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Abstract 
 
Recently developed thin-walled modal decomposition algorithms are used with 3d-image based 
reconstruction to document and quantify buckling deformation throughout cold-formed steel 
column experiments. The buckling deformation is documented with off-the-shelf digital cameras. 
Images are processed with a gradient-based optimization algorithm, available in low cost 
commercial software packages, that finds the 3d image coordinates and camera position by 
maximizing the number of matching (overlapping) pixels. Once the 3d coordinate system and 
camera locations are established, a dense point cloud is generated resulting in the 3dcolumn 
representation at several load stages in the experiment.  The 3d point cloud is analyzed with a 
buckling mode identification tool that employs cross-sectional deformation modes from 
generalized beam theory. Local, distortional, and global buckling participation are quantified, 
including contributions just prior to column failure which can be useful for the development of 
future strength prediction design approaches, especially where buckling modes mix near an 
ultimate limit state.  
 
1. Introduction 
 
Technology to produce accurate image-based reconstruction of 3d objects is now mature (Wu 
2011; Wu 2013), and it is finding its way into civil engineering applications ranging from 
construction management (Golparvar-Fard et al. 2009) to post-disaster building assessment 
(Torok et al. 2013).  Image-based reconstruction is appealing because the 3d object, represented 
as a point cloud, can be created with off the shelf point-and-click digital still or video cameras in 
contrast to physical contact measurements (calipers, rulers, wire potentiometers). The research 
described herein brings 3d documentation and automated modal identification to structural 
testing in a similar way to recent work applied to collapse simulations (Zi et al. 2011). The 
approach is applied to thin-walled cold-formed steel structural stud in compression, creating a 3d 
record at several instances during the experiment, including initial geometric imperfections and 
buckling modes under load. 
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The fundamental technology supporting 3d image-based reconstruction is described in Figure 1.   
Digital video or images are recorded of an object or group of objects from enough locations to 
provide 360 degree coverage. In the realm of civil engineering, these objects could be bridge 
girder superstructure, concrete pavement, or a cable-stayed bridge pylon. The video is 
decomposed into individual frames as shown for a one-way concrete bridge deck slab test at 
Virginia Tech in Figure 1 (Zheng and Moen 2013), note the image frames from different angles 
in Figure 1a. 

 
Figure 1:  3d image-based reconstruction applied to a one-way bridge deck slab test at Virginia Tech:  (a) image 
frame collection from 360 degree perspectives; (b) relating images with feature matching using gradient-based 
optimization; (c) structure and motion recovery to identify camera and image location in 3d space; (d) dense 3d 

point cloud generation; (e) adding surface meshing and texture informed by 2d image frames 
 
A discrete-continuous gradient-based optimization algorithm (e.g., Crandell et al. 2011) is 
applied that finds the 3d image coordinates and camera position by maximizing the number of 
matching (overlapping) features from image to image (Figure 1b). Once the 3d coordinate 
system and camera locations are established (Figure 1c), a dense point cloud (Figure 1d) is 
generated resulting in the 3d representation.    This procedure sounds complicated but is robustly 
implemented in user-friendly, freely available open-source code, for example Structure for 
Motion (Wu 2011), and low cost commercial software like Agisoft PhotoScan (Perry 2013) that 
was used in this project.  
 
Automated structural measurement and assessment is not new, with previous efforts in civil 
engineering focused on pavement evaluation (Cheng and Glazier 2002; Wang 2004). Current 
ongoing work using low-cost measurement equipment includes RGB-D sensors like the 
Microsoft Kinect have been applied to cold-formed steel framing post-blast records (Whelan et 
al. 2015).   A major effort is ongoing to construct a database of initial geometric imperfections 
for cold-formed steel with a custom-built laser scanner (McAnallen et al. 2014) hosted by the 
Cold-Formed Steel Research Consortium.    
 
The project described herein documents steps for applying3d image-based reconstruction to 
column experiments.    Cold-formed steel studs with fixed-fixed boundary conditions are tested 
to collapse in compression.    Point clouds at multiple steps in the tests are generated using 
digital cameras and compared to manual measurements.   A generalized beam theory modal 
identification approach is used to deconstruct the point clouds into linear combinations of pure 
modes, providing insight into modal participation that can inform future design approaches.   The 
experimental program is introduced in the next section followed by the 3d point cloud results. 
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2. Experimental Program 
 
Cold-formed steel 362S162-33 Cee-section studs,890 mm long between warping fixed supports, 
were subjected to compression testing until failure as shown in Figure 2.Specimen 1 was marked 
with a grid and Specimen 2 was marked with random dots to explore different techniques for 
creating the image reconstructions. (A specimen without markings was also tested however the 
lighting was not adequate to complete the image-based reconstruction, a lesson learned that was 
adjusted on the following two tests presented here).  Full details of the testing program, including 
tested capacities and load-deformation response, are detailed in Tao et al. (2015).   
 

