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Abstract: Buildings repetitively framed with cold-formed steel (CFS) members often possess significant lateral 
overstrength due to contributions from components beyond the designated sheathed or strap-braced shear 
walls, including from the gravity framing, non-structural framing, and even non-structural finishes.  Previous 
shake table tests have demonstrated this trend and illustrated how remiss it is to not take advantage of this 
response in the era of performance-based seismic design. This paper investigates lateral contributions from 
non-lateral force resisting systems by developing a suite of archetype wall lines. The archetype wall lines are 
derived using design drawings of 11 buildings collected from industry. The proportion of lateral force resisting 
shear walls, gravity walls, partition (non-structural) walls, and openings are collected to statistically inform the 
archetype space. Based on the hypothesis that the topology, or order, of the shear walls and non-lateral force 
resisting system walls within a wall line is of key interest, a suite of 64 wall line permutations was determined 
and associated nonlinear models were created. Nonlinear pushover analysis was then conducted on each 
archetype model. The simulations indicated that, if there was sufficient rigidity in the floor systems, the wall 
lines performance did not depend on the arrangement of components along the wall line, only on the total 
length of each component. Thus, for typical design a simple overstrength assessment based on the length and 
type of the non-lateral force resisting systems in a wall line may be utilized to reliably estimate building specific 
overstrength.  

1. Introduction 
Cold-formed steel (CFS) framing is a widely used building product that enables efficient, economical, and 
sustainable construction. Due to its repetitively framed nature, distinguishing between structural and non-
structural CFS walls can be difficult for a layperson. This tendency also seems to carry over in how an actual 
CFS framed building resists lateral (seismic) loads – the non-lateral force resisting portions can carry a 
substantial amount of lateral load.   

A two-story building shake table test conducted in 2013 at the University of Buffalo, NY, demonstrated this 
concept with clarity (Peterman et al., 2014, 2016a, 2016b). If an engineer was to model the building with a 
varying degree of sophistication, the resulting lateral resistance, and performance, also varies substantially. 
This may sound obvious, but the effects should not be ignored. If only the designated shear walls (whether 
strap-braced or sheathed) are considered to resist lateral loads, the base shear capacity, Vb, can be estimated 
using fundamental mechanics and expected material properties.  If the gravity walls (unsheathed) are included, 
the base shear capacity jumps to 1.8Vb. If the exterior sheathing is added to these gravity walls, the base shear 
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capacity rose to 3.5Vb.  Finally, if all the structural and non-structural walls were included, with sheathing and 
finishes as in a real building, the base shear capacity reached 4.1Vb to 4.8Vb, depending on whether exterior 
mat fiberglass sheathing is included or not. Clearly the seismic performance is greatly influenced by structural 
and non-structural elements that, as a structural engineer, is common to “gloss over”, or not account for, in the 
design.   

 
Figure 1.  Overstrength present in CFS-NEES 2-story building (Peterman et al., 2014, 2016a, 2016b) 

 

The American Iron and Steel Institute (AISI) S400 is the standard for seismic lateral design of CFS systems in 
new buildings (AISI 2020). In AISI S400, overstrength, in the context of capacity design, is handled by 
calculating the resulting forces produced when the seismic force resisting system reaches its expected strength 
(which is the product of the expected strength factor, ΩE, and the nominal strength), or by using the Ω0 factor 
in American Society of Civil Engineers (ASCE) 7 (ASCE 2016). Conversely, Chapter 9 in ASCE 41 is the 
standard for the seismic assessment of CFS systems in existing buildings (ASCE 2017). In ASCE 41, 
overstrength is handled by requiring the direct modeling of “secondary” elements, such as gravity walls and 
non-structural walls. This is complicated given the difficulties in modeling the strength and stiffness of 
components, that are not intended to carry lateral loads, in repetitively framed CFS buildings.   

However, if one ignores modeling secondary elements, an ASCE 41 assessment does not accurately reflect 
the performance seen in shake table tests (Speicher, Olivares and Schafer, 2020). Conversely, if one wants 
to model the complexities of the secondary elements, a high level of rigor is required, which reduces the 
practicality of such an approach. Is there a straightforward way to capture the overstrength effect so that an 
ASCE 41 assessment methodology will more closely match reality and thus shrink the difference seen in 
assessment methodologies and shake table tests?   

