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Abstract Performance-based earthquake engineering (PBEE) considers certain metrics to

assess the seismic response of buildings, which integrate economic losses into the design

process. PBEE requires the development and use of reliable nonlinear response analysis

models to simulate the seismic performance of structures through collapse. The structural

damage is assessed by evaluating physical damage caused by engineering demand

parameters (EDPs), while the nonlinear numerical models are used to conduct dynamic

analyses for varying levels of seismic intensity to compute the values of the representative

EDPs. Accurate representation of structural members’ stiffness and strength deterioration

(hysteretic) parameters plays an important role into simulating dynamic response through

collapse. These parameters’ values are usually calibrated to a large number of experimental

data. The development of a hysteretic parameter database for wood and steel diaphragm

connectors is presented in this paper. The wood diaphragm connectors are commonly used

in light-frame wood building construction for shear walls or roof diaphragms. The steel

diaphragm connectors are used for building structures that incorporate steel frame roof

diaphragms. The experimental data were used for quantifying the hysteretic parameters of

two well-known nonlinear models considered into structural modeling as well as evalu-

ating their energy dissipation properties. Case studies on the collapse performance

assessment of a light-frame wood wall system and a low-rise building incorporating a steel

roof system were conducted to demonstrate the usefulness of the diaphragm connector

database.
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1 Introduction

The next-generation performance-based earthquake engineering (PBEE) framework

(Cornell and Krawinkler 2000; Moehle and Deierlein 2004; Porter 2003) was developed by

the Pacific Earthquake Engineering Research (PEER) Center to evaluate the earthquake-

induced risk of structures based on specified performance metrics and objectives. Perfor-

mance objectives are commonly expressed as the probability of exceeding a certain

damage state, varying between linear elastic response to complete collapse, for a given

seismic intensity. The PBEE framework is comprised of four main steps including hazard

characterization, structural and damage analysis, and loss assessment. In the first step of the

PBEE framework, a ground motion intensity (intensity measure—IM) is selected and

through probabilistic seismic hazard analysis, the mean annual rate of exceedance of the

ground motion IM for a specified site and characteristics of the structure, uncertainties in

earthquake size, and distances to the faults is generated. The most common seismic IMs are

the spectral acceleration and displacement at the fundamental period of the structure. In the

second step of the framework, nonlinear simulation models are developed to describe the

response of the structure subjected to a set of earthquake ground motions scaled to the

selected IM. The results of the nonlinear analyses define the engineering demand

parameters (EDPs) of the structure under study. Story drift ratios, shear forces, floor

absolute accelerations and overturning moments are the most commonly used EDPs for

building structures (Lignos and Krawinkler 2012), whereas displacement ductility, peak

absolute acceleration and normalized hysteretic energy dissipated are EDPs often used for

bridge structures (Conte and Zhang 2007). The EDPs then relate to damage measures

(DMs) in the third step of the PBEE framework, which explicitly describe the damage to

structural and non-structural components. In the final step of the framework, the DMs are

considered to assess the decision variables (DVs), such as the replacement cost, downtime

and loss of life, through probabilistic loss models.

Accurate nonlinear numerical models able to simulate the response of the structure are

essential to generate representative metrics for the EDPs used in the PBEE framework. The

damage levels associated with EDPs are highly dependable on: (1) amplification of drift

demands due to second order P-D effects, and (2) strength and stiffness deterioration of the

structural components, which contribute to the structural collapse. In order to accurately

capture the cyclic deterioration of structural components, several hysteretic models have

been developed for steel (Ibarra et al. 2005; Jin and El-Tawil 2003; Krishnan 2010; Uriz

et al. 2008), reinforced concrete (Baber and Noori 1985; Barham et al. 2005; Neuenhofer

and Filippou 1998; Otani 1981; Sideris and Salehi 2016; Sivaselvan and Reinhorn

2000, 2006) and wood (Ceccotti and Vignioli 1990; Christovasilis 2011; Dolan 1989; Folz

and Filiatrault 2001; Kivell et al. 1981; Stewart 1987) components the last three decades.

In order to model accurately structural collapse, the deterioration parameters of these

various models need to be predicted. These parameters’ values are usually calibrated using

a large number of experimental data. Therefore, the development of hysteretic component

databases is essential for this calibration process. Databases on structural components
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including statistical information of various properties of structural components are avail-

able in the literature for reinforced concrete (Berry et al. 2004; Lignos and Krawinkler

2012) and steel (Lignos et al. 2012, 2013; Lignos and Krawinkler 2012) members, i.e.

beams, columns and connections.