(a) (b)  
Figure 2:  Cold-formed steel stud column test specimens :(a) Specimen 1 with grid pattern 

and (b) Specimen 2 with random dots applied 
 
For both tests, image reconstruction was performed before loading, at 22 kN of compression, 44 
kN (near peak load), and then after peak load at 22 kN again. A digital single-lens reflex (DSLR) 
Nikon D7100 camera was used to take the specimen pictures with24 megapixels resolution. At 
each load step, a sequence of approximately 120 images were taken covering a 360 degree view, 
making sure to overlap the image frame as each picture was taken. Both specimens experienced 
local-global buckling with three distortional buckling half-waves forming along the column 
length and this deformation was captured by the imaged-based reconstruction. 
 
3. 3d Column Image-Based Point Cloud Reconstruction 
 
The digital images from each test were input into a commercial computer program called Agisoft 
PhotoScan (Perry 2013) which uses Structure From Motion (SFM) techniques (Wu 2013) to 
estimate the three-dimensional coordinates of a structure from two-dimensional image 
sequences. The results from each 3d reconstruction are shown in Figures 3 and 4. 
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(a) 0 kN (b) 22 kN (c) 44 kN (d) 22 kN 

Figure3: 3d image-based reconstruction point clouds for Specimen 1 
 
 

    
(a) 0 kN (b) 22 kN  (c) 44 kN  (d) 22 kN 

 
Figure 4: 3d image-based reconstruction point clouds for Specimen 2 

 
The 3D point clouds for each test, i.e., Figure 4 a-d, were aligned with each other using an 
Agisoft Photoscan tool matching the points in the initial dense point cloud (roughly 30,000,000 
points) as shown in Figure 5. 



 5 

 
Figure 5: Raw dense point cloud, test specimen inside red rectangle (approximately 30,000,000 points) 

 
After the initial alignment of each load step the point clouds were scaled and analyzed using 
custom MATLAB code. Each reconstruction was scaled so that it matched the distance between 
supports (e.g., 890 mm) resulting in pre-tested cross-section web dimension errors of about 1.0% 
when compared to manual measurements, i.e., out-to-out web was measured as 92 mm and 91 
mm is measured in the 3d reconstruction.  
 

(a) (b) (c)  
 

Figure 6:(a)Model axis alignment, (b) raw point cloud, (c) isometric point cloud view with 0.25 mm section cut 
 
The Y-axis was aligned to the element longitudinal axis and the Z-axis to the web, as shown in 
Figure 6a. The alignment procedure was performed by selecting 3 points (i.e., A,B,C in Figure 
6a), the first one at the bottom support in the section corner, the second at the top support at the 
section corner, and the third one at the top support in the opposite web section corner. The X-axis 
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was considered as the vector perpendicular to A-B and B-C. Point cloud cross-sections, 200 
evenly distributed along the length of each specimen, were obtained by grouping all the points 
within ±0.25 mm to a cross-section plane and compressing them to be coplanar, see Figure 6b 
and 6c. Point clouds at the lips are not consistent with the actual member shape because the 
lighting caused shadows that confused the image reconstruction algorithm.    
 
Figure 7 highlights potential application of the 3d image-based reconstruction. Mid-height cross-
section deformation for Specimen 2 is tracked, showing distortional buckling deformation of the 
flanges transitioning to weak axis flexural buckling after peak load. 