This paper investigates the topic of overstrength in CFS systems. The goal is to generate a simplified way to 
approximate overstrength informed by real building designs. To do this, a set of 11 CFS framed building 
designs are collected from industry. Details are gleaned from the building design drawings to generate 
simplified wall line archetypes. Each wall line is categorized based on its framing characteristics and intended 
purpose (e.g., shear wall vs. gravity wall). Models of the wall line archetypes are then subjected to nonlinear 
static and dynamic analysis to determine the key features that affect the performance. Based on the results, it 
is postulated that overstrength can be accounted for by using the linear dimensions of various wall segment 
types if certain conditions are met. This approach would enable a simple accounting of overstrength that would 
align better with shake table test results.  

2. Development of Archetype Wall Lines 
Eleven sets of building drawings were collected from industry. The building heights ranged from 3 to 10 stories. 
A summary of the building details is shown in Table 1.  
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Table 1. Building set overview. 
Building 

ID Location Occupancy Height 
(m) 

Number 
of stories 

Typical floor plan 
dimensions (m) 

Plan area of typical 
floor plan (m2) 

1 N/A N/A 15 4 75 × 23 1707 
2 Washington, DC Hotel 23 6 100 × 69 3816 
3 Maryland Residential 30 9 81 × 48 3873 
4 Virginia Hotel 19 6 88 × 20 1737 
5 N/A Hotel N/A 7 71 × 40 2796 
6 Washington, DC N/A 29 10 48 × 25 1196 
7 Virginia Residential 11 3 138 × 61 8476 
8 Philadelphia N/A N/A 7 45 × 16 698 
9 Virginia Residential N/A 5 110 × 23 2586 

10 Philadelphia Hotel 13 4 37 × 28 1010 
11 Philadelphia Residential 20 6 58 × 31 1764 

 

Each building floor plan was reviewed, and wall lines were determined using judgement (illustrated in Figure 
2). Since the definition of a wall line is not necessarily straightforward, the following rules were followed: 

1. For every location of wall, a grid line was drawn; 
2. Along each grid line, the types of segments were classified;  
3. Classifications considered were: 

a. shear walls – main lateral force resisting system, 
b. gravity walls – designed to carry gravity loads but not lateral loads, 
c. concrete core walls – often adjacent to elevator shafts or stairways, 
d. non-load bearing walls – partitions, 
e. other – windows, doors, and other opening; 

4. For each grid line, wall lines were determined as a linear combination of segment lengths.   

 

 
Figure 2. Example floor plan (third story of building #4) using information collected from design drawings. 

Once the detailed take-offs were complete, the wall segment lengths were plotted as histograms based on 
type and then fitted with a lognormal distribution as shown in Figure 3. The mean lengths of the shear walls, 
gravity walls, and openings was 4.7 m, 2.3 m, and 2.3 m, respectively. However, engineering judgement was 
used to make a few modifications to these lengths to reflect expected typical construction and counteract the 
atypical long wall lengths seen in a few of the building design drawings. First, the unit length was taken as 2.4 
m.  The shear wall length was then taken as the unit length, which is approximately half that indicated in Figure 
3. This was done because it was estimated that the wall line would be influenced more by the order of a shorter 
length segment rather than a longer 4.8 m segment.  This also is better aligned with the aspect ratios (and 



WCEE2024  Speicher et al. 

 
 

4 

corresponding lengths) of shear wall segments typically tested in laboratory experiments. In contrast, for the 
gravity wall a longer length of 4.8 m was selected, or twice the unit length. A longer gravity wall length was 
chosen due to the expectation that the total gravity wall lengths will be longer than the shear walls since more 
gravity wall segment. This also simplified the parameter study presented next. Finally, an opening of 2.4 m 
was selected, which aligns with the mean shown in Figure 3 and a total wall length of 17 m was defined as a 
wall line as shown in Figure 4.  Additional discussion on the wall line archetype development can be found in 
Zhang (2023). 

  
(a) shear wall (b) gravity wall 

  
(c) opening (d) concrete core wall 

 
(e) non-load bearing wall 

Figure 3. Wall segment width statistics histogram with log-normal curve fitting 

Based on the hypothesis that the topology, or order, of the shear walls and non-lateral force resisting system 
walls within a resulting wall line is of key interest, a suite of 64 wall line permutations was constructed, as 
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outlined in Table 2. The shear wall segments (S), gravity wall segments (G), and opening segments (O) were 
selected because they tend to be the most common segments seen in the design drawings and are expected 
to have the most influence on the lateral force-deformation behavior.  