The main objective of this paper is to develop a hysteretic parameter database for wood

and steel diaphragm connectors and illustrate its usefulness for accurate nonlinear mod-

eling through collapse. Robust nonlinear modeling of wood shear walls or steel roof

diaphragms includes explicit consideration of each individual sheathing panel and fastener

(e.g. nails, screws etc.) as well as shear and bending deformations of sheathing and framing

members (Bahmani and van de Lindt 2014; Christovasilis 2010; Koliou 2014; Koliou et al.

2017a; Tremblay and Rogers 2005). Therefore, it is of great significance to have access to a

wide database of connectors/fasteners to account for the variability in the parameters used

in nonlinear modeling. The database includes statistical parameters for two well-known

hysteretic models for several types of wood and steel diaphragm connectors including

common nails, welds, button punches, power actuated fasteners and pins based on a large

number of experimental data available in the literature. Furthermore, information on the

energy dissipation properties of each connector type is provided for possible consideration

in Direct Displacement-Based Design (DDBD). In order to demonstrate the utilization and

importance of the diaphragm connector database for predicting collapse performance in the

context of PBEE, two case studies are presented in this paper: one on a light-frame wood

wall system and another one on a low-rise building with a steel roof diaphragm.

2 Nonlinear modeling

Two hysteretic models, Wayne-Stewart (Stewart 1987) and CUREE-SAWS (Folz and

Filiatrault 2001), are used in this study to develop the hysteretic connector database. Both

hysteretic models were developed for light-frame wood elements, however they are used in

this study to capture the hysteretic response of steel diaphragm connectors as well. The

Wayne-Stewart hysteretic model, shown in Fig. 1a, has a tri-linear envelope (backbone)

curve that allows strength degradation, while it also displays pinching and stiffness

degradation. The CUREE-SAWS model is a parametric hysteretic model incorporating

exponential loading curves, unloading stiffness degradation, and variation of force-
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Kp

Force

Displacement

Fi

-Fi

Fo

Δunl

r1Ko r2Ko

r3Ko

r4Ko

ko

rko

ptriko

ku=punlko

Fy

Fi

Fu

-Fu

-Fy

Force

Displacement

Fig. 1 Hysteretic response of: a Wayne-Stewart model (data from Stewart 1987) and b CUREE-SAWS
model (data from Folz and Filiatrault 2001)
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intercept at zero displacement as well as degraded backbone for strength degradation (see

Fig. 1b). Both hysteretic models are incorporated into several nonlinear analysis software

(e.g. OpenSees, RUAUMOKO, CASHEW, SAPWood, Timber3D). The hysteretic

parameters developed in this study can be used for modeling diaphragms elements within

these software platforms. The hysteretic parameters describing both hysteretic models are

summarized in Table 1.

For the purpose of this study, MATLAB codes (MATLAB 2013) were generated for

both hysteretic models considering simplified uniaxial plasticity concepts. For example, for

the Wayne-Stewart model, four yielding surfaces were considered. Two of these surfaces

were fixed and two moving/updated based on the previous history of the response. This

simplified uniaxial plasticity modeling concept using multiple yielding surfaces is

graphically illustrated for the Wayne-Stewart model in Fig. 2.

3 Hysteretic connector database for performance-based earthquake
engineering

The hysteretic database was developed for wood and steel diaphragm framing connectors.

The load–displacement data considered for the database development were available in the

public literature through reports and journal publications. The connector database includes

the following information:

• Metadata: Configuration, geometry, testing details and loading conditions.

• Reported experimental results including digitized load–displacement hysteretic curves.

• Optimized hysteretic parameters (and their statistics) for Wayne-Stewart and CUREE-

SAWS hysteretic models to be used for modeling of diaphragm components.

• Comparison plots between test results and fitted analytical response using the

optimized hysteretic parameters, as well as energy absorption comparison plots.

• Information on the energy dissipation properties of each connector type for further

consideration in Direct-Displacement Based Design (DDBD) of structures whose

response is highly dependable to diaphragm connectors.

Table 1 Summary of parameters describing Wayne-Stewart and CUREE-SAWS hysteretic models

Wayne-Stewart CUREE-SAWS

Initial yield force (Fy) Intercept strength for the asymptotic line to the envelope curve
(Fo)

Linear elastic stiffness (ko) Linear elastic stiffness (ko)

Secondary stiffness factor (r) Secondary stiffness factor (r1)

Trilinear factor beyond ultimate force
(ptri)

Degradation stiffness factor (r2)

Unloading stiffness factor (punl) Unloading stiffness factor (r3)

Ultimate force (Fu) Pinching stiffness factor (r4)

Intercept force (Fi) Intercept force (Fi)

– Unloading displacement (Dunl)

– Stiffness degradation parameter (a)

