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• The objective of this project is to provide results that the AISI-COFS 
Lateral committee needs for evaluating the use of a computational 
(analysis-based) alternative for the prediction of shear wall capacity of 
CFS-framed wood and gypsum sheathed shear walls.
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• May 2017 (intended start)
• Summer 2017 - Ph.D. student Guanbo Bian works briefly on the effort at the 

conclusion of his dissertation. 
• Useful findings in shear wall reliability (and paper published)
• Revealed disconnect between fasteners tested and shear walls tested

• Summer 2017 - JHU undergrad Harrison Folk selected. Initiates and works until 
near end of summer, but unable to make progress on OpenSees modeling, 
abandons effort Fall 2017
• Winter 2017/2018 - Schafer meets with Buonopane to develop improved 

Matlab interface with simpler code for running OpenSees models
• Summer 2018 – JHU 2018 BS grad Evan Edgin selected. Work re-started and 

report of modeling results on OSB sheathed shear walls completed
• July 2018 (closeout)  

Project tick tock
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material response parameters of the fastener elements, no other prop-
erties of the computational model are experimentally determined.

At vertical seams between sheathing panels, two independent
fastener elements connect the adjacent rigid sheathing panels to a com-
mon node on the vertical stud. This arrangement of nodes and elements
assumes that there is no interaction between the fasteners which, in an
actual structure are closely spaced in same the CFSmember. At horizon-
tal seams, the two independent fastener elements are connected to a
beam–column element representing the seam strap, which is pin-
connected to the studs.

The hold-downs are modeled as uniaxial spring elements active in
the vertical direction only (Fig. 2b). The hold-down elements have a
tension stiffness of 9.9 kN/mm [12] and a compression stiffness 1000
times as large, to simulate a rigid foundation. At the locations of the
hold-downs and shear anchors, the horizontal degree-of-freedom is
restrained.

The ledger track is modeled by a series of linear elastic beam–col-
umn elements along its centerline, which are connected to the chord
studs using a rigid link which transfers only vertical forces (Fig. 2c).
Since the depth of the ledger track is large in comparison to the depth
of the studs, bending moment will be transferred from the ledger to
the studs through amoment couple of horizontal forces at the locations
of the ledger flanges. Thus rigid offset elements and constraints are used
to transfer horizontal forces to the chord studs at the ledger flange
locations.

Themodelwas subjected to the same cyclic lateral displacement his-
tory as the physical tests, applied through the center node of the top

track. The cyclic displacement history followed the CUREE protocol in
which each primary displacement cycle is followed by multiple trailing
cycles of smaller amplitude [25]. The reference, or target, displacement
(100% level) for each wall is based on the measured monotonic re-
sponse of the shear walls. The cyclic displacement history also includes
primary cycles of 150% and 200% of the reference displacement.

4. Results and discussion

4.1. Load–displacement behavior and energy dissipation

The complete cyclic load–displacement responses from the compu-
tational models are compared to those from the physical tests in Fig. 4
for the 1.22 m wide walls and in Fig. 5 for the 2.44 m wide walls. Com-
plete results from the physical testing programare presented in Liu et al.
[21]. The computational models reasonably capture the backbone curve
and pinching behavior. The load–displacement response of the compu-
tational models is confined entirely to the first and third quadrants, be-
cause the individual fastener behavior is similarly confined to the first
and third quadrants. In contrast, the experimental data do exhibit
some response in the second and fourth quadrants.

The load–displacement responses also show that the computational
models and corresponding experimental tests do not always achieve
peak lateral force during same displacement cycles of the same magni-
tude (Table 1). In most cases, such as for Model 5, the computational
model reaches its peak strength at a smaller magnitude target displace-
ment cycle than observed in the physical tests (Table 1). ForModels 6, 9,
10 and 15, the computational model reaches its peak strength during
the same displacement cycle as the physical tests. Even in the cases in
which the computational model and physical tests reached peak
strength during the same displacement cycle, the computational
models tend to fail earlier in that displacement cycle. For example,
Model 6 reaches its peak strength of 13.5 kN/m at a drift of 1.93% during
the 150% cycle (2.76% target drift) and then loses lateral load capacity
sharply. In contrast, the experimental specimen continues to carry in-
creasing lateral force until it reaches a drift of 2.57%.