Table 2:  Wall line parametric study matrix. 

Segment pattern Finish Ledger track Case 
count 

S G O G S Yes, No Yes, No 4 
G S O S G " " " 
S G G O S " " " 
S G G S O " " " 
S G S O G " " " 
S G S G O " " " 
S G O S G " " " 
S S O G G " " " 
S S G O G " " " 
S S G G O " " " 
S O G S G " " " 
S O S G G " " " 
G S S O G " " " 
G S S G O " " " 
O S S G G " " " 
O S G S G " " " 

   S = shear wall, G = gravity wall, O = opening 
 
 

 

(a) Symmetric 

 

(b) Unsymmetric  

Figure 4. Example wall line configurations. 

A beam-element based finite element (FE) model was proposed to investigate the lateral performance of CFS-
framed wall line with steel sheet sheathed shear walls using OpenSeesPy (Zhu, McKenna and Scott, 2018), 
a Python 3 interpreter of OpenSees (Mazzoni et al., 2006). The FE model takes the seismic performance of 
framing members, sheathing panels, fastener connectors, and anchorage components into consideration. 
Figure 5 shows the details of the wall line modelling approach.  

Generally, chord studs are made up of toe-to-toe built-up 600S250-97 sections and held down by 29 mm 
diameter Grade B7 tie rods. Field studs are made up of 600S250-68 sections spaced 0.6 m on center (o.c.). 
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Top and bottom track are made up of 600T250-97 sections and ledger track are made up of 1200T250-97 
channels. For the shear wall portions, 30-mil (0.76 mm) single sided steel sheets are attached using No. 12 
flat pan head screws at 50 mm o.c along the edge and 300 mm o.c. in the field (i.e., middle). Finishes consist 
of 16 mm thick gypsum board on one side (interior) and 16 mm glass-mat sheathing panels on the other side 
(exterior). Complete details of the wall line members, sheathing, and fasteners can be found in Zhang (2023). 

Displacement-based beam-column elements are employed to simulate framing members including studs, 
tracks, and ledger (rim) tracks in the wall line model. The axial and flexural behaviors are defined separately 
for beam elements, but the section aggregator command is employed to aggregate them in the same section 
definition. An Elastic-Perfectly Plastic (EPP) material model is applied to field studs and tracks; where the 
“plastic strength” is set equal to the nominal peak strength as determined per AISI S100-16 (AISI, 2016), 
thereby considering local buckling, distortional buckling, and yielding. The flexural behavior of chord studs are 
modeled using a hysteretic model demonstrating a four-point backbone with a descending branch for both 
local buckling and distortional buckling, which is defined per Section 9.8 in ASCE 41-17 (ASCE 2017). Global 
buckling behavior of the studs and tracks is captured by discretizing the components into multiple beam-
column elements over the unbraced length and including geometric nonlinearity in the analysis. The ledger 
track web height is explicitly simulated with additional rigid beam elements to account for the height of the 
ledger track and its potential to develop frame action within the wall. This detail allows the ledger-to-stud 
connection to transfer moment across the full depth of the ledger as opposed to a single point, thus providing 
a more realistic transfer of moment between these elements. All other components employ centerline 
definitions only. Tie rods are modeled with truss elements and EPP material to capture tensile yielding and 
compression buckling. 

 

 
Figure 5. Finite element model for a CFS-framed wall line with steel sheet sheathed shear walls 

The steel sheet sheathing is simulated with a pair of diagonal truss elements utilizing the Pinching4 nonlinear 
hysteretic model, which is calibrated via independent CFS-framed steel sheet sheathed shear wall cyclic test 
data with the closest configuration (similar framing thickness, sheathing thickness, and fastener spacing) 
compared to the simulated wall line. When non-structural finish is included, additional diagonal truss elements 
with the Pinching4 hysteretic model are incorporated for all the shear and gravity wall segments within the wall 
line.  

