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ABSTRACT

As observed in past earthquakes, nonstructural systems are highly susceptible to damage even in low shaking
intensities. As a widely used nonstructural system, partition wall is one of the key elements among these
systems. These walls have undergone extensive damage in past seismic events and, as a result, led to high
economic losses. Despite this weak performance, very limited studies have been performed on enhancing
partition walls. This is partly because of lack of numerical modeling technique, which could lead to better
understanding of these complex systems. In an attempt to comprehend the behavior of partition walls, 24
different construction scenarios are considered and modeled by using the OpenSees simulation platform.
Construction variations used in this study are the location of gypsum to stud screws, location of stud to track
screws and the range of capacities associated with different connection types. The analytical results were used to
develop several backbone and fragility curves in order to evaluate the behavior of the wall. The most important
conclusion drawn from this study is that for a specific wall with the same materials and dimensions, high
dispersion values (up to 1) can be observed in different connection fragility curves just because of construction
uncertainties.
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1. INTRODUCTION

Nonstructural systems generally represent the majority of the cost of the buildings (Taghavi et al.
2003). Even though in low shaking intensities the structural systems remain intact, these shakings can
be destructive to nonstructural systems (Taghavi et al. 2003). As it was observed in recent
earthquakes, like 2010 Chile earthquake, nonstructural systems underwent massive damage (Miranda
et al. 2012). Moreover, the damage to these elements can preclude the continuous serviceability of the
critical facilities, such as hospitals, after earthquakes (Achour et al. 2011).

Widespread use of steel-framed gypsum partition walls all around the world makes them a crucial
element among the nonstructural systems. However, in previous experimental studies, several damage
mechanisms were observed in these nonstructural walls such as cosmetic cracks of gypsum board,
formation of plastic hinges in the studs and the complete collapse of the walls (Davies et al. 2011,
Soroushian et al. 2012, Rahmanishamsi et al 2014). Almost all of these failure modes were also
observed in past earthquakes such as 1994 Northridge earthquake (FEMA-E74 2011), 2010 Chile
earthquake (Miranda et al. 2012), 2010 Darfield earthquake (Dhakal 2010) and 2011 Christchurch
earthquake (Baird et al. 2014). Figure 1 illustrates the damage to the gypsum partition walls in a
hospital building during the recent 12 November 2017 Kermanshah earthquake, Iran. Although lots of
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valuable information was obtained from the experimental studies, partition walls behavior has mainly
remained unknown and, as a result, not an applicable solution was found to enhance their seismic
performance. To this end, several experimental-based numerical models were proposed during the past
decade (Davies et al. 2011, Rahmanishamsi et al. 2016, Rahmanishamsi et al. 2017) to fill this existing
gap. According to these numerical studies, seismic performance of nonstructural walls, with similar
design detailing, can significantly vary from each other that can be partly due to construction
variations.
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Figure 1. Damage to partition walls in the 2017 Kermanshah earthquake, Iran: (a) formation of plastic hinge in
the studs, (b) vertical cracks above the opening, (c) diagonal cracks at the corner of the opening,
(d) formation of plastic hinge in the studs

This study aims to study the effect of different construction variations, through 24 scenarios, on in-
plane seismic performance of a specific nonstructural wall type (namely a full connection wall with 18
mil stud/track). These variations include location of gypsum to stud screws, location of stud to track
screws, the range of capacities associated with the track to concrete connections both in tension and
shear, and construction quality. Throughout this paper, first, a brief introduction to the numerical
methodology used in this study is given. Then, results of numerical simulations, as well as fragility
analysis, are provided. Finally, the effect of different construction variations on the overall seismic
performance of nonstructural walls is discussed.

