake, the anchor loads will further vary across the sys-
tem depending on how the system is designed and the occurrence of damage to the ceiling
(Figure 2, during earthquake).

The tests described in this paper were performed to gather information about anchor
loading characteristics and distribution over a specific suspended ceiling system located
in a full-scale five-story steel frame building before, during, and after a series of simulated
earthquakes. The ceiling anchorage load study was part of a project studying Japanese ceiling
designs, which was in turn part of a larger project investigating structural damping systems
used to reduce the damaging effects of earthquakes on steel buildings. This paper focuses on
the anchorage loads rather than the ceiling or building response, which are reported else-
where. Although general conclusions about ceiling anchorage loads should not be drawn
from the results of this study due to its limited scope—one structure, one ground motion,
and one ceiling system—the results provide a unique data set and highlight some hereto little-
studied aspects of ceiling anchorage loads.

EXPERIMENTAL SETUP AND TESTING PROCEDURE

The tests were performed at the 3-D full-scale earthquake testing facility at the National
Research Institute for Earth Science and Disaster Prevention (NIED), Hyogo Earthquake
Engineering Research Center in the city of Miki, Japan. The testing facility, nicknamed
“E-Defense,” houses the world’s largest shake table.

FIVE-STORY BUILDING SPECIMEN

There has been a significant increase in the number of passively controlled buildings in
Japan since the 1995 Kobe earthquake (Kasai et al. 2010). Therefore, it is important to vali-
date these building protection schemes by realistic experiments. A five-story steel moment-
resisting frame (SMRF) building was erected to investigate the influence of passive structural
damping on moderately tall SMRF buildings. Four types of dampers and the bare frame
structure were tested. The ceiling tests reported in this paper were conducted as part of
the bare frame structure tests.

Figure 3 shows the constructed structure. The major building dimensions are provided in
Figure 4. Gypsum and metal track partitions with doors were constructed on the upper four
floors. Three types of ceilings with sprinkler systems were placed on the upper two levels
(Figure 3; boxed areas). Additional details about the building specimen are provided in Kasai
et al. (2010).

CEILING SYSTEM

Japanese suspended ceilings are typically comprised of gypsum board and metal furring.
Following the magnitude M6.7 Geiyo earthquake that occurred on 24 March 2001 in Japan,
changes were made to the Japanese building design code that modified traditional Japanese
ceiling construction to include a perimeter gap and seismic bracing (Figure 5). Several of the
modified ceiling systems sustained significant damage during subsequent earthquakes
(Motoyui et al. 2010). Therefore, tests were conducted to compare the performance of the
traditional Japanese ceiling construction method with the new recommendations, as part of



1450 HOEHLER ET AL.

Figure 3. Building specimen (ceiling systems: 1 = traditional, 2 = investigated, 3 = proprietary).

the above-described building tests. It is noted that this Japanese style of ceiling construction,
which uses threaded rods to support the metal furring, is not common in the United States.

A total of three Japanese ceiling systems were tested in the five-story building: (1) a
traditional system, (2) one based in the new building code recommendations, and (3)
a proprietary system. The ceilings were located on the fourth and fifth floors on the east
side of the building, as indicated in Figures 3 and 6. Only the ceiling system built according
to the new building code recommendations was used to investigate ceiling anchorage loads.
Consequently, the traditional and proprietary systems are not discussed in this paper.

The ceiling area was 4,500 mm by 6,500 mm and the distance between the bottom of the
slab and the center of the gypsum boards was 592.5 mm (as-built). The perimeter gap
between the ceiling boards and the adjacent wall was 200 mm. This gap size was determined
by calculations to be sufficient to fulfill the building code requirement that the perimeter gap
be large enough to avoid contact between the ceiling and the structure during seismic move-
ment. Key dimensions of the investigated ceiling are provided in Figure 7.

