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Abstract

Lightweight frames are susceptible to lateral loads in terms of stability behavior. To mitigate this
problem, frames are sheathed with various sheathing materials. Previously, the cantilever cold-
formed steel diaphragm sheathed with oriented strand boards (OSBs) were experimentally tested
at the University of Massachusetts Amherst. In this study, a high-fidelity model is developed to
simulate this system, and the results of the computational and experimental test, including strength
and structural stability, are compared and discussed. The system is a 10 ft. by 15 ft. diaphragm
consisting of two ledgers connecting to one another with 8 equally spaced joists. Ledgers and joists
are fastened via clip angles, and the steel frame is sheathed with oriented strand boards. The
computational model is capable of capturing system strength, load path, failure of the connections,
and stability to the extent to which local lip buckling and lateral torsional buckling of the joists of
the CFS frame and separation of the sheathing panels due to their movement during loading are
observed. Stability issues of the diaphragm sheathed with the OSBs are distributed in various
elements of the frame. The strength of the system manifests the reflection of these stability issues.
Numerical results including shear strength, connection failures and stability response closely align
with the experimental test. These constant efforts are taken to shed light on the complex load
transfer mechanism and stability of the cold-formed steel diaphragms.

1. Introduction and outline

In a conventional configuration, a cold-formed steel floor diaphragm is composed of a structural
framework, including CFS floor joists which are uniformly distributed. These joists are attached
to the ledgers and overlaid with various structural panels such as plywood, oriented strand boards,
corrugated steel decks, fiber cement boards to augment the lateral resistance and thereby enhancing
the overall performance of the diaphragm (S. Zhang & Xu, 2018).

Diaphragm can generally be classified as flexible, rigid, or semi-rigid when subjected to a
comparative analysis of the maximum deflection and the average inter-story drift. This
classification plays a crucial role in the study and understanding of structural behavior (American
Society of Civil Engineers (ASCE 7-16), 2016).
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The CFS-NEES project conducted by Peterman, demonstrates that CFS diaphragms exhibited
characteristics of semi-rigid diaphragms, leaning more towards rigid diaphragms. This behavior
was observed even though they were designed as flexible diaphragms, adhering to the current
design code. In this full-scale experimental test, the contribution of the nonstructural elements on
the lateral response of the CFS-framed building with OSB-sheathed shear walls is explored.
((Peterman et al., 2016) and (Peterman et al., 2016)).

The experimental predictions conducted by Nguyen (Nguyen et al., 1996), Serrette (Reynaud
Serrette et al., 2007), and Morgan (Morgan et al., 2002) on the lateral strength of the CFS shear
walls sheathed with Oriented Strand Board (OSB) provides a scientific basis for understanding the
structural behavior of the shear walls. This basis was adopted in the current standard design
provisions in North America. Many researchers at McGill University ((Zhao, 2004), (Blais, 2007),
(Branston et al., 2006), (Boudreault et al., 2007)) investigated the lateral response of the CFS shear
walls sheathed with Oriented Strand Board (OSB) and plywood.

In an experimental study performed by Yu in 2010 the impact of the several factors, including the
aspect ratio of the wall, the thickness of the steel sheet and the fastener spacing of the sheathing
connections, were explored on the behavior of the shear walls sheathed with steel sheets (Yu,
2010). In addition, Fiilop and Dubina (Fiilop & Dubina, 2004) and Zhang et al. (W. Zhang et al.,
2017) examined the behavior of the shear walls sheathed with steel deck under lateral and gravity
loading.

Utilization of the Fiber-Cement boards (Ariana & Peterman, 2023), (Ariana & Peterman, 2022)
and gypsum sheathings in the experimental tests results in the higher strength of the system
(Mohebbi et al., 2016).

The experimental tests conducted by Nikolaidou concluded that the application of fasteners
throughout the entire boundary of the panels, a technique referred to as a ‘blocked diaphragm’,
results in a substantial enhancement of the strength of the diaphragm. The behavior of the screw
connections is dependent on the screw size. As the diameter of the screw increases, the failure
mode transitions from screw shearing to wood bearing (Nikolaidou & Latreille, 2016).

Based on AISI-S907, all current analytical techniques for diaphragms rely on a system effect. This
effect encompasses the combined influence and interaction of the sheathing panels, support and
sidelap connections in the generation of shear strength and stiffness per unit length. The failure
modes of the diaphragms are predominantly connection-centric or are confined by the out-of-plane
buckling of the diaphragms. This underscores the pivotal role of connection robustness and
structural stability in the overall performance of the diaphragms (American Iron and Steel Institute
(AISI S907), 2017).