2. NUMERICAL SIMULATION METHODOLOGY

Numerical models generated in this study are based on the previously-developed experimental-based
methodology by Rahmanishamsi et al. (Rahmanishamsi et al. 2016). For the completeness of this
paper, a brief description of the methodology is presented herein. However, a more comprehensive
presentation about this modeling technique can be found in a series of papers by Rahmanishamsi et al.
(Rahmanishamsi et al. 2016, Rahmanishamsi et al. 2017). As mentioned earlier, twenty-four different
scenarios were considered to evaluate the behavior of nonstructural walls with different construction
variations. These differences were the location of connecting screws and construction quality. The
distance from the center of the screws to the edge of the gypsum board was divided into four
categories: 1) 1.5 inches; 2) 1 inch; 3) 0.75 inch; and 4) 0.5 inch. Moreover, the distance from the
center of screws to the edge of the stud/track flanges was divided into two groups: 1) larger than 0.5
inch; and 2) smaller than 0.5 inch. Finally, to consider the construction quality, three capacity ranges
were used as generic, lower bound and upper bound. Examples of these variations are presented in
Table 1.

Figure 2 illustrates the aforementioned modeling methodology that was originally developed by
Rahmanishamsi et al. (Rahmanishamsi et al. 2016).To numerically simulate nonstructural walls,
gypsum boards were modeled using “ShellMITC4” four-node elements and “ElasticMembranePlate”
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section with their associated material and cross-section properties. The studs and tracks are modeled
using nonlinear “Force-Based Beam-Column” elements with a fiber section consisting of the Giuffre-
Menegotto-Pinto steel material (CEB 1996).

Table 1. Examples of considered construction variations

Scenario # THK (mil) Backbone Values el (in.) e2 (in.)
1 18 Generic >1.5 <05
2 18 Lower bound >1.5 <05
3 18 Upper bound >1.5 <05
22 18 Generic >0.5 >0.5
23 18 Lower bound >0.5 >0.5
24 18 Upper bound >0.5 >0.5

THK: stud/track thickness
el: edge distance, here the distance from the center of the screws to the edge of the gypsum board
e2: edae distance. here the distance from the center of the screws to the edae of the stud/track flanaes

Connections like gypsum board-to-stud/track, stud-to-track, and track-to-concrete are important
components of these walls that were modeled using ‘Pinching4’ material along with “twoNodeLink”
elements. The “Pinching4” material, by using 39 parameters, is capable of predicting complex pinched
load-deformation response corresponding to degradation under cyclic loads. Readers are encouraged
to study various arrangements of the “twoNodeLink” that needs to be used for the simulation of these
connections, which are stated in the original references. However, examples of “Pinching4”
parameters considered for this study are presented in Table 2 through Table 4. Moreover, contacts
between two adjacent gypsum boards and also contacts between gypsum boards and concrete slabs
were modeled utilizing the “zeroLengthContact3D” element along with “twoNodeLink” (OpenSees
2017).

Table 2. Examples of used Pinching4 parameters (force values)

- Backbone ePfi and eNfi (Ibs)
Description
values ePfl ePf2 ePf3 ePf4 eNfl eNf2 eNf3 eNf4
Gypsum-to-stud connections
THK = 18 mil Generic 845 127.0 69.7 0.002 -845 -127.0 -69.7 -0.002
el >15in. Lower bound 66.7 106.7 321 0.002 -66.7 -106.7 -32.1 -0.002
Upper bound 95.1 136.0 90.8 0.002 -95.1 -136.0 -90.8 -0.002
Stud-to-track connections

THK = 18 mil Generic 57.1 429.1 419.7 0.002 -449 -349.3 -341.0 -140.1
e2<0.5in. Lower bound 499 3554 362.1 0.002 -351 -319.0 -93.3 -0.002

Upper bound 679 533.9 535.0 204.8 -64.9 -384.0 -385.1 -159.1
Track-to-concrete connections subjected to tension force
THK = 18 mil Generic 105 80.0 5134 0.002 -449 -80.0 -513.4 -0.002
Lowerbound 9.9 69.9 2535 0.002 -40.2 -69.9 -253.5 -0.002
Upper bound 119 114.0 560.0 200.1 -49.9 -1140 -560.0 -200.1
Track-to-concrete connections subjected to shear force
THK = 18 mil Generic 579.3 4745 408.2 258.7 -579.3 -4745 -408.2 -258.7
Lower bound 442.4 399.9 189.9 189.9 -4424 -399.9 -189.9 -189.9
Upper bound 806.3 617.7 459.1 397.0 -806.3 -617.7 -459.1 -397.0