– Strength degradation parameter (b)
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To optimize the hysteretic parameters associated with the two hysteretic models

(Wayne-Stewart and CUREE-SAWS), a set of MATLAB (MATLAB 2013) codes was

developed. The optimal hysteretic parameters were computed through an identification

process to match numerical and experimental data of each connector test by minimizing

the differences in force and deformation. The identification process was set as a con-

strained nonlinear least squares problem described by:

min
x~
ð f~ x~ð Þ
�
�
�

�
�
�

2
Þ2

s:t: x~lb � x~� x~ub ð1Þ

where f~ðx~Þ is the error function defined by Eq. (2), x~lb is a lower bound vector of all model

parameters and x~ub is an upper bound vector of all parameters

f x~; ið Þ ¼ Ftest ið Þ � Festim ið Þ ð2Þ

where Ftest(i) is the force of each connector test at a given time step i, Festim(i) is the force

estimated for either the Wayne-Stewart or the CUREE-SAWS hysteretic models at a given

time step i for the optimized/fitted hysteretic properties values of vector x~.

A starting point vector for all the hysteretic parameters associated with both hysteretic

models (Wayne-Stewart and CUREE-SAWS), and lower and upper bound vectors of these

parameters were defined to be used for the estimation of the force and deformation of each

connector test at each time step. The initial upper and lower bound vectors of the hysteretic

properties of the Wayne-Stewart and CUREE-SAWS models were defined based on a trial

and error basis. The robust Trust Region Reflective (TRR) algorithm was used to solve the

least square minimization problem (Yuan 2000). Analysis convergence was satisfied in this

study for a specified tolerance equal to 10-5. Examples of satisfactory calibrations of both

wood and steel diaphragm connectors are shown in Fig. 3.
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Fig. 2 Simplified uniaxial plasticity modeling of the Wayne-Stewart model using multiple yielding
surfaces
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The uncertainty/variability of the statistical parameters (median and standard deviation)

values for the different hysteretic properties can considerably affect the accuracy of the

performance indicators (e.g. EDPs). The number of experimental test repetitions, loading

protocols and conditions are some of the parameters that can affect the uncertainty

introduced in the statistical values of the connector model hysteretic properties. Such

uncertainties may lead to an under- or over-estimation of collapse capacity of the structural

system studied. However, the sensitivity of the hysteretic parameters of wood and steel

connectors are out of the scope of this study.

3.1 Wood connector database

Extensive experimental studies on the response of wood diaphragm-to-framing connectors

have been conducted during the last five decades and are summarized in Table 2. The most

recent and representative cyclic test programs on diaphragm connectors conducted by

Fonseca and Campbell (2002), Christovasilis et al. (2009), and Coyne (2007) were con-

sidered for creating the connector database.

Fonseca and Campbell (2002) performed extensive experiments on wood framing-to-

sheathing connectors connections under cyclic loading to be incorporated into the CUREE-

SAWS computer program. The main variables of the test program and configuration were:

type and thickness of sheathing panel, type of wood member [i.e. Douglas Fir-Larch (DF-

L) and Pressure-Treated Hem-Fir (PT HF)], moisture conditions at assembling and testing

time, type and size of fastener, edge distance, overdriven depth and direction of loading.

Two types of sheathing panels were considered for this investigation including oriented

strand board (OSB) and plywood, while four different thicknesses of 9.5 mm (3/8 in.),

11.1 mm (7/16 in.), 11.9 mm (15/32 in.) and 15.1 mm (19/32 in.) were tested. The type of

fasteners used for the testing included nails, wood screws and staples of different

geometries. All specimens were tested both parallel and longitudinal to the grain of the

wood member.

(a) (b)

Fig. 3 Examples of calibration of hysteretic parameters of Wayne-Stewart and CUREE-SAWS models to
simulate the hysteretic response of: a 10d common nails (data from Coyne 2007) and b framing welds (data
from Rogers and Tremblay 2003b)
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Christovasilis et al. (2009) performed wood framing-to-sheathing connection tests

similar to those by Fonseca and Campbell (2002) to determine the hysteresis properties of

the nail connectors used for a full scale wood townhouse tested at the University at Buffalo

(Filiatrault et al. 2009). Thirteen configurations were tested varying the loading direction

on the framing (parallel and perpendicular) relative to the grain as well as the framing

properties (Hem Fir) including 50.8 mm 9 101.6 mm (2 9 4) and 50.8 mm 9 152.4 mm

(2 9 6). Oriented strand board (OSB) and 8d common nails of 63.5 mm (2.5 in.) length

and 3.38 mm (0.13 in.) diameter were considered for all tests conducted (Christovasilis

et al. 2009).