In a study on a wood-sheathed CFS framed diaphragm, a computational model was developed by
Chatterjee et al. (Chatterjee et al., 2017) using ABAQUS, which depicted a non-linear finite
element model (FEM) under both monotonic and cyclic loading. The model successfully replicated
the peak strength observed in the experimental results; however, it encountered challenges in
accurately capturing the response post the peak load.



Filiatrault formulated a numerical model that evaluates the non-linear response of wood framed
shear walls with varying dimensions and frame-to-sheathing connectors under static lateral loads
(Filiatrault et al., 2002), and arbitrary quasi-cyclic loading (Bryan Folz & Filiatrault, 2001). The
model is capable of predicting the lateral stiffness, the ultimate lateral load carrying capacity and
the dynamic response. This research finding highlights that the intricate interaction between
individual fasteners and the sheathing plays a crucial role in comprehending the non-linear
behavior of the entire shear wall. The relative motion between the sheathing and framing results
in the fasteners progressively damaging the sheathing panels, which in turn leads to a non-linear
response.

In a numerical fastener-based model of a CFS shear wall developed by Tun in OpenSees, the ledger
web, assumed as rigid, increases the initial stiffness of the shear wall marginally, and the non-
linear strength of the system surpassed the result of the experimental tests significantly. The model
incorporated every individual fastener, enabling a detailed examination of the interaction forces
between the fasteners, framing elements and sheathing panels (Hein Tun, 2014).

In the computational simulation to validate the result of the experimental tests in OpenSees, the
fastener-based numerical model of the wood-sheathed CFS shear walls demonstrated a reasonable
replication of the force-displacement hysteretic response. When compared to the specification-
based strengths, the computational models predicted 14% and 33% increase in the strength and
drift at failure respectively (Buonopane et al., 2015).

In this study, a high fidelity finite element model is developed to corroborate the findings of an
OSB-sheathed diaphragm test at the University of Massachusetts Amherst. The lateral response of
the CFS-framed diaphragms were experimentally tested using the cantilever testing method, and
are compared to the outcomes of the numerical simulation and the predictions based on the AISI
S400 to confirm the system’s strength, load transfer mechanism, and stability behavior. This work
aims to shed light on the behavior of the CFS diaphragms sheathed with OSBs under lateral loads
and serves as a supplement to a larger effort to develop seismic design of CFS structures.

2. Experimental Testing of the CFS-Framed Diaphragm Sheathed with OSBs

The frame of the diaphragm consists of two CFS ledgers connecting to each other via eight equally
spaced CFS joists following the cantilever testing method. These joists attached to the ledgers with
clip angles, fastened from each leg via six screws. The details of the geometry, test setup,
dimensions of the CFS elements, connections and configuration of the frame in the test rig are
presented in the paper comparing the progression of the failure in the experimental and numerical
models of the CFS-framed diaphragm sheathed with steel deck (Ariana et al., 2023).

Table 1: Test Matrix of the CFS Diaphragm Components
Element Dimensions (in) Design Thickness (in)

Web Depth 12 (304.8 mm) .
Ledger (1200T200-54) Flange Width 2 (50.8 mm) 0.0566 in (1.37 mm)
Web Depth 12 (304.8 mm)
Flange Width 2 (50.8 mm)
. Legs Width 3.5 (88.9 mm) .
Clip Angle Length 11 (279.4 mm) 0.0566 in (1.37 mm)

Oriented Strand Board Width 48 (1219.2 mm) 23/32 in (18.26 mm)

Joist (12008200-54) 0.0566 in (1.37 mm)
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Figure 1: Images of the CFS-framed diaphragm: (A) before OSB installation — (B) after OSB installation

The test matrix of the diaphragm components is presented in Table 1. Fig. 1 shows the images of
the tested diaphragm capped with OSBs.

#10 Wafer Head Screw

Load direction
Figure 2: Images and location of the fasteners of the diaphragm sheathed with OSBs



The panels of the OSB-sheathed diaphragm are affixed to the frame using self-drilling #10 wafer
head screws. Fig. 2 provides a visual representation and location of the fasteners.

The tests on the diaphragms are conducted using a displacement-controlled load, maintaining a
steady load rate of 0.01 in/sec.