The measured mass of the ceiling (as-built) was 598.5 kg. The mass per unit area was
20.46 kg/m>. This heavy mass was selected to represent a large span area, such as a
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Figure 4. Building specimen (units in mm): (a) elevation, (b) plan. (Prediction 2010)
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Figure 5. Japanese ceiling systems: (a) traditional, (b) new building code recommendation. (after
Motoyui et al. 2010)

gymnasium, and is approximately equal to the recommendation by the American Society of
Civil Engineers (ASCE) for the minimum seismic design weight for ceilings, which is
19.5 kg/m? (4 psf) (ASCE 2005). The mass was achieved using two layers of 1/2-inch-
thick (12.7-mm-thick) gypsum board screwed together. The nine different tributary areas
for the anchors are shown by dashed lines in Figure 7. The smallest tributary area
(Zone 3) was 48% of the largest area (Zone 8).

Six diagonal braces in the east—west direction and eight in the north—south direction (A to
N in Figure 7) were used to resist the horizontal earthquake-induced ceiling loads. Threaded
rods (3/8-inch diameter [9.5-mm diameter]) screwed into internally threaded cast-in inserts in
the ceiling slab were used to suspend the metal furring (Figure 8). The effective embedment
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Figure 6. Fifth floor (plan view).

depth of the cast-in inserts was approximately 20 mm, which provided a nominal concrete
breakout strength in the cracked concrete roughly four times greater than the anticipated load
demand. The authors decided to exclude anchorage displacement or failure as a test variable.
The furring system is shown in Figure 8. Additional details are provided in Hoehler and
Motoyui (2010).

INSTRUMENTATION

The building was instrumented with a total of 1,454 channels. Measurements included
strains, deformations and displacements, accelerations, and other quantities. This paper
focuses on the ceiling anchorage instrumentation. Additional data channels are included
where necessary to facilitate understanding of the ceiling and building system response
that gave rise to the anchorage forces.

Axial forces in the 48 threaded rods that connected the ceiling to the roof slab were
measured using miniature tension-compression load cells with a calibrated measurement
range of £8,900 N (Figure 9a). The load cells had an accuracy of +£0.25% of the full-
scale output (accuracy = +22 N) and were suitable for dynamic loading. These load cells
were selected, in part, for their high tolerance against shear load-induced errors. The
load cells were mechanically attached to the 3/8-inch (9.5-mm) ceiling hanger thread
rods using coupler nuts (Figure 9a).

Due to space limitations and concerns about damage to the load cells from shear forces,
the load cells were placed at mid-height in all thread rods, and at one location an additional
(49th) load cell was placed above a brace. Figure 9(b) shows the locations and numbering of
the ceiling load cells. The load cells were designated LO1-5F-(01 to 49). Figure 10 shows the
installed load cells.
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Figure 7. Investigated ceiling (plan view).

Placement of the load cells below the braces at 14 of the 48 positions (Positions 2, 5, 8,
11, 14, 17, 23, 26, 32, 35, 38, 41, 44, and 47 in Figure 9b) meant that the anchorage load at
the slab above these locations had to be back-calculated after testing. Position 49 was added
to provide a measurement to validate these calculations.

Additional ceiling data channels are indicated in Figure 11. Building accelerations were
measured with triaxial accelerometers at four locations on every floor slab.

EARTHQUAKE MOTIONS

On 6 April 2009 the building (without dampers) was subjected sequentially to the
following input motions:

Moderate shaking by two “shaker” machines mounted on the building roof
Step functions at table platen
White noise excitations at table platen

Db

Earthquake motions at table platen
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Figure 8. Investigated ceiling: (a) single brace location, (b) double brace location, (c) connection
at frame, (d) connection at slab.

The results presented in this paper focus on the ceiling response to the earthquake
motions.

The earthquake motions used were scaled versions (5%, 20%, 30%, 40%) of the records
from the JR Takatori station captured during the M6.9 Kobe, Japan earthquake of 17 Jan-
uary 1995. The N135E, NO45E, and vertical components of the ground motion were applied
to the shake table platen in the global X-, Y-, and Z-directions, respectively. Acceleration
time histories for the platen input motions at 100% scaling are given in Figure 12. Figure 13
provides 5%-damped pseudo acceleration spectra for these motions.