Detailed comparisons between several primary peak load–displace-
ment cycles are shown forModels 2 and 12 in Figs. 6 and 7, respectively.
Each figure compares the five largest amplitude displacement cycles
from the CUREE protocol (40%, 70%, 100%, 150% and 200% of reference
drift). Two smaller amplitude cycles occur between each of these peak
cycles. The comparison of the individual cycles demonstrates that the
model reasonably captures the overall hysteretic behavior at a wide
range of imposed displacements, from nearly linear behavior to post-
peak response. Both Models 2 and 12 (Fig. 6) reached peak lateral
force during the positive branch of the 100% cycle; while the corre-
sponding experiments reached peak strength during the 150% cycle.

Fig. 2. Computational Model 4: (a) full wall, (b) base details, and (c) ledger track details; other models similar. Numbers indicate the restrained degrees-of-freedom at supports and active
DOFs at springs or links.

Fig. 3. Pinching4 material behavior with parameter definitions for positive branch;
negative branch symmetric.
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Shear wall

Fig. 1. CFS-NEES building and shear wall in it.

(a) typical experimental response
(adapted from [1]) 

(b) comparison between experiment and determinate
simulation (adapted from [2])
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Fig. 3. CFS-framed wood sheathed shear wall cyclic response.

(a) interior view (b) exterior view (c) deformed shape

ledger 

rigid OSB sheathing 

fastener spring  

hold down 

chord stud 

Fig. 2. Typical cold-formed steel framed shear wall in a ledger-framed building.

G. Bian et al. / Engineering Structures 142 (2017) 84–97 85

(Buonopane et al. 2015)
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Peterman et al. (2014) Fastener Model

(Peterman et al. 2014)Note, all data is for #8 fastener

cyclic shear test: response:

model:

fastener model parameters:
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Modeling result – Load- disp. history
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Shear wall model behavior

InModel 2 (with ledger), the chord stud also undergoes reverse cur-
vature, but the stiff ledger track creates a large moment of about 70% of
the yield moment at the location of the lower flange of the ledger. In a
CFS-framed building, the ledger track would be continuous beyond
the limits of the shear wall. Thus, the full ledger moment would not
need to be transferred to the studs; some of the moment could be car-
ried lengthwise along the ledger and distributed to other building ele-
ments. Future research should include modeling shear walls together
with adjacent gravity-framed walls to more fully understand the influ-
ence of the ledger beam in distributing force and moment between
the lateral and gravity wall systems.

Fig. 11 shows three vector diagrams of the fastener forces from
Model 2 for three different stages in the analysis—in the elastic
range, at peak lateral force and at peak lateral displacement. The
total lateral force applied to the wall is 1.7 kN/m, 14.3 kN/m and
6.9 kN/m for each of the three cases, respectively. Within each dia-
gram, the vectors are plotted to a common force scale. For an individ-
ual fastener, non-linear response begins at 980 N and the strength of
an individual fastener is 2050 N. The vector plots show that the fas-
tener forces are vertical throughout most of the height of the chord
studs, but near the panel corners the forces are oriented in a diagonal
direction.

−0.2 −0.15 −0.1 −0.05 0

Axial / Yield Force

−0.5 0 0.5 1

Moment / Yield Moment

 

 

Model 2: with ledger
Model 4: no ledger

Fig. 10. Normalized axial and bending forces in compression chord studs of Models 2 and 4 at peak lateral force.

Fig. 11. Vector force diagrams of fastener forces in Model 2 at three different levels: (a) elastic (1.7 kN/m), (b) peak lateral force (14.3 kN/m), (c) peak lateral displacement (6.9 kN/m).
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based on the Pinching4 backbone curve. As the non-linear response in
both the computational models and experimental specimens begins at
relatively low load levels, the lateral strength is not greatly affected by
small differences in initial stiffness.

4.6. Typical member and fastener behavior

Once benchmarked against the physical tests for global load–dis-
placement behavior, the computational models allow for more detailed
study of the response of the fasteners or framing members than is typ-
ically possible in a full-scale physical test. The magnified displaced
shape of Model 4 (Fig. 9) shows the sheathing panels rotating as rigid
bodies, while the frame deforms as a parallelogramwith somemember
curvature. Nodes that were coincident in the undeformed position sep-
arate, producing the fastener displacement demand. Since there are no
contact elements included in these models, the edges of adjacent
sheathing panels can move past one another or through the ground
plane without interference, as can be seen in the upper left and lower
right.