Table 3. Examples of used Pinching4 parameters (displacement values)

ePdi and eNdi (in.) for generic, lower and upper bound backbone curves

Description
ePdl ePd2 ePd3 ePd4 eNdl eNd?2 eNd3 eNd4
Gypsum-to-stud connections
THK = 18 mil,
el>15in. 040 0.35 0.70 155 -0.40 -0.35 -0.70 -1.55
Stud-to-track connections
THK = 18 mil,

e2<0.5in. 0.004 0.098 0.20 0.40 -0.004 -0.07 -0.25 -0.33
Track-to-concrete connections subjected to tension force
THK =18 mil 0.004 0.098 0.37 0.46 -0.004 -0.098 -0.37 -0.46
Track-to-concrete connections subjected to shear force
THK=18mil 0.03 0.11 0.90 1.20 -0.03 -0.11 -0.90 -1.20

Table 4. Constant Pinching4 parameters

For generic, lower and upper bound backbone curves
Description rForceP  rDispP uForceP gK1 g¢gK3 gD1 gD3 gKLimit gF

rForceN rDispN uForceN gK2 gK4 gD2 gD4 gDLimit gE pam.
Gypsum-to-stud connections

THK =18 mil, 0.12 0.77 -0.01 0 0 0 0 0 0 cycle

el can vary 0.12 0.77 -0.01 0 0 0 0 0 1
Stud-to-track connections

THK =18 mil, 0.1 0.5 -0.01 0 0.2 0 0 0.4 0 cycle

e2 can vary 0.1 0.5 -0.01 0 0.2 0 0 0 1
Track-to-concrete connections subjected to tension force

THK =18 mil, 0.33 0.65 0.01 0 0 0 0 0 0 cycle

0.33 0.65 -0.18 0 0 0 0 0 1
Track-to-concrete connections subjected to shear force

THK =18 mil, 0.12 0.75 0.01 0 0 0 0 0 cycle

0.12 0.75 0.01 0 0 0 0 0 1

The wall used in this study as a benchmark for numerical analysis was 135 inches long by 136 inches
tall. The studs were assumed to be 350S125-18 and the tracks were 350T125-18 (Figure 3). The
gypsum board panels with the thickness of 0.62 inch were screwed to the studs and tracks on both
sides. This geometry and construction detailing were borrowed from an experimental test setup
developed by University of New York at Buffalo (Rahmanishamsi et al. 2016).

Each numerical wall specimen was subjected to the increasing cyclic loading protocol developed by
Davies et al. (Davies et al. 2011), which is shown in Figure 4.
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Figure 2. Schematic diagram of the analytical model (Rahmanishamsi et al. 2016)
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Figure 3. Details of the wall (a) plan view; (b) top and bottom connection details (Davies et al. 2011)
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3. NUMERICAL RESULTS

In order to determine the chronological order of occurring different damage levels between connection
types, the definition of damage states of each connection, proposed by Rahmanishamsi et al.
(Rahmanishamsi et al. 2015(a), Rahmanishamsi et al. 2015(b), Rahmanishamsi et al. 2015(c)) were
adopted in this study. The definition of the damage states is provided in table 5. Afterwards, the drift
ratio that was associated with a specific damage state of a single connection type was determined.
These steps were repeated for all 24 simulations and connection types. Figure 5 shows an example of
the backbone curve of the second scenario and its corresponding damage states of different

connections.

Table 5. Component damage state definitions
. Specimen Damage State Definitions
Connection L
Description DS1 DS2 DS3
GSC Gypsum Board Initiation of screw Imﬂﬁﬂqontﬁ];gse; (;LZW Detachment of gypsum
Detachment tilting P g g board from the stud
gypsum

Insufficient Edge Initiation of screw Initiation of cracks at ~ Complete gypsum edge