TEST RESULTS

CEILING CONSTRUCTION

Multiple measurements of the ceiling threaded rod forces were taken during
construction of the investigated ceiling. Figure 14 plots the measured forces in the thread
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Figure 9. (a) Load cell assembly and (b) anchorage load cell numbering and locations.

Figure 10. Installed ceiling anchorage load cells: (a) typical, (b) position 49.

rods (LO1-5F-01 to LO1-5F-48) before and after installation of the gypsum sheets. This
figure provides a sense of the spatial variation of the loads under the initial static conditions.
The total ceiling mass as measured by the load cells was 559.3 kg. This was slightly less
than the “true” mass of the ceiling, which was 598.5 kg. The discrepancy between the
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Figure 11. Accelerometer and displacement instrumentation on investigated ceiling: (a) position
relative to ceiling edge (units in mm), (b) triaxial accelerometer (center) and displacement string

potentiometers.

masses may be attributed to the accuracy threshold of the sensors (+2.2 kg per load cell).
The mean mass per anchor with the gypsum installed was 11.7 kg (115 N) with one stan-
dard deviation (SD) of 7.5 kg (74 N). A load distribution strictly according to tributary

areas was not observed.
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Figure 14. Investigated ceiling with and without gypsum (gravity loading).

BUILDING RESPONSE

Table 1 lists the vibration periods, modal mass ratios, and damping for the first three
translational modes of the bare frame structure. These values were obtained using system
identification of building accelerations recorded during white noise excitation with an ampli-
tude of about 100 cm/s® applied at the table platen in each of the X-, Y-, and Z-directions.

Table 2 provides the peak floor accelerations measured in the bare frame structure during
the tests performed. The peak values in Table 2 were obtained by calculating the point-by-
point average of the four accelerometer measurements on each floor and then selecting the
maxima. The accelerometer data on the first floor of the building were not available, so an
estimate based on the peak ground acceleration (PGA) is reported in the table. Figure 15 plots
the peak floor accelerations in the X- and Y-directions.
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Table 1. Building translational modal characteristics

Translational mode

X-direction Y-direction
lst 2nd 3rd 18t 2nd 3rd
Period (sec) 0.66 0.21 0.12 0.69 0.22 0.12
Modal mass ratio (—) 0.86 0.10 0.03 0.86 0.10 0.03
Damping (%) 1.1 1.7 23 1.0 1.9 3.0

Table 2. Peak building specimen floor accelerations

Peak floor acceleration (g)

5%-Takatori level 20%-Takatori level 30%-Takatori level 40%-Takatori level

Floor X Y zZ X Y zZ X Y Z X Y Z

RF 0.09 0.07 003 044 030 012 065 053 0.18 0.82 0.88 026
0.08 0.05 0.05 036 024 014 051 039 021 058 061 032
0.09 0.06 0.03 039 025 011 052 042 020 063 061 0.27
0.08 0.05 0.03 033 027 009 051 041 015 063 048 0.19
0.07 0.05 005 024 027 009 039 041 015 052 046 0.18
0.04 0.03 0.01 015 012 006 022 019 009 030 025 0.11

— N W kW

*

*Measured data not available. Calculated value from PGA.

During post-processing, the measured building specimen accelerations were cropped
between 0 and 30 sec and then low-pass filtered in the forward and reverse directions
using a four-pole Butterworth filter with a cutoff frequency of 35 Hz. Finally, the baseline
was corrected by subtracting a constant offset that was equal to the mean of the first 1 sec of
data. The choice of the cutoff frequency preserved all significant response, including that in
the Z-direction.