Fig. 10 compares normalized axial force and moment diagrams at
peak lateral force for the compression chord studs of Model 4 (no led-
ger) and Model 2 (with ledger). The axial forces are normalized by the
yield force of the cross-section (Py = 247.5 kN based on a yield stress
of 345MPa) without accounting for effects of buckling. At each fastener
location, the vertical component of the fastener force creates a discrete
step in the axial force diagram. Themagnitudes of the individual fasten-
er forces are similar for the models with and without the ledger. At the
location of the ledger centerline in Model 2, a normalized axial force of
about 3% of Py is transferred to the stud, creating a slightly larger force
throughout the height of the stud. A recent technical note suggests
that the gradual transfer of axial force that occurs over the full height
of the chord studs can be accounted for in design [26]. However, these
computational models do not include gravity loads from the floor sys-
tem or walls of higher stories, which may be larger than the variation
within the height of the shear wall.

Themoments in Fig. 10 are normalized by the yield moment (My) of
the double chord stud (2x600S162-54, where My = 1923 kN-mm,
based on the weak-axis composite section modulus and a yield stress
of 345 MPa). The chord stud in Model 4 (no ledger) undergoes approx-
imately symmetric reverse curvaturewith peak normalizedmoment ra-
tios of about 0.25My. There are small non-zero moments at the top and
bottom of the chord studs due to the rotational springs that connect the
chord studs to the tracks.

Table 5
Lateral strengths and displacements from computational models (positive direction) and
AISI S213-07 design specification.

Model Strength Displacement

AISI spec. Comp. Comp./spec. AISI spec. Comp. Comp./spec.

kN/m kN/m – mm mm –

2 12.2 14.3 1.17 42 43 1.02
3 12.2 17.6 1.44 42 49 1.16
4 12.2 13.4 1.09 42 50 1.20
5 12.2 14.0 1.14 42 43 1.02
6 12.2 13.5 1.10 42 53 1.26
7 12.2 10.5 0.86 42 36 0.87
8 12.2 12.3 1.01 42 58 1.38
9 12.2 13.2 1.08 42 77 1.82
10 12.2 13.6 1.11 42 78 1.85

12 13.7 14.9 1.09 32 37 1.14
13 13.7 18.5 1.35 32 40 1.25
14 13.7 13.6 0.99 32 43 1.32
15 10.2 13.6 1.34 21 43 2.01

Mean 12.4 14.1 1.14 38 50 1.33
COV 0.07 0.14 0.13 0.17 0.26 0.25
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Fig. 8. Summary of lateral strength measures for all models.

Table 6
Computational and experimental lateral stiffnesses at low force levels.

Model Comp. Experimental

Initial Initial At 40% strength

kN/m kN/m kN/m

2 833 935 658
3 933 1097 722
4 743 1024 620
5 797 983 515
6 742 961 705
7 936 943 479
8 722 919 637
9 598 527 420
10 604 839 485

12 2812 2387 2001
13 3351 3224 1842
14 2315 3742 2192
15 2309 2262 1627

Fig. 9. Initial and displaced shape (scaled by 10×) of Model 4 at peak lateral force.
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chord stud demands:

ledger 
effect

P M

(Buonopane et al. 2015)
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Modeling result – Cyclic (comparing with Peng et al. tests)Validation of shear wall model vs. Liu et al. (2014)
The load–displacement cycle plots in Figs. 6 and 7 also report the

hysteretic energy dissipated in the given cycles. The computational
models provide reasonable predictions of the single cycle hysteretic en-
ergy dissipation, except in the cycles for which the computational

model has already failed in a prior peak cycle. For most single cycles,
the experimental energy dissipation is larger than the computational
due to several factors. First, as mentioned above, the computational
model does not capture energy dissipated in the second and fourth
quadrants. Second, the experiments include sources of energy dissipa-
tion that are not captured in the computational models, such as friction
between inner faces of the sheathing and the flanges of the CFS mem-
bers, or edge effects between adjacent sheathing panels.