A series of horizontally fixed boundaries are set up at the anchor bolt locations on the bottom track with a 0.6 
m spacing. For the load application in the FE simulation, the first step is to run a nonlinear static analysis to 
apply the gravity load onto the top track-to-stud connection nodes and keep constant throughout the lateral 
demand application. The gravity demand matches the gravity load combination 1.05D+0.25L (D = dead load 
and L = live load) on the sixth floor of an individual ten-story CFS-framed building archetype (CFS-NHERI 
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archetype building design demonstrating similar wall line design) (Singh et al., 2022b, 2022a), which equals  
38.4 kN/m. This load combination comes from the effective seismic weight used in Federal Emergency 
Management Agency (FEMA) P-695 (FEMA 2009). After the gravity load is applied, a lateral displacement is 
applied to the top-left corner node of the wall line, along the semi-rigid loading beam component.  

3. Results 
Nonlinear pushover analysis was conducted on each of the 64 wall lines. Table 3 through Table 6 show the 
peak strengths with and without finish, and with and without ledger track. The overstrength ratio of each wall 
line presented in the following tables is relative to the strength obtained considering only the contribution of 
the designated shear wall.  Since AISI S400 design tables do not cover the corresponding strength values, the 
strength was obtained from test results (Rizk and Rogers, 2018).   

 
Table 3: Parametric study result summary for unfinished wall lines without ledger track. 

Model ID Peak strength (kN) Drift ratio @ peak strength 
(%) Overstrength Ratio 

GSOSG_XX 236.6 1.75 1.03 
OSGSG_XX 236.6 1.75 1.03 
SGGSO_XX 236.4 1.75 1.03 
SGSOG_XX 236.5 1.74 1.03 
SGSGO_XX 236.4 1.74 1.03 
SGOSG_XX 236.4 1.75 1.03 
SOGSG_XX 236.5 1.74 1.03 
SOSGG_XX 236.5 1.74 1.03 
SGOGS_XX 236.3 1.77 1.03 
SGGOS_XX 236.3 1.77 1.03 
GSSGO_XX 236.6 1.75 1.03 
GSSOG_XX 236.6 1.75 1.03 
OSSGG_XX 236.6 1.74 1.03 
SSOGG_XX 236.5 1.73 1.03 
SSGOG_XX 236.5 1.73 1.03 
SSGGO_XX 236.5 1.73 1.03 

   S = shear wall, G = gravity wall, O = opening, X = no finish / ledger track, F = finish, L = ledger track 
 
Table 4: Parametric study result summary for fully finished wall lines without ledger track. 

Model ID Peak strength (kN) Drift ratio @ peak strength 
(%) Overstrength Ratio 

GSOSG_FX 483.6 1.54 2.10 
OSGSG_FX 484.1 1.39 2.10 
SGGSO_FX 483.5 1.66 2.10 
SGSOG_FX 483.9 1.61 2.10 
SGSGO_FX 483.6 1.66 2.10 
SGOSG_FX 483.7 1.57 2.10 
SOGSG_FX 484.2 1.47 2.11 
SOSGG_FX 484.3 1.48 2.11 
SGOGS_FX 483.3 1.56 2.10 
SGGOS_FX 483.1 1.62 2.10 
GSSGO_FX 483.5 1.64 2.10 
GSSOG_FX 483.7 1.59 2.10 
OSSGG_FX 484.4 1.41 2.11 
SSOGG_FX 484.4 1.55 2.11 
SSGOG_FX 484.2 1.61 2.11 
SSGGO_FX 484.0 1.64 2.10 

   S = shear wall, G = gravity wall, O = opening, X = no finish / ledger track, F = finish, L = ledger track 
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Table 5: Parametric study result summary for unfinished wall lines with ledger track. 

Model ID Peak strength (kN) Drift ratio @ peak strength 
(%) Overstrength Ratio 

GSOSG_XL 306.1 1.76 1.33 
SGOGS_XL 305.8 1.80 1.33 
SGGOS_XL 305.4 1.80 1.33 
SGGSO_XL 305.8 1.77 1.33 
SGSOG_XL 306.1 1.77 1.33 
SGSGO_XL 306.1 1.77 1.33 
SGOSG_XL 306.1 1.77 1.33 
SSOGG_XL 305.8 1.77 1.33 
SSGOG_XL 306.1 1.77 1.33 
SSGGO_XL 305.8 1.77 1.33 
SOGSG_XL 306.1 1.77 1.33 
SOSGG_XL 305.8 1.77 1.33 
GSSOG_XL 306.2 1.76 1.33 
GSSGO_XL 306.1 1.76 1.33 
OSSGG_XL 305.8 1.76 1.33 
OSGSG_XL 306.1 1.76 1.33 

   S = shear wall, G = gravity wall, O = opening, X = no finish / ledger track, F = finish, L = ledger track 
 
Table 6: Parametric study result summary for fully finished wall lines with ledger track. 