Finally, Coyne (2007) conducted experimental studies on representative wood framing-

to-sheathing connections to determine their hysteresis properties. The test program

included both monotonic and cyclic test protocols. Different combinations of sheathing

[i.e. 11.11 mm (7/16 in.), 15.88 mm (5/8 in.) and 19.05 mm (3/4 in.)] and nails (6d, 8d

and 10d common nails) were connected to 50.8 mm 9 101.6 mm (2 9 4) Hem Fir wood

framing.

A summary of the wood diaphragm connector types, specimen configurations and test

repetitions considered for developing the wood diagram connector database is presented in

Table 3. The hysteretic parameters of both the Wayne-Stewart and the CUREE-SAWS

Table 2 Summary of experimental investigations on wood diaphragm connectors

Investigator/source Type of
loading

Study objectives

Mack (1961, 1962) Monotonic
and cyclic

Repetitive loading effects

Leach (1964) Monotonic Effect of moisture on nailed connectors’ strength and stiffness

Wilkinson (1976) Cyclic Nailed and bolted timber connector’s response under vibrational
loading

Soltis and Mtenga
(1985)

Monotonic
and cyclic

Dynamic response of nailed connections at frequencies of 1 and
10 Hz

Dowrick (1986) Cyclic Hysteretic response of nailed and bolted timber connectors

Chou (1987) Cyclic Nonlinear load-slip relation and non-viscous damping in wood joints

Dean et al. (1989) Cyclic Hysteretic response of timber connectors and indicated the presence
of initial slackness during dynamic loading

Ni (1997) Monotonic
and cyclic

Effect of loading regimes on hysteretic response of nailed connectors

Mohammad (1997) Monotonic Effects of multi-phase moisture conditioning on nailed connectors’
stiffness

Dolan et al. (1995) Monotonic
and cyclic

Effects of cyclic loading on the performance and safety of nailed and
bolted connectors

Fonseca and
Campbell (2002)

Monotonic
and cyclic

Establish a parameter database for sheathing-to-wood connectors

Christovasilis et al.
(2009)

Monotonic
and cyclic

Determine hysteretic properties of connectors to be implemented in
analytical models

Coyne (2007) Monotonic
and cyclic

Determine hysteretic properties of wood deck connectors

Huang (2013) Monotonic Determine properties of connection analytical model for specific
type of nail fasteners
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models were fitted to match with high level of accuracy the experimental test data, as

described earlier in this paper. The statistical parameters (median and standard deviation)

for each hysteretic parameter of corresponding wood diaphragm connector were generated

and are listed in Tables 4 and 5 for Wayne Stewart and CUREE-SAWS hysteretic models,

respectively. Comparison plots between experimental and numerical/fitted hysteretic

responses for W-1 [6d common nails, 50.8 mm 9 101.6 mm (2 9 4) Hem Fir wood

framing and 11.11 mm (7/16 in.) OSB] and W-6 [10d common nails,

50.8 mm 9 101.6 mm (2 9 4) Hem Fir wood framing and 15.88 mm (5/8 in.) OSB]

connectors along with their energy absorbed histories are also presented in Figs. 4 and 5,

respectively. Comparison plots for all wood diaphragm connectors can be found in Koliou

(2014).

The parameters of both hysteretic models summarized in the wood connector database

can be used for nonlinear modeling of wood diaphragm components such as roof and wall

systems.

Table 3 Summary of wood diaphragm connector characteristics considered in developing the database

Database
ID

Connector type Connector
characteristics

Specimen
characteristicsa

Number of
specimen
tested

Source

W-1 6d common
nails

d = 2.87 mm
(0.113 in.)

l = 50.8 mm
(2.0 in.)

2 9 4 Hem Fir 7/16
OSB std.

10 Coyne (2007)

W-2 8d common
nails

d = 2.87 mm
(0.113 in.)

l = 63.5 mm
(2.5 in.)

2 9 4 Hem Fir. and 7/16
OSB std.

19 Christovasilis
et al. (2009)

W-3 2 9 6 Hem Fir. and 7/16
OSB std.

17

W-4 d = 3.33 mm
(0.131 in.)

l = 63.5 mm
(2.5 in.)

2 9 4 Hem Fir and 7/16
OSB std.

10 Coyne (2007)

W-5 10d common
nails

d = 3.76 mm
(0.148 in.)

l = 76.2 mm
(3 in.)

2 9 4 Hem Fir 7/16 and
OSB std.

11 Coyne (2007)

W-6 2 9 4 Hem Fir and 5/8
OSB std.

10

W-7 2 9 4 Hem Fir and 3/4
OSB std.