The final plot in Figs. 6 and 7 provides the cumulative hysteretic
energy dissipation as a function of peak drift. Individual points are
plotted only at the primary cycles of the imposed displacement, but
include energy dissipated in the smaller intermediate cycles. The
vertical lines indicate the drift at which peak lateral force occurred
for the computational analyses and the physical tests. The per cycle
differences between energy dissipated in the computational model
and experimental specimens result in the cumulative computational
energy always being less than that of the experiments. Nevertheless,
the energy dissipation as calculated from the computational models
may serve as a conservative and useful lower bound for the hysteret-
ic energy dissipation in a physical test or real building. For seismic
excitation of CFS buildings, the shear walls provide a significant

Table 2
Single fastener Pinching4 parameters for positive branch; negative branch symmetric.

Point i= OSB Gypsum

Backbone parameters

ePdi ePfi ePdi ePfi

cm kN cm kN

1 0.051 0.98 0.02 0.22
2 0.198 1.56 0.119 0.44
3 0.625 2.05 0.605 0.53
4 1.052 0.22 1.422 0.53

Unloading and reloading parameters

rDispP 0.42 0.56
rForceP 0.01 0.01
uForceP 0.001 0.001
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Fig. 4. Load–displacement response for 1.22 m wide shear walls, Models 2 to 10.
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based on the Pinching4 backbone curve. As the non-linear response in
both the computational models and experimental specimens begins at
relatively low load levels, the lateral strength is not greatly affected by
small differences in initial stiffness.
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arate, producing the fastener displacement demand. Since there are no
contact elements included in these models, the edges of adjacent
sheathing panels can move past one another or through the ground
plane without interference, as can be seen in the upper left and lower
right.
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yield force of the cross-section (Py = 247.5 kN based on a yield stress
of 345MPa) without accounting for effects of buckling. At each fastener
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based on the weak-axis composite section modulus and a yield stress
of 345 MPa). The chord stud in Model 4 (no ledger) undergoes approx-
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tios of about 0.25My. There are small non-zero moments at the top and
bottom of the chord studs due to the rotational springs that connect the
chord studs to the tracks.
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Fig. 8. Summary of lateral strength measures for all models.

Table 6
Computational and experimental lateral stiffnesses at low force levels.

Model Comp. Experimental

Initial Initial At 40% strength

kN/m kN/m kN/m

2 833 935 658
3 933 1097 722
4 743 1024 620
5 797 983 515
6 742 961 705
7 936 943 479
8 722 919 637
9 598 527 420
10 604 839 485

12 2812 2387 2001
13 3351 3224 1842
14 2315 3742 2192
15 2309 2262 1627

Fig. 9. Initial and displaced shape (scaled by 10×) of Model 4 at peak lateral force.

145S.G. Buonopane et al. / Journal of Constructional Steel Research 110 (2015) 137–148

(Buonopane et al. 2015)
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U.S. and Mexico (lb/ft)

Assembly Description

Max 
Aspect 
Ratio 
(h:w)

Fastener Spacing at Panel 
Edges (in)

Designation 
Thickness of 

Stud and 
Tracks (mils)

Minimum 
Sheathing 
Screw Size6 4 3 2

7/16" OSB

2:1 700 915 - - 33 8

2:1 825 1235 1545 2060 43 8

2:1 940 1410 1760 2350 54 8

2:1 1230 1850 2310 3080 68 10

Small Project Effort

Selected AISI S400-16 WSP Shear wall capacities

• Predict AISI shear wall values using fastener-based model and compare
• Need to provide fastener models for cases not covered in Peterman et al.
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Values from Peterman et al. (2014)
thickness (mil) k1 Pn (lb)

33 8000 380
54 11000 460
97 18182 450

Interpolation for Fastener Properties

y = 160.27x + 2564.2
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y = 0.8973x + 374.97
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Pn vs. Thickness

Note, this choice may be problematic as #8 in 97mil
fails prematurely and linear fit may underpredict the
68 mil results that are needed

Need 43 and 68 for tables..
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• Backbone parameters 
as derived and 
selected
• Note shear strength of 

fastener through OSB 
in 68 mil slightly less
than fastener through 
OSB in 54 mil
• Note, imperfectly, all 

data is for #8 fastener 

Developed Fastener Backbone Model
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Backbone response of single fastener through 7/16 in. OSB sheathing in shear

33 (#8) from tests
43 (#8)
54 (#8) from tests
68 (#8)
97 (#8) from tests

97 mil 54 mil

33 mil

43 mil

68 mil
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• Modelling approach follows Buonopane et al. (2015)

• All simulated walls are 4’ x 8’ with 7/16 in. OSB sheathing, no ledger

• Fastener spacing is varied:  6, 4, 3, 2 in.