3. Finite Element Modelling of the CFS-Framed Diaphragm Sheathed OSBs

The system is represented as a three-dimensional shell using the ABAQUS software (Dassault
System Simulia Corporation, 2014). The presented high-fidelity models are capable of capturing
the lateral response of the diaphragm to the extent to which the stability behavior of the CFS frames
including local and lateral torsional of the elements and progression of the failure of the
connections can be explored.

3.1 Contact Interactions and Connections of the Finite Element Model

The geometrical and dimensional attributes of the ledgers, joists, clip angles and OSB are modeled
in accordance with the elements utilized in the experimental test. The computational model
incorporate four-node thin shell (S4R) elements for the parts of the computational model.

Steel is characterized as a homogeneous material with bi-linear elastic-perfectly-plastic properties.
OSB is defined as an orthotropic material.

Numerical details of the model were previously presented in a study comparing the experimental
and computational lateral response of this system sheathed with steel deck (Ariana et al., 2023).

Figure 3: Contact pairs of the diaphragm models: (1) clip angle-to-joist — (2) clip angle-to-ledger — (3) ledger-to-joist
— (4) OSB-to-joist and ledger



In the contact interactions, contacts are characterized as surface-to-surface. This formulation is
applied to surfaces that are parallel to each other. Given that both surfaces can deform in the
simulation, the more rigid one is selected as the master surface (Dassault System Simulia
Corporation, 2014). The sliding formulation employs finite sliding, which permits possible sliding,
rotation, and separation between the contact surfaces.

Fig. 3 depicts the pairs of the contacts of the OSB-sheathed diaphragm.

The interaction properties of each contact pair are characterized by two types of behavior: normal
and tangential. For the normal behavior, a “Hard” contact is employed for the pressure-overclosure
interaction, with non-linear behavior considered as the contact stiffness. As for the tangential
behavior, a penalty formulation is used, with a friction coefficient set at 0.2.

Connections of the model are defined as wires exhibiting multi-linear elastic behavior to simplify
the geometry and reduce the computational time of the model. This approach simulates the shear
and pull-out behavior of the fasteners, taking into account local coordinates of the connectors.

The shear behavior of the connections is determined based on the load-displacement
characterization of the connections derived from experimental work conducted at the Virginia
Polytechnic Institute and State University ((Tao & Moen, 2017)). Due to a lack of data for the
aforementioned connections, the pull-out behavior of the connection is defined as rigid.

3.2 Meshing of the Simulation
In the simulation of the diaphragm, elements are defined as 4-node thin shell elements. A
quadrilateral mesh is structured using an approximate aspect ratio of 1:1.

In this paper, stability behavior of the systems is investigated. To this end, it is crucial for the
model to capture buckling of the diaphragm.

A computational study performed by Schafer et al. concluded that a coarse mesh, while providing
a rudimentary approximation to local buckling in finite element analysis, suffices for distortional
and global modes. In contrast, medium and fine meshes are capable of accurately replicating all
buckling modes (Schafer et al., 2010).

In this study, for parts of the elements where connections are absent, a medium mesh of 12 mm is
specified. Conversely, a finer mesh of 6 mm is employed for regions in the vicinity of the
connections.

3.3 Boundary Conditions, and Loading of the Smulation

Adhering to the cantilever testing method, one side of the frame is fixed, and the load is
incrementally applied to the opposing side of the diaphragm. Fig. 4 depicts the boundary condition
and the loading points on the numerical model.



(b) Fixed beam-to-specimen

Figure 4: Boundary Conditions and Loading in the Simulated Diaphragm: (a) Loading Points on the Rig Frame — (b)
Fixed Points on the Rig Frame

4. Prediction of the shear strength based on the code

Shear strength of the diaphragm sheathed with OSBs is derived from a linear interpolation of the
nominal shear strength per unit length for diaphragms sheathed with wood structural panel
sheathing provided by AISI S400 (American Iron and Steel Institute (AISI S400), 2015). This
approach is necessitated due to the absence of shear strength values for OSB panels of 23/32 inches
thickness in the AISI S400 provisions. The outcome of the interpolation process yields a shear
strength value of 0.96 kips/ft.

5. Lateral response of the CFS diaphragm sheathed with OSBs

The lateral results of the diaphragms sheathed with OSBs are presented herein. The strength,
stability response and the connection failure of the system are evaluated and discussed in the
following sections.