9

W-8 10d box nails d = 3.33 mm
(0.131 in.)

l = 76.2 mm
(3 in.)

DF-L and 19/32 T&G 20 Fonseca and
Campbell
(2002)

W-9 DF-L & 19/32 OSB std. 20

W-10 #10 Rolled–
Hardened
screws

d = 2.87 mm
(0.113 in.)

l = 50.8 mm
(2.0 in.)

DF-L & 7/16 OSB std. 20 Fonseca and
Campbell
(2002)

d diameter, l length
a in. inches
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3.2 Steel connector database

Several experimental studies on the response of steel diaphragm cold form connectors

under monotonic loading have been conducted, as summarized in Table 6. These studies

(a)

(b)

(c)

Fig. 4 Hysteretic response of 6d common nails (W-1): a experimental results, b fitted–optimal hysteretic
models and c energy absorption
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included mainly testing of welded and screwed connectors. Contrary to wood diaphragm

connectors, limited test data is available in the public literature on the cyclic response of

steel diaphragm connectors. The most recent studies on this type of connectors under cyclic

loading which are limited to research conducted in Canada for specific types of connec-

tions, are considered in the development of the steel diaphragm connector database.

Rogers and Tremblay (2003a, b) tested steel diaphragm connectors, in order to inves-

tigate the inelastic seismic response of connections for low rise buildings incorporating

(a)

(b)

(c)

Fig. 5 Hysteretic response of 10d common nails (W-6): a experimental results, b fitted–optimal hysteretic
models and c energy absorption
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metal deck roof systems. A series of experiments on screwed, nailed, powder-actuated

fasteners, welded, and button punched (see Fig. 6) connections were conducted under

monotonic, cyclic, quasi-static and earthquake motion shear tests. It was observed that the

ultimate capacity as well as the energy dissipation differed for the several connection

types. The powder-actuated fasteners (PAFs) exhibited the highest energy dissipation,

followed by the screwed and nailed connections. The welded connections developed

significant ultimate capacities; however, they failed at small displacements resulting in low

energy dissipation. Button punched exhibited slippage at low load, while welded con-

nections developed higher resistance and remained attached up to large displacements

amplitudes.

Table 6 Summary of experimental investigations on steel diaphragm connectors

Investigator/source Type of
loading

Study objectives

Yarnell and Pekoz
(1973)

Monotonic Investigate the performance of welded puddle (arc-spot) and fillet
welded connections (122 specimens tested)

Pekoz and McGuire
(1980)

Monotonic Investigate the response of arc-spot welds and revise the welding
provisions at the time (342 tests conducted)

Pekoz (1990) N/A Summarize 3500 screwed connection tests conducted in US,
Canada, Sweden and the Netherlands to formulate screw
connection design provisions

Zadanfarrokh and
Bryan (1992)

Monotonic Analysis and testing of bolted connections. Test results used to
formulate design expressions

LaBoube and Yu
(1993)

Monotonic Evaluate the tensile strength of arc spot welds and formulate design
guidelines (260 tests conducted)

Walter (1995) Monotonic
and cyclic

Investigate the performance of powder actuated bolts, screws, rivets
and welds under low cycle fatigue

Sokol et al. (1998) Monotonic Establish test protocol/method for determining the strength of
screwed connections (uniaxial tension, shear and combined shear
and tension tests conducted)

LaBoube and Sokol
(2002)

Monotonic Investigate the behavior of self-drilling screwed connections in
residential construction. Several parameters of interest on
connections’ strength were studied (fastener patterns, screw
spacing, stripped screws and number of screws)

Peuler et al. (2002) Monotonic
and cyclic

Examine the inelastic response of arc-spot welded deck-to-frame
connections. Different test configurations considered: with and
without washers, various steel deck thicknesses and different
electrode types (235 specimens tested)

Rogers and
Tremblay
(2003a, b)

Monotonic
and cyclic

Investigate the inelastic response of steel connections for steel low
rise buildings. Tests on screwed, nailed, powder-actuated
fasteners, welded, button punched and welded connections
conducted

Fülöp and Dubina
(2006)

Monotonic Study the performance of self-drilling screws under quasi-static as
well as high velocity loading. Framing connections of steel panels
as well as seam connections (very thin steel panels) were tested

Snow (2008) Monotonic Determine relationship between arc spot weld shear strength and the
arc time used to form the weld

Guenfoud (2009) Monotonic
and cyclic

Establish welding process to produce quality welds if multiple
layers of sheet steel are connected to framing members. Examine
the applicability of design protocols for arc spot welds
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Guenfoud (2009) investigated the tensile and shear capacity of arc spot welded con-

nections for multiple layers of sheet steel connected to framing members. The main

objectives of this study were to establish a quality welding process and examine the

applicability of design protocols for arc spot welds. The study reported that the most

crucial parameters during the welding process of thick steel sheathing panels are the

current setting, the electrode type and the welding technique. More than one hundred

specimens of different steel sheet thicknesses and welding procedures were tested under

monotonic and cyclic loading. The experimental results were compared to the current (at

the time) Canadian provisions to verify the applicability of multi-overlap configurations.