• 362S162 studs varied: 33, 43, 54, 68, 97 mil (track to match)

• Sheathing is rigid, stiffness and damage concentrated at fastener

• Stud and track are modeled as elastic beam columns (2I for chord stud)

• Stud/track-fastener-sheathing connection modeled with “fastener backbones” 

as on previous slide, following Peterman et al. (2014)

• Each model is exercised through full CUREE protocol and the maximum 

strength predicted from the simulation reported out here.

• Purpose-built matlab code is used to generate and run the OpenSees models, 

this is adapted from Buonopane et al. (2015)

Modeling Overview



12

Initial Computational Model (lb/ft)

Assembly

Max 
Aspect 
Ratio 
(h:w)

Fastener Spacing at Panel 
Edges (in)

Designation 
Thickness of 

Stud and 
Tracks (mils)

Minimum 
Sheathing 
Screw Size6 4 3 2

7/16" OSB

2:1 1026 1379 1610 2008 33 8

2:1 1101 1446 1718 2039 43 8

2:1 1222 1607 1882 2290 54 8

2:1 1131 1486 1711 2049 68 8*

2:1 1080 1447 1617 1748 97 8*

Initial Comparison of Predicted Capacities

AISI S400-16 Shear Wall Capacity (lb/ft)

Assembly

Max 
Aspect 
Ratio 
(h:w)

Fastener Spacing at Panel 
Edges (in)

Designation 
Thickness of 

Stud and 
Tracks (mils)

Minimum 
Sheathing 
Screw Size6 4 3 2

7/16" OSB

2:1 700 915 - - 33 8

2:1 825 1235 1545 2060 43 8

2:1 940 1410 1760 2350 54 8

2:1 1230 1850 2310 3080 68 10

* analysis based on results from #8 fasteners, Specification uses #10

• Results overall are encouraging, but numerous differences observed

• “Test”-to-predicted ratio comparison may provide more insight…
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Initial “Test”-to-Predicted Ratio Comparison

* analysis based on results from #8 fasteners, Specification uses #10

• However! Ayhan et al. (2018) has recently collected stats that show that AISI S400-16 
tabled shear wall values are not mean values..

AISI S400-16 / Initial Computational Model

Assembly Description

Max 
Aspect 
Ratio 
(h:w)

Fastener Spacing at Panel 
Edges (in)

Designation 
Thickness of 

Stud and 
Tracks (mils)

Minimum 
Sheathing 
Screw Size6 4 3 2

7/16" OSB

2:1 0.68 0.66 - - 33 8

2:1 0.75 0.85 0.90 1.01 43 8

2:1 0.77 0.88 0.94 1.03 54 8

2:1 1.09 1.24 1.35 1.50 68 10*

• 33 mil model results appear 
unconservative

• 6 in. fastener spacing predictions
seem worse than 2 in. spacing
results

• 68 mil results are overly 
conservative

To compare to the model, makes more sense to 
compare to the mean of test data, not the 
lowerbound or other values used in AISI S400-16..
..use WE*vn



14

Initial Computational Model (lb/ft)

Assembly

Max 
Aspect 
Ratio 
(h:w)

Fastener Spacing at Panel 
Edges (in)

Designation 
Thickness of 

Stud and 
Tracks (mils)

Minimum 
Sheathing 
Screw Size6 4 3 2

7/16" OSB

2:1 1026 1379 1610 2008 33 8

2:1 1101 1446 1718 2039 43 8

2:1 1222 1607 1882 2290 54 8

2:1 1131 1486 1711 2049 68 8*

2:1 1080 1447 1617 1748 97 8*

*Revised* Comparison of Predicted Capacities

WE1*AISI S400-16 Shear Wall Capacity (lb/ft)

Assembly

Max 
Aspect 
Ratio 
(h:w)

Fastener Spacing at Panel 
Edges (in)

Designation 
Thickness of 

Stud and 
Tracks (mils)

Minimum 
Sheathing 
Screw Size6 4 3 2

7/16" OSB

2:1 938 1299 - - 33 8

2:1 875 1186 1638 2513 43 8

2:1 1156 1410 1602 2585 54 8

2:1 1230 1850 2310 3265 68 10

* analysis based on results from #8 fasteners, Specification uses #10

mean of data used where available, 1.0 otherwise, see
Ayhan et al. 2018 CCFSS paper for factors.



