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1. Abstract

C- and Z-Sections are one of the most common cold-formed steel shapes in use today. Accurate prediction of the bending performance of these sections is important for reliable and efficient cold-formed steel structures. Recent analytical work has highlighted discontinuities and inconsistencies in the current AISI design provisions for stiffened elements under a stress gradient (i.e., the web of C- or Z-Sections). New methods have been proposed for design. Existing tests on C- and Z-Sections do not provide definitive evaluations of the design expressions for the web due to: incomplete restriction of the distortional mode, arrangement of the specimens (back-to-back vs. toe- to-toe), and lack of information on bracing details. A series of new flexural tests focused on the role of web slenderness in local buckling failures of C- and Z-Sections is proposed. Through careful bracing and an understanding of the inherent interaction between the flange and the web the results may be used for evaluation of existing and proposed methods for strength prediction of webs.

2. Background

Determination of the ultimate capacity of cold-formed steel C- and Z-sections is complicated by yielding and the potential for local, distortional, and lateral-torsional buckling of the section. Current design provisions for C- and Z-sections (AISI 1996) rely on an effective width calculation completed for each element (i.e., web, flange and lip) independently. Buckling modes, such as distortional buckling, which are influenced strongly by the interaction between elements have proven difficult to characterize in the current effective width approach.

In the process of evaluating new design methods to account for distortional buckling researchers have pointed to the existing AISI Specification expressions