The experimental results from Guenfoud (2009), Rogers and Tremblay (2003a, b) were

considered in this study for the development of the steel diaphragm hysteretic connector

database, as summarized in Table 7. Similar to the wood diaphragm connector database,

the statistical parameters for each hysteretic parameter and corresponding steel diaphragm

connector were generated and are summarized in Tables 8 and 9 for Wayne Stewart and

CUREE-SAWS hysteretic models, respectively. Furthermore, plots comparing the exper-

imental and numerical/fitted hysteretic responses for S-2 (button punches) and S-9 (PAFs)

connectors and their energy absorbed histories are illustrated in Figs. 7 and 8, respectively.

All steel diaphragm connectors comparison plots can be found in Koliou (2014).

3.3 Evaluation of diaphragm connector energy dissipation properties

The seismic response of structural diaphragm elements (i.e. walls, roofs) is directly

dependent on the performance of their connectors, which is strongly related to their ability

to dissipate energy. The equivalent viscous damping ratio is a common measure used to

evaluate energy dissipation capacity. It was computed herein for each type of connector

included in the database. The fitted parameters of the CUREE-SAWS hysteretic model

were considered for each type of connector to evaluate the equivalent viscous damping

ratio as a function of the displacement amplitude achieved in each cycle. Only the CUREE-

SAWS hysteretic model was considered since it is a smooth exponential hysteretic model

compared to the tri-linear Wayne-Stewart model.

The equivalent viscous damping, neq, was calculated as (e.g. Chopra 2006):

Sidelap fasteners

Bu�on punch Typical weld

Frame fasteners

Typical weld PAFs or nails

Steel Joist (typ.)

Frame Fastener at 
Side Lap (typ.)

Deck Panel

Side Lap Fastener 
(typ.)

Frame Fastener 
(typ.)

Fig. 6 Examples of typical steel roof diaphragm connectors
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neq ¼
ED;Dmax

2pkeqD
2
max

ð3Þ

where ED,Dmax is the energy dissipated at a given cycle of displacement amplitude Dmax,

and keq is the corresponding secant stiffness.

The equivalent viscous damping was computed at all displacement amplitudes con-

sidering the first two loading cycles. Basic characteristic of the CUREE-SAWS hysteretic

model is that after the second loading cycle at the same displacement amplitude, the

hysteretic response remains constant. Therefore, the damping characteristics of the second

cycle may be used for analysis and design purposes. The variations of the equivalent

viscous damping ratio with displacement amplitudes for the different types of connectors,

as presented in Figs. 9 and 10, for wood and steel diaphragm connectors, respectively,

indicate that the damping ratio varies between 10 and 15% of critical for all common nails,

button punches, screws and welds. Higher damping ratios were obtained for powder

actuated fasteners varying between 25 and 30% of critical. The fact that the damping ratio

for different connections is approximately the same for several connector types could be

beneficial in Direct-Displacement Based Design (DDBD) of building structures incorpo-

rating wood and/or steel diaphragm systems by simplifying the design methodology.

4 Case studies: collapse assessment using database information
for diaphragm connectors

Two case studies were considered in this paper to demonstrate the utilization of the

diaphragm connector database for both wood and steel connectors including strength and

stiffness deterioration in the numerical modeling for predicting the collapse capacity of

buildings and building components. The response of a light-frame wood wall system and a

low-rise building incorporating a steel roof diaphragm were investigated through collapse

analyses.

4.1 Light-frame wood wall system

The utilization of the wood diaphragm connector database for collapse performance

assessment of building components is illustrated through a case study of a light-frame

wood shear wall tested by Bahmani and van de Lindt (2014) under cyclic loading. The

2.4 m 9 2.4 m (8 ft 9 8 ft) wood structural panels tested were sheathed with 11.9 mm

(15/32 in.) plywood attached with 8d common nails to the framing. The 8d common nails

were placed at 102 mm (4 in.) and 305 mm (12 in.) on center (o.c.) for edge and field nail

spacing, respectively. The sheathing material was attached to 2 9 4 Douglas-fir-larch

(DFL) framing with studs at 406 mm (16 in.) o.c. The wall specimen were designed to

represent the old (archaic) material and boundary conditions used in 1940–1960 buildings

located in San Francisco Bay Area. Site visits and inspections were conducted to gather

data regarding the material, wall configurations and boundary conditions (Bahmani 2016).