CEILING AND ANCHORAGE RESPONSE

Motoyui et al. (2010) show the fundamental frequency of the investigated ceiling in the
undamaged condition to be 3.25 Hz (0.308 sec). They estimate the ceiling damping at low
levels of excitation, that is, where the behavior is linear-elastic, to be about 3%. Furthermore,
Motoyui et al. (2010) demonstrate through comparison with analytic models that the ceiling
tested here behaved linearly at the 5%-Takatori level but demonstrated nonlinear behavior at
the 20%-Takatori level and above.

Table 3 provides the peak ceiling accelerations measured during the tests and the peak
roof accelerations from the triaxial accelerometer located directly above the investigated
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Figure 15. Peak building specimen floor accelerations (First floor values calculated value from
PGA).

ceiling (northeast corner). At some locations, the peak roof accelerations directly above the
ceiling differ from the peak values of the average for the entire floor level in Table 2. The
difference, in the case of the horizontal accelerations, is due to the torsion of the building,
which is neglected by the floor-averaging process, and in the case of the vertical accelerations
the difference is due to the local response of the floor near the accelerometers. The reported
peak ceiling acceleration is the maximum value measured in a single instrument in a given
direction. The peak accelerations reported in the table at the 40%-Takatori level are for the
first 10 sec of response only, that is, prior to the collapse of the ceiling. The uncorrelated
amplifications (time independent) of the ceiling relative to the peak roof accelerations above
the ceiling are also given in Table 3.

Table 4 lists peak ceiling displacements relative to the partition walls during the four
earthquakes. The peak displacements at the 40% level are not included because they occurred
after the ceiling failed; however, the ceiling withstood more than 150 mm of horizontal dis-
placement prior to failure. The ceiling failed before it came into contact with the adjacent
partition walls.

Table 3. Peak roof and ceiling accelerations and uncorrelated acceleration amplification
Peak acceleration (g)

5%-Takatori level  20%-Takatori level  30%-Takatori level 40%-Takatori level”
Location X Y V4 X Y Z X Y Z X Y Z
Roof (NE) 0.10 0.06 0.08 045 032 025 067 0.54 0.37 0.86 0.88 0.56
Ceiling 0.13 0.15 023 086 0.66 146 204 1.84 390 547 553 8.38

Roof-to-ceiling acceleration amplification (—)
1.3 2.3 2.9 1.9 2.1 6.0 3.1 34 10.5 6.4 6.3 15.0

*Prior to ceiling collapse.
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Table 4. Peak ceiling relative displacements

Peak ceiling relative displacements (mm)

5%-Takatori 20%-Takatori 30%-Takatori 40%-Takatori
level level level level
X Y X Y X Y X Y
0.8 3.7 52.3 259 111.5 84.5 failed failed

During post-processing, the ceiling acceleration, displacement, and anchorage load cell
recordings were processed using the same procedure as for the building data. A cutoff fre-
quency of 35 Hz was used for the ceiling acceleration and anchorage load cell channels. A
cutoff frequency of 10 Hz was used for the displacement channels. The choice of the cutoff
frequencies preserved all significant response quantities.

The acceleration amplification factors in Table 3 exceed typical building code recom-
mendations. For example, ASCE (2005) recommends a (horizontal) component amplifica-
tion factor (a,) of 1.0 for ceilings. The observed amplification of the vertical accelerations
is particularly large. Because the large amplifications are observed at each shaking level
and filtering was performed to eliminate possible high-frequency response effects (i.e.,
acceleration spikes with high amplitude but little energy), the results are believed to
be representative for the investigated system. Further study of vertical amplification
for a wider range of ceiling designs is recommended based on these observations.
The large horizontal displacements in Table 4 are indicative of the specific system inves-
tigated, which had a large perimeter gap, and should not be considered representative of
other ceiling designs.