GSC - s
Distance tilting gypsum edge breakout
- Tilting of the screws :
STC Insufflment edge or initiation of track  Enlarging of the holes Tearing-out of stud or
distances . tracks
flange buckling
Tilting of the screws
STC Other Specimens  or initiation of track  Enlarging of the holes  Popping out of the screws
flange buckling
Displacement
cTC Dlsplacerr_]ent Tearing of the track correspor)dmg to
(Tension) corresponding to web complete falll_Jre of the
0.40Pmax PAF connection or 15
mm, whichever is smaller
cTC bending/tilting of.the the average value when it loses 60% of its
fastener and tearing between DS1 and :

(Shear) force capacity

of the track web

DS3

GSC: gypsum to stud connection
STC: stud to track connection
CTC: concrete to track connection

Force (Kips)
A I - I S A S

GSC

&
N

Force (Kips)
R - T A I S

- T
r

B T S e OO AR N

STC

0

&
N

Drift Ratio (%)
Figure 5. Backbone curve of the second scenario and its connection damage states
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In an attempt to compare the behavior of walls in different scenarios, the backbone curves of all the
cases were plotted and the maximum, median and the minimum of them were specified (Figure 6). As
the drift ratio increases, a growing disparity can be observed in the forces. This disparity reaches
above 3 Kips at the end of the backbone curves which shows that a specific wall with the same
material and dimensions can take a wide range of forces just because of the difference in the location
of gypsum to stud screws, location of stud to track screws, the range of capacities associated with the
track to concrete connections both in tension and shear, and construction quality. Almost similar trend
can be observed in the negative drift ratio values.
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Figure 6. Minimum, maximum and median backbone curves of all scenarios

It should be noted that based on different construction variations (considered here as scenarios), not all
of the damage states were observed. As an example, in the second scenario, the GSC did not reach the
second and third damage states, which is because of the larger clearance between the centers of the
screws to the edge of the gypsum boards compared the other scenarios. As a result, other damage
states for all other connection types were dominated in the global wall failure in this scenario (all other
damage states were observed in this scenario). Therefore, the existence and chronological order of
each damage state were different for each construction scenarios.

Table 6 presents the damage states of sample scenarios in the order of their occurrence. In all of the
scenarios, the first and second damage states of STC occurred before the others. After that, the CTC in
tension reached the first damage state. Henceforth, the damage states did not follow any constant
trend. The only connection type that reached the third damage state in all the scenarios was STC. In
the scenarios with more than 1.5 in. distance from the center of screws to the edge of the gypsum
boards, the first GSC damage state happened at around 1% drift ratio. As it was expected, in the
models with the distance of more than 0.5 in., the drift ratio that caused the first GSC damage state
was reduced to approximately 0.5%. Similar trend was observed for higher GSC damage states and as
a result, in specimens with sufficient screw clearances, third damage state was never observed for this
connection type.

To compare the drift ratios at which each connection reaches a specific damage state, all the drifts
were normalized. A normalized drift ratio is generated by dividing the drift ratio of each scenario to
the smallest drift ratio of that specific connection that occurred among all of the scenarios (see Figure
7). This figure shows that while construction variations had less effect on STC and CTC in tension
damage occurrence, these variations had a larger influence on the damage observation in GSC and
CTC in shear.