A modified CUREE loading protocol with a loading rate 0.1 Hz instead of 0.2 Hz was used

to perform the cyclic tests.

The numerical and experimental response of the wood frame wall system under cyclic

loading was compared to evaluate the accuracy for the numerical model considered for the

collapse studies.
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A wall frame model was developed in the SAPWood software (Pei and van de Lindt

2010) to address the wall configuration experimentally investigated. The wood shear wall

was modeled following the geometric configuration of the test set up as well as the nailing

schedule incorporated. The CUREE-SAWS hysteretic model was used to model the 8d

common nails. The shear wall was modeled with 8d common nails with diameter of

3.33 mm, length equal to 63.5 mm and 11 mm (7/16 in.) thick oriented strand board

(OSB) sheathing, whose hysteretic properties were obtained by the wood diaphragm

connector database (W-4). The displacement-based CUREE protocol followed during the

experimental investigation by Bahmani and van de Lindt (2014) was considered to conduct

cyclic analysis of the wood frame wall model. The numerical and experimental cyclic

responses of the wood shear wall are compared in Fig. 11. It is observed that the numerical

wall model captures with very good accuracy the experimental force–deformation

response.

The wall model was further used in this study to conduct nonlinear time history analyses

for increasing seismic intensities—incremental dynamic analyses (IDAs) (Vamvatsikos

and Cornell 2002)—under the FEMA P695 (FEMA 2009) Far-Field ground motion

ensemble. The total seismic weight considered in the analyses of the wood wall system was

calculated equal to the wall dead load of 0.26 kPa (5.5 psf) accounting for the weight of

the framing member (2 9 4 DFL at 400 mm) and the sheathing material [11.9 mm (15/

32 in.) plywood]. Assuming that the wall system is a typical first story exterior wall of a

two-story residential building, the gravity load was assumed to be applied to the wall. The

footprint of the conventional light-frame wood residential building was assumed equal to

8.5 m 9 13.4 m (28 ft 9 44 ft). The wall gravity load was computed accounting for the

roof, wall and floor dead load equal to 4.93 kN/m (338 plf).

Collapse fragility curves as a function of the spectral acceleration (Sa) at the funda-

mental period of the wall system were developed and presented in Fig. 12 for a damping

ratio of 5% of critical. The collapse fragilities were conditioned on a collapse limit state

defined by the last survival intensity before the numerical building model becomes

unstable for the light-frame wood wall system. The drift ratio was the EDP considered in

this case study. A lognormal distribution is fitted considering the Maximum Likelihood

Estimation (MLE) (Baker 2015) to the collapse fragility function with a median capacity of

1.59 g and a logarithmic standard deviation of 0.40. The hysteretic properties of the wood

diaphragm connectors are an essential part of the modeling process that is necessary for

computing the median collapse capacity accurately.

4.2 Low-rise building incorporating steel roof

A second case study was conducted and presented herein to demonstrate the utilization of

the steel diaphragm connector database. A low-rise industrial building incorporating a

flexible steel roof was considered to perform collapse response analyses. The building

structure investigated is of a footprint of 30.48 m 9 30.48 m (100 ft 9 100 ft) and con-

sists of concrete tilt-up wall panels (vertical elements of seismic force resisting system—

SFRS) and steel roof diaphragm (horizontal elements of SFRS). The wall panels were

designed to be 7.62 m (25 ft) wide and 9.14 m (30 ft) tall incorporating a 0.91 m (3 ft) tall

parapet. The 22 ga steel roof diaphragm was detailed with Hilti X-ENDK22-THQ12 PAFs

and #10 screws at 457.2 mm (1800) o.c. for framing and sidelap connectors, respectively.

Their hysteretic properties were obtained by the steel diaphragm connector database S-6

and S-3, for the framing and sidelap connectors, respectively. A fastener pattern of 36/9

was considered for the design of the roof diaphragm. The low-rise industrial building was
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designed per current design codes and standards in the United States (i.e. ASCE 7-10 and

ACI 318-11). Details on the design of the low rise building can be found in Koliou (2014)

and FEMA (2015).

A three step sub-structuring numerical framework was used for conducting nonlinear

response analyses of the low rise building structure (Koliou et al. 2016a). The numerical

framework incorporated the connector modeling using the diaphragm connector database

as step 1 to be used in the numerical modeling of the roof diaphragm (step 2) and in the

building model (step 3). An analytical roof diaphragm model was developed in step 2

incorporating the nonlinear response of the diaphragm connectors. This diaphragm model

was validated with experimental data on a steel roof diaphragm available in the literature

(Tremblay et al. 2004). Details on the validation study can be found in Koliou et al.