As discussed previously, it was not possible to place the anchorage load cells above
the brace connections at 13 out of 14 locations (except at position 49). The intention
was to back-calculate the anchorage loads at the above-brace locations subsequent to
testing using the recorded data from the surrounding load cells and an analytic
model of the ceiling system. Readings taken at Position 47 and 49, however, indicated
that the discrepancies between the below-brace and above-brace measurements were
smaller than anticipated. The maximum difference between the measured above-brace
axial force by the below-brace force measurement was about 30%. This behavior
can be explained by the nonlinear response of the ceiling. The majority of the ceiling
mass was located in the gypsum boards attached to the framing via light-gauge metal
clips that could slide horizontally (see Figure 8c). Once the clips began to deform and
slide, the braces could no longer resist the horizontal forces. This behavior is particular
to the investigated ceiling system and ultimately led to the collapse of the ceiling. Addi-
tional description is provided in Hoehler and Motoyui (2010). However, since the 30%
discrepancy is relatively small compared to the overall spatial variation of the anchorage
loads (discussed later) the effect is neglected in the subsequent anchorage load spatial
variation plots.
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Figure 16. Ceiling load cell tension (+) and compression (—) force 3-D envelopes at the 20%-
Takatori level motions (LC02 = L01-5F-02, LC05 = L01-5F-05).

The variation of the peak tension (+) and compression (—) axial anchorage load across the
ceiling during the dynamic tests is plotted for the 20%-Takatori motion in Figure 16 (spatial
variation plot) and the values are given in Table 5. The peak values do not necessarily occur
at the same time, that is, they are uncorrelated extrema. Table 6 summarizes the ceiling load
cell force envelope characteristics for all four earthquake motions. The following observa-
tions were made:

Table 5. Ceiling load cell tension (+) and compression (—) forces at the 20%-Takatori level

Maximum tension (compression) force, N

Position, mm 0 900 1,725 2,625 3,525 4425 5250 6,150
0 103 159 117 91 141 472 348 98
(—=154)  (=97)  (=284) (=69)  (=79)  (=292) (=107) (=160)
900 139 97 151 183 122 114 254 304
(=76)  (=81)  (=114) (=164) (=150) (=142) (=210) (=343)
1,800 72 62 324 194 153 327 467 489
(=93)  (=73)  (=358) (=152) (=101) (=325) (=379) (—441)
2,350 68 135 344 103 157 122 100 364
(=126)  (=139) (-288) (=87) (=149) (=108) (=156) (=381)
3,250 171 162 185 183 350 245 192 208
(—85)  (=149) (=103) (=202) (=346) (=108) (=153) (=264)
4,150 195 195 123 174 217 135 244 72

(-120)  (=95)  (-280)  (=64)  (-84)  (=243) (=55) (=111
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Table 6. Ceiling load cell force envelope characteristics

Ceiling load cell force envelope characteristics

5%-Takatori 20%-Takatori 30%-Takatori 40%-Takatori
level level level level
Tens. Comp. Tens. Comp. Tens. Comp. Tens. Comp.
Mean, N 25 =25 196 —-174 409 -331 620 —458
SD, N 17 17 109 103 183 146 228 172
Maxima, N 77 -94 489 —441 914 —668 1,338 -932
Maxima / Mean 3.1 3.8 2.5 2.5 2.2 2.0 2.2 2.0

*  The anchorage axial force envelopes are roughly symmetric in tension and compres-
sion. This indicates that anchorages for this ceiling need to be designed to transfer
compression as well as tension loads.

*  The standard deviations (SD) are significant relative the means of the extrema. This
ratio provides a quantitative representation of the spatial variation of the ancho-
rage loads.

*  The maxima exceed the mean values by a factor of up to 3.8 times. For the larger
motions, where nonlinear ceiling behavior was observed, the factor was closer to
2.5. This ratio is of significance since it is an indicator of the margin of safety
between the mean and ultimate anchorage load required to avoid failure of the
anchorages. However, since ceiling systems can typically transfer loads from a sin-
gle failed anchor point to surrounding anchorages (distributed anchorage), failure at
a limited number of locations might be tolerated without the collapse of the ceiling
system. Further study of this subject is recommended.

Table 7 indicates that the mean ceiling load returned to nearly zero after shaking in the
cases where failure did not occur, as would be expected (initial dead loads subtracted).
The standard deviation of the loads—due to redistribution of ceiling mass during the
earthquake—was significant relative to the dead load mean value of 115 N, however, it
was small in absolute terms (61 N = 6.2kg).