 
Figure 7: Specimen 2 cross-section deformation as function of axial load 

 
To prepare for the modal identification procedure described in the following section, each of the 
specimen cross-sections was discretized into 9 nodes, segmenting the web and flanges as shown 
in Figure 8a. (Lip geometry was not accurately reconstructed and therefore they are not included 
in the discretization). Figure 8b shows a cross-section point cloud plot (points are in blue color), 
assuming they are all coplanar. The node discretization was fit into the outside boundary points 
of the cross-sections. The red line in Figure 8c represents the points detected as the boundaries of 
a cross-section point cloud and the orange line with yellow dots in Figure 8d represents the fitted 
node discretization and cross sectional elements. All the points that are not part of the section 
boundaries were considered noise and discarded.   The 200 cross-sections per specimen are used 
as input to a modal participation tool described in the following section. 
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(a) (b)           (c)                               (d) 

Figure 8: Cross-section (a) discretization for modal identification tool; (b) raw point cloud; (c) section boundary 
points; (d) automatic node fitting 

 
6. Buckling mode participation using 3d point clouds and generalized beam theory 
 
The cross-sectional dimensions and material properties of each specimen are inputted into a 
freely available tool Buckling Cracker (Cai 2014) and generalized beam theory (GBT) mode 
shapes of Specimen 1 are generated as shown in Figure 9 (Specimen 2 mode shapes are similar 
and not shown). 
 

 
Figure 9: GBT mode shapes for Specimen 1, G global, D distortional, L local buckling 

 
The displacement field at 200 cross-sections along each specimen is then used as input for GBT 
bucking mode identification. Buckling Cracker calculates the modal amplitudes and mode 
participation factors (Cai and Moen 2015). Relative participation of the dominant modes along 
the height of Specimens 1 and 2 are shown in Figures 10 and 11. The member modal 
participation factors are recorded in Tables 1 and 2. Note that the participation factor at 0 kN 
(initial imperfections) should be considered separately from the participation factors under load 
because the factors with load are calculated assuming the initial imperfection as the baseline 
geometry (i.e., with the initial imperfections removed). 
 
For both Specimen 1 and Specimen 2, distortional and local buckling modes mix in the deformed 
shape up to peak load which is to be expected for this cross-section.  Weak axis flexural buckling 
dominates after peak load as the flanges and web developed plastic folds and hinges.   The modal 
participation results are consistent with observations during the experiments. 
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Figure 10: Specimen 1–cross-section modal amplitudes at load: (a) 0 kN (initial imp); (b) 22 kN; (c) 44kN;(d) 22 kN 
 

Table 1: Specimen 1 –Member modal participations - G global, D distortional, L local buckling 
 

Load (kN) G D L 
0 (imp.) 0.24 0.34 0.42 

22 0.09 0.43 0.48 
44 0.25 0.40 0.35 
22 0.46 0.30 0.24 

 

 

 

0 0.5 1

Le
ng

th
 a

lo
ng

 m
em

be
r (

m
m

)

Modal participation

0

125

250

375

500

625

750

Modal participation

 

 

0 0.5 1

Le
ng

th
 a

lo
ng

 m
em

be
r (

m
m

)

0

125

250

375

500

625

750

0 0.5 1
0

125

250

375

500

625

750
Le

ng
th

 a
lo

ng
 m

em
be

r (
m

m
)

Modal participation

 

 

0 0.5 1

Le
ng

th
 a

lo
ng

 m
em

be
r (

m
m

)
Modal participation

 

 

0

125

250

375

500

625

750 2G 3G 5D

6D 7L 9L

10L

mode 2 
mode 3 
mode 5 

mode 7 
mode 9 

mode 6

mode 10 



 9 

 
Figure 11: Specimen 2 - modal amplitudes at load: (a) 0 kN (initial imp.); (b) 22 kN; (c) 44kN; and (d) 22 kN 

 
Table 2: Specimen 2 - Modal participations. G denotes global, D denotes distortional, L denotes local 

 
Load (kN) G D L 

0 (imp.) 0.51 0.23 0.26 
22 0.25 0.36 0.39 
44 0.25 0.40 0.36 
22 0.37 0.35 0.28 

 
7. Conclusion 
 
Off-the-shelf digital cameras and software were used to perform 3d image-based reconstruction 
of two cold-formed steel structural studs loaded to collapse in compression.   Each image 
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reconstructions were made up of approximately 30 million points. When scaled and aligned, the 
3d point clouds were used to make cross-section measurements with an accuracy of ± 1 mm.  
The image reconstructions were used to measure initial geometric imperfections and to track 
cross-section deformation at column mid-height including distortional buckling and weak axis 
flexure deformation at peak load.  Modal participation throughout the load-deformation response 
was also characterized.   Research efforts are ongoing to establish formal reconstruction 
protocols including lighting and image quality to improve point cloud accuracy and consistency, 
especially at the flange stiffening lips which were the most challenging cross-section components 
to document. 
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