Table 6. Observed damage states sequences for sample scenarios
. Damage State - Element
Scenario ] .
Drift Ratio (%)
1 DSl-S DS2-S DSI-CT DS2CT  DS3-§ DS3-CT  DS1-G  DS2-G  DSI1-CS DS2-CS DS3-CS  DS3-G
025 040 0.43 0.65 0.79 0.84 0.89 2.34 2.48 2.82 N.A. N.A.
2 DSl-S DS2-§ DSI-CT DS2-CT  DS3-§ DS3-CT  DS1-G  DSI-CS DS2-CS DS3-CS DS2-G  DS3-G
0.22 035 0.36 0.45 052 0.67 0.95 1.80 2.35 2.64 N.A. N.A.
3 DSl-S DS2-S DSI-CT DS2CT  DS3-S DS3-CT DSL-G  DS2-G  DS1-CS DS2-CS DS3-CS  DS3-G
022 036 0.37 0.55 0.63 0.75 077 2.22 N.A. N.A. N.A. N.A.
29 DSl-S DS2-S DSI-CT  DSI-G  DS2-CT  DS3-S  DS3-CT  DS2-G  DS3-G  DSI-CS DS2-CS  DS3-CS
026 042 0.43 052 0.66 0.79 0.87 1.01 151 N.A. N.A. N.A.
23 DSl-S DS2-S DSI-CT DS2CT  DS3-S  DS3-CT  DS1-G  DS2-G  DS3-G  DSL-CS DS2-CS  DS3-CS
023 037 0.37 0.48 051 0.59 071 0.88 1.23 1.23 1.23 1.23
o4 DSl-S DS2-S DSI-CT  DS1-G  DS2-CT  DS3-S DS2-G  DS3-CT  DS3-G  DSI-CS DS2-CS  DS3-CS
021 038 0.40 0.48 0.67 0.79 0.81 1.00 141 N.A. N.A. N.A.
S: STC; G: GSC; CT: CTC in tension; CS: CTC in shear
N.A.: The corresponding damage state did not occurred in the scenario
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Figure 7. Normalized drift ratios for DS1, DS2, and DS3 of connections



4. FRAGILITY CURVES

Fragility curves show the probability of exceeding a specific damage state as a function of an
engineering demand parameter. The engineering demand parameter that is chosen as a parameter that
most closely captures the damage in the wall is drift ratio. Each damage state is characterized by two
parameters: 1) median, m; 2) dispersion, . The corresponding formulas are as follows (Porter et al.
2007):

—2 (1)

V—3 [ (/)] )

where ; is the i-th drift ratio corresponding to the specific damage state and N is the number of
scenarios. To generate fragility curves, the specimens were grouped based on the connections as
follows: 1) GSC; 2) STC; 3) CTC in tension; and 4) CTC in shear.

Fragility curves shown in Figure 8 imply that the STCs are the most vulnerable connection in
comparison with others. After the STCs, the CTCs in tension are more prone to the damage. Damage
in CTCs (in shear) is the least susceptible damage mechanisms among other connections. In some
configurations, other connections governed the failure of the wall, thus the corresponding CTC in
shear did not reach DS3. As the scenarios in which CTC in shear did not reach DS3 had larger DS1
values comparing to the DS3 values of other scenarios, this connection was divided into two groups.
The most important conclusion that can be made from this study, by studying Table 7, is that the
ranges of dispersion values associated with construction uncertainties vary from 0.07 in STC up to 1 in
CTC (shear) connections. It is important to mention that no goodness-of-fit test was carried out for
these data.

Table 7. Median and dispersion values

Connection  Damage State Dh:li?’? '(%/:) Dispersion
DS1 0.73 0.40
GSC DS2 1.56 0.37
DS3 1.65 0.23
DS1 0.24 0.07
STC DS2 0.38 0.07
DS3 0.65 0.23
DS1 0.39 0.09
(Tgn-gin) DS2 0.56 0.20
DS3 0.76 0.26
DS1 1.15 0.63
CTC (Shear) DS2 1.18 0.53
DS3 1.21 0.54
DS1 2.37 0.81
(S(ril-;)* DS2 2.82 1.00
DS3 N.A. N.A.

*. CTCs in shear were divided into two groups. The scenarios that reached DS3 and the
scenarios that did not reach DS3.
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Figure 8. Fragility curves for all connection types

5. SUMMARY AND CONCLUSIONS

In order to comprehend the complex seismic behavior of nonstructural walls, twenty-four different
construction scenarios were considered. These walls consisted of 18 mil studs/tracks connected with
full connection detailing and covered with 5/8” thick gypsum boards. Throughout this paper, fragility
parameters were developed for partition walls based on several construction variations such as the
location of gypsum to stud screws, the location of stud to track screws and the range of capacities
associated with different connection types. Results from this study showed that the STCs have the
highest vulnerability among the connections, while the CTCs in shear have the lowest. It was also
concluded that for a wall with specific materials and dimensions, a high degree of dispersions, like 1
in CTC (Shear), might be observed just due to construction uncertainties. In addition, the construction
variations could change the maximum force carried by the walls by almost 100%.
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