The rainflow counting method defined in ASTM (2005) as implemented in Matlab® by
Nieslony (2006) was used to analyze the number of axial load cycles to which the thread rods
were subjected during the tests. These data may be compared to the cyclic demand imposed
in anchor testing procedures to judge the suitably of those procedures for this specific

Table 7. Ceiling load cell post-test residuals

5%-Takatori level 20%-Takatori level 30%-Takatori level 40%-Takatori level

Mean, N 0 7 3 Failed
SD, N 4 32 61 Failed
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application. It is reiterated that the values listed below are valid only for the tested system and
thus provide a single point for comparison that should be considered with other available
test data.

The previously cropped (30 sec), low-pass filtered (35 Hz), and baseline corrected
load cell data were first high-pass filtered in the forward and then the reverse directions
using a four-pole Butterworth filter with a 0.1 Hz cutoff. This was done to remove oft-
sets in the time-history data caused by redistribution of loads in the ceiling during shak-
ing and allowed for integration of the record to determine the Arias Intensity. The
records were then cropped using the 0.1% and 99% thresholds of the cumulative
Arias Intensity for each load cell record. These limits ensured that a significant portion
of the pre- and post-peak response was preserved for cycle counting. Rainflow cycle
counting was performed on the remaining data. The rainflow cycle results were normal-
ized to the absolute maximum amplitude for each individual load cell and binned into
10 bins. Table 8 lists the binning limits. The mean rainflow counting results for the 49
load cells are summarized in Table 8 and plotted in Figure 17. It is noted that the ceiling
response was linear-elastic at the 5%-Takatori level earthquake and nonlinear at the three
higher levels (Motoyui et al. 2010). Furthermore, ceiling failure occurred about 10 sec
into the record at the 40%-Takatori level. Therefore the cycle count at 5% is represen-
tative of the linear ceiling response and at 20% or 30% it is representative of the non-
linear ceiling response of the investigated ceiling.

The sensitivity of the number of cycles to the selected Arias Intensity thresholds is illu-
strated in Table 9. The number of cycles in the 0.1 bin is highly sensitive to the choice of
thresholds because they determine the duration of the record used for cycle counting. Con-
sequently, the numbers of cycles in the smallest bins in Table 8 should be regarded with
caution.

Table 8. Mean rainflow data for ceiling load cells

Mean number of rainflow cycles (or half-cycles)

Relative force % of 5%-Takatori ~ 20%-Takatori ~ 30%-Takatori  40%-Takatori
level maximum level level level level
1 > 95 to < 100 0.8 0.7 0.7 0.6
0.9 > 85t0 <95 1.1 0.4 0.5 0.4
0.8 > 75t0 <85 2.1 0.5 0.8 0.6
0.7 > 65t0 <75 4.0 0.8 1.1 0.8
0.6 > 55t0 <65 5.8 1.4 1.8 0.9
0.5 > 45t0 <55 11.1 3.0 2.9 1.6
04 > 35t0 <45 21.5 53 5.7 2.9
0.3 > 25t0 <35 48.7 9.3 11.7 4.9
0.2 > 15t0 <25 107.2 24.0 243 10.6
0.1 0to <15 422.0 204.2 253.9 163.5

z 624.4 249.7 303.4 186.7
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Figure 17. Mean rainflow data for ceiling load cells.