(a)

(b)

(c)

Fig. 7 Hysteretic response of
button punches (20 ga) (S-2):
a experimental results, b fitted–
optimal hysteretic models and
c energy absorption
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(2016a). The building model of step 3 was used to perform IDAs under the FEMA P695

ground motion ensemble and evaluate the collapse performance of the low-rise building

structure.

The spectral acceleration at the fundamental period of the building (computed

T1 = 0.23 s) was the IM considered, while the roof diaphragm drift ratio (DDR) (Cohen

et al. 2004; Koliou et al. 2016b, 2017b), defined by Eq. (4), was considered as the EDP for

this study. The DDR was selected as a representative EDP for this type of structure, which

is dominated by the response of the flexible roof diaphragm compared to the rigid response

of the in-plane walls. The sidesway collapse of the structure was considered as collapse

(a)

(b)

(c)

Fig. 8 Hysteretic response of PAFs (20 ga to a 201 mm plate) (S-9): a experimental results, b fitted–
optimal hysteretic models and c energy absorption
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limit and was defined as the last survival intensity before the numerical building model

becomes unstable accounting for P-D effects. A 2% of critical damping ratio was used for

conducting non-linear time history analyses.

DDR ¼ xmid;roof

Lroof
�

2
� � ð4Þ

where xmid,roof is the displacement at the center of the roof diaphragm, and Lroof is the

horizontal span of the roof diaphragm.

Fig. 9 Equivalent viscous damping ratio versus amplitude of cyclic loading of wood diaphragm connectors

(a)

(c)

(b)

(d)

Fig. 10 Equivalent viscous damping ratio versus amplitude of cyclic loading of steel diaphragm
connectors: a button punches, b screws, c PAFs and d welds
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The IDA curves and corresponding collapse fragility curves are presented in Fig. 13a, b,

respectively. A median collapse capacity of 2.33 g and standard deviation of 0.39, was

found for the low-rise building structure incorporating a steel roof diaphragm.

The predicted collapse performance of the wood shear wall system and low-rise

building with steel roof diaphragm, modeled considering the diaphragm connector data-

base, incorporate the stiffness and strength degradation of the nonlinear connectors.

Fig. 11 Force–displacement
response of light-frame wood
wall system: comparison of
experimental and numerical
predictions

1.59

Fig. 12 Collapse fragility
analysis results for light-frame
wood wall system

2.33

Median

(a) (b)

Fig. 13 Collapse analysis results for low rise building incorporating steel roof diaphragm: a IDA curves
and b fragility curve
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Reliable prediction of the collapse performance of components and systems cannot be

achieved without incorporating experimentally obtained information on the modeling

deterioration parameters of diaphragm connectors. The authors hope that the availability of

the hysteretic parameter database for wood and steel diaphragm connectors developed in

this paper will contribute to improved collapse assessments of these buildings.

5 Summary and conclusions

This paper focuses on the development and utilization of a steel and wood diaphragm

hysteretic connector database for consideration into performance-based earthquake engi-

neering (PBEE) studies. Accurate representation of structural members’ stiffness and

strength deterioration parameters are crucial into simulating components’ and systems’

dynamic response through collapse. To support accurate nonlinear modeling of wood and

steel diaphragms, the hysteretic connector databases were developed. A wide range of

experimental data for both wood and steel diaphragm connectors were considered to

quantify the hysteretic parameters of the Wayne-Stewart and CUREE-SAWS hysteretic

models considered into structural modeling. Wood diaphragm connectors included 6d, 8d

and 10d common nails, while PAFs, screws, welds and button punches were used for the

development of the steel diaphragm database. The statistical information of each connector

type optimized hysteretic parameters (CUREE-SAWS and Wayne-Stewart models) are

incorporated into the database. Furthermore, information on the energy dissipation prop-

erties of each connector type was identified in this study for possible consideration in

Direct Displacement-Based Design (DDBD). A constant damping ratio at the range of

10–15% of critical was found for all common nails, button punches, screws and welds,

while higher damping ratios of 25–30% of critical were identified for PAFs. The constant

damping ratio values for various connector types could be beneficial into simplifying the

DDBD for building structures incorporating wood and/or steel diaphragm systems.

The utilization of the developed diaphragm connector database in the context of the

PBEE was demonstrated through two cases studies that assess their collapse capacity under

certain seismic hazard. The first study investigated the collapse performance of a light-

frame wood wall system, while the second one focused on the response of a low-rise

building with a steel roof diaphragm.
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