15

*Revised* “Test”-to-Predicted Ratio Comparison

* analysis based on results from #8 fasteners, Specification uses #10

• Buonopane et al. 2015 showed that the computational model could be used to provide 
useful results and account for additional factors such as: additional frame action from 
ledger track, additional stiffness and strength from layers of other materials (gypsum 
board), influence of seams and other factors outside the scope of tabled values

WE1*AISI S400-16 / Initial Computational Model

Assembly Description

Max 
Aspect 
Ratio 
(h:w)

Fastener Spacing at Panel 
Edges (in)

Designation 
Thickness of 

Stud and 
Tracks (mils)

Minimum 
Sheathing 
Screw Size6 4 3 2

7/16" OSB

2:1 0.91 0.94 - - 33 8

2:1 0.79 0.82 0.95 1.23 43 8

2:1 0.95 0.88 0.85 1.13 54 8

2:1 1.09 1.24 1.35 1.59 68 10*

• 33 mil and 54 mil model results 
(from appropriate original 
fastener data) appear fine

• 43 and 68 mil model results 
(from interpolated data) have 
greater error at this point

• Overly conservative to use #8 
data on 68 mil case…
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• This small project analysis provides evidence that the fastener-based 
computational shear wall model of Buonopane et al. (2015) is worth 
pursuing for AISI S400 adoption.
• The Buonopane et al. (2015) shear wall model is only as reliable as the 

fastener data that is used as input, as observed in this small project. 
• AISI S100-16 does not provide strength and stiffness data, nor testing 

protocols, for wood-to-steel connections; therefore, at this time there is 
no “agreed to” data for engineers to employ in the shear wall model
• A tool that engineers can use (in spreadsheet form, or in a form that is 

more accessible than OpenSees) is needed. The tool could start simple.
• The Buonopane et al. (2015) model only applies for WSP and other 

boards where damage is concentrated at the fastener locations – steel 
sheet shear walls require additional considerations.

Discussion
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Thoughts on next steps: status of available fastener data

AISI S400-16 Shear Wall Capacity (lb/ft)

Assembly
Max 

Aspect 
Ratio (h:w)

Fastener Spacing at Panel Edges (in) Designation 
Thickness of Stud 
and Tracks (mils)

Minimum 
Sheathing 
Screw Size

Available 
Fastener Data

6 4 3 2

7/16" OSB

2:1 700 915 - - 33 8 Peterman et al., 
Tao and Moen

2:1 825 1235 1545 2060 43 8 none

2:1 940 1410 1760 2350 54 8 Peterman et al.

2:1 1230 1850 2310 3080 68 10 none

Tao and Moen data Peterman et al. data (#8)

Example coverage for OSB shear wall against AISI S400

Note, data data for outside tested configurations, could these be utilized in shear walls??
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• We could use this information and the literature to add to the 
commentary to AISI S400 to point to this method today.
• We could pursue cyclic fastener testing that align with AISI S400 tables if

we want more exact predictions to compare with tested shear walls
• We could develop the user friendly tool for shear wall calculation
• We could develop appropriate fastener test standard so others are 

enabled to complete the key first step
• We could use existing data to generate new shear wall tables that apply

to situations not currently in the table (e.g. thicker OSB)
• We could pursue full research project to bring model to AISI S400 and 

potentially expand to steel sheet or other CFS shear wall systems

More on next steps
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• Fastener-based computational model of wood structural panel shear 
walls provides reliable prediction of shear wall strength if correct 
fastener-based response data is used in the model

• Small project fellowship effort a success (though required students and 
resources that went far beyond initial small project funding)

• Significant number of next steps for AISI Lateral to consider. 

Conclusions