Table 9. Effect of Arias Intensity thresholds on rainflow cycle count

Mean number of rainflow cycles (or half-cycles) for
the 20%-Takatori level earthquake

Arias Intensity thresholds

Relative force level 0.001 to 0.99 0.05 to 0.95
1 0.7 0.7
0.9 0.4 0.4
0.8 0.5 0.5
0.7 0.8 0.8
0.6 1.4 14
0.5 3.0 2.8
04 53 4.6
0.3 9.3 7.7
0.2 24.0 17.3
0.1 204.2 97.4
z 249.7 133.7

Figure 18 shows the investigated ceiling after failure during the 40%-Takatori motion.
The M-bars were tied to the threaded rods with cord to prevent the gypsum boards from
dropping to the floor and damaging instrumentation. Failure was caused by straightening
of the originally J-shaped clips that attached the M-bars to the ceiling furring (Figure 18d).
Analysis of videos taken during shaking indicated that after the first J-clips straightened,
failure progressed almost rapidly across the ceiling. The threaded rods were bent permanently
(Figures 18b and 18c¢), however, no rods ruptured. As anticipated from the design, no damage
to or deformation of the anchors themselves occurred.
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Figure 18. Failed ceiling: (a) top of gypsum, (b) brace between load cell Positions 17 and 18,
(c) braces at load cell Positions 47 to 49, (d) failed ceiling clip.

CONCLUSIONS

This paper presents the test setup and results for the anchorage instrumentation in a gyp-
sum board ceiling system tested in a full-scale five-story steel frame building on the
E-Defense earthquake simulator in Japan on 6 April 2009. The primary objective of the
tests was to gather information about anchor loading characteristics and distribution over
a suspended ceiling system before, during, and after a series of simulated earthquakes.
Due to the unique design of the investigated ceiling system, generalization of the results,
in particular the failure mode, should be viewed critically.

The following conclusions are drawn from the test results:

*  Variation in the anchor loads in the as-built (static) condition across the ceiling was
large relative to the mean value (standard deviation / mean =74 N/ 115 N = 64%)),
but was small in absolute terms for typical anchor products.

e The uncorrelated ceiling-to-roof acceleration amplification was a factor of about 6.4
for horizontal accelerations and 15.0 for vertical acceleration immediately prior to
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failure of the ceiling. These values significantly exceed the amplification factors
typically recommended in building codes. Based on the observed results, the authors
recommend further study of vertical acceleration amplification for ceiling systems.
In particular, ceiling systems that use hanger wires as opposed to threaded rods for
the vertical supports.

*  The ceiling anchorage dynamic (earthquake) axial force envelopes were roughly
symmetric in tension and compression. This indicates that anchorages for this ceil-
ing need to be designed to transfer compression as well as tension loads.

e  Variation of the axial anchor force envelopes about the mean across the ceiling
under dynamic loading was significant (COV = 68%, 56%, 45%, 37% for the
5%-, 20%-, 30%-, and 40%-Takatori motions, respectively).

*  The extreme earthquake-induced anchorage tensile loads (77 N, 489 N, 915 N,
1,338 N for the 5%-, 20%-, 30%-, and 40%-Takatori motions, respectively)
were significant in terms of absolute force for some anchor products. It is noted
that due to the redundancy of the system’s anchorage, failure of a single anchor
point may not jeopardize the entire ceiling, however, investigation of this was
beyond the scope of the current study.

*  The anchorage force maxima exceed the mean values by up to 3.8 times. This ratio is
an indicator of the margin of safety between the mean and ultimate anchorage load
required to avoid failure of the anchorages for this specific system.

*  Considering force levels greater than or equal to 0.2 times the maximum, the anchors
experienced, on average, a cumulative number of axial load cycles of 202 when the
ceiling remained linear-elastic, about 47 when the ceiling behavior was nonlinear,
and 23 in the case where failure occurred. These values, taken together with other
results from similar full-scale ceiling tests, may be compared to the cyclic demand
imposed in anchor testing procedures to judge the suitably of those procedures for
this application.

The presented test results are a first step toward the development of a design approach for
ceiling anchorages. By gathering data, in particular the ratio between mean and maximum
anchor forces across a ceiling during dynamic loading, for a range of different ceiling system
types and geometries and combining it with an understanding of the ability of a particular
ceiling system to transfer loads to adjacent anchors in the case of single anchor overload, it
will be possible to develop a rational approach for designing anchorages for ceilings under
seismic actions.
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