5.1 Stability behavior of the system sheathed with OSB panels

Transmission of the load applied to the OSBs causes three different connection failure modes in
the experimental test. OSB-to-CFS connections failed due to edge tear-out of the panels, pull-
through or pull-out of the fasteners in the experimental test. With progression of failure in the
sheathing-to-frame connections, the separation of the OSBs from the CFS frame is identified in
the tension zone of the experiment and numerical simulation (Fig. 3). Consequently, higher load
is transferred to the frame, causing two stability issues in the CFS-framed diaphragm. Local lip



buckling of the joists in the compression zone is identified as the first stability issue of the
diaphragm sheathed with OSBs, and lateral torsional buckling in the joists is observed as the
second stability problem of the system. These two stability issues are noticed in both experimental

and computational models of the OSB-sheathed diaphragms and are shown in Fig. 4 and Fig. 5
respectively.

A
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Figure 3: Separation of the OSBs in the CFS diaphragm in the both computalbn n expe‘rimental tests

1

Figure 4: Local buckling of the upper lip of the CFS joists in the OSB-sheathed CFS diaphragm in the both
computational and experimental tests



Figure 5: Lateral torsional buckling of the joists in the OSB-sheathed CFS diaphragm in the both computational and
experimental tests

5.2 Shear strength of the system sheathed with OSB panels

The shear strengths derived from computational analysis, experimental tests and the equations
suggested by AISI S400, (American Iron and Steel Institute (AISI S400), 2015), are plotted against
the displacement of the CFS system in Fig. 6.A. This comparison is made to validate the results
and assess the shear response of the system. Fig 6.B depicts the Von-Mises stress of the OSB-
sheathed diaphragm.

The maximum shear strengths estimated based on the AISI S400 recommended table, the
experimental test and numerical model are closely aligned. The AISI S400 predicts a maximum
shear strength of 9.6 kips, while the computational and experimental tests lead to values of 9.91
and 10.03 kips, respectively. A minimal variability of 1% is observed between the peak strength
of the OSB-sheathed diaphragm in the experimental and computational model. It is worth noting
that the estimated strength of the diaphragm capped with OSBs is conservatively derived from a
linear interpolation. This approach is necessitated due to the absence of strength values for 23/32
in thick OSBs in the AISI S400 provisions.
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Figure 6: lateral response of the diaphragm: (A) Resultant shear strength of the OSB-sheathed CFS diaphragm
(Force-Displacement curve) — (B) Von-Mises stress in the computational model



During the experimental test, the system’s peak shear strength plateaus when the diaphragm’s
displacement ranges between 2.1 and 2.4 inches. This displacement at peak load is consistent with
the 2.4 inches observed in the computational model, thereby validating the response of the CFS
diaphragm sheathed with OSBs.

5.3 Failure of the fasteners in the diaphragm sheathed with OSB panels
In the experimental test, three distinct failure modes were identified as fastener pull-out, fastener
pull-through, and panel edge tear-out (refer to Fig. 7.B, 7.C and 7.D).

(o) (o)

Joist direction
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Connector
Resultant Force

P 5.0 kN 1
2.7kN
IZI 0.4 kN EI
Figure 7: Connection failure of the diaphragm sheathed with OSBs: (A) Failure modes of the OSB-CFS frame

connections — (B) Screw pull-out — (C) Screw pull-through — (D) OSB edge tear-out — (E) Connector resultant force
at Peak — (F) Connector resultant force post peak
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A schematic representation illustrating these fastener failure modes for the entire diaphragm
sheathed with OSBs based on the experimental test is shown in Fig. 7.A. The numerical model
confirms these findings, indicating the failure of the same fasteners at peak. The connector
resultant forces of the screws in the computational model at both peak and post-peak stages are
shown in Fig. 7.E and 7.F respectively.

A decrease in the connector resultant forces at the post-peak stage indicates the failure of screws
at peak.

6. Conclusions

This paper develops a three-dimensional shell model of a cold-formed steel (CFS) diaphragm
sheathed with oriented strand boards. The model aims to capture the stability response, shear
strength and connection failure of the system. The outcome of the finite element model is compared
to the response of the CFS diaphragm tested experimentally at the University of Massachusetts
Amherst. The shear strength and displacement at peak load of the OSB-sheathed diaphragm align
closely with the experimental results and the AISI S400 recommended value. Both the numerical
and experimental models exhibit identical stability responses, local lip buckling and lateral
torsional buckling of the joists of the frame. Both the experimental and computational models
observe a separation of the OSBs and reveal failure at the same connections, further elucidating
the complex load transfer mechanism of the OSB-sheathed CFS diaphragms.
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