Model ID Peak strength (kN) Drift ratio @ peak strength 
(%) Overstrength Ratio 

GSOSG_FL 546.2 1.71 2.37 
SGOGS_FL 545.1 1.73 2.37 
SGGOS_FL 544.7 1.73 2.37 
SGGSO_FL 545.6 1.71 2.37 
SGSOG_FL 546.0 1.71 2.37 
SGSGO_FL 545.8 1.71 2.37 
SGOSG_FL 546.0 1.71 2.37 
SSOGG_FL 545.6 1.72 2.37 
SSGOG_FL 545.9 1.72 2.37 
SSGGO_FL 545.5 1.72 2.37 
SOGSG_FL 546.0 1.71 2.37 
SOSGG_FL 545.7 1.71 2.37 
GSSOG_FL 546.1 1.72 2.37 
GSSGO_FL 545.9 1.72 2.37 
OSSGG_FL 545.7 1.72 2.37 
OSGSG_FL 546.1 1.71 2.37 

   S = shear wall, G = gravity wall, O = opening, X = no finish / ledger track, F = finish, L = ledger track 

4. Discussion 
For each of the four scenarios chosen above (with or without finish and with or without ledger track), the 
pushover results indicate there is essentially no effect on the peak strength resulting from the order of wall 
segment type. There is also only limited effect on the drift ratio at peak strength, which can be a proxy for 
ductility.   

This result was somewhat surprising given it was originally assumed order would have greater influence on 
the behavior.  After further scrutiny, there are three reasons that the order has little effect in these simulations: 
the gravity load, the bottom track shear (anchor) bolt spacing, and the top of wall stiffness developed from the 
ledger track and top track. The gravity load applied, consistent with the design loading, was 1.05D+0.25L.  As 
mentioned in the model, the gravity load applied was 38.4 kN/m, representing the load on the sixth floor of a 
10-story CFS building. This gravity load prevented uplift and caused each segment to engage in a shear mode 
of deformation. Second, the bottom track is anchored to the “ground” at a 0.6 m spacing. These bottom track 
anchors had a similar effect to the gravity load, also engaging the shear mode of deformation and limiting uplift. 
And lastly, the ledger track provides additional stiffness to the wall line, also encouraging the shear mode of 
deformation. The significance of each of these effects, and the boundaries to which they do or do not matter, 
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is a topic of further study. It is expected that there will be a range of gravity load, bottom track stiffness or 
anchorage, and ledger track stiffness that will negate the importance of segment type order in the performance 
of a wall line; however, for realistic conditions in the studied floor these conditions were met. 

Finally, it quickly becomes obvious the peak strengths for the wall line were significantly affected by the finish 
and whether a ledger track was utilized at all. The wall line models herein show an approximately 2.1 times 
increase of strength simply from adding finishes (e.g., drywall) and an additional 1.1 times overstrength if a 
ledger track is utilized. Note, in reality, wall lines have nominal strength in excess of factored lateral forces due 
to the application of resistance factors. The overstrength of the wall lines considered herein act to further 
decrease the demand-to-capacity ratio of the lateral force-resisting system. 

5. Conclusion 
A set of archetypes of wall line models were developed based on real building designs collected from industry. 
The effects of wall line segment order, finishes, and the presence of a ledger track was investigated using 
nonlinear pushover analysis. Based on the results presented herein, if there is adequate gravity load to provide 
resistance to uplift and sufficient bottom track anchor spacing, the order of the wall segments does not matter 
in terms of strength and ductility. Having increased track stiffness (e.g., a ledger track) and finishes results in 
over two times the peak strength. Further study should be conducted to establish minimum gravity loads 
needed, minimum bottom track anchor spacing, or minimum ledger track bending stiffness to ensure these 
findings hold. This would potentially enable the quick estimation of actual strength (including overstrength), 
that may be useful in simplified performance-based design methodologies such as the linear procedures of 
ASCE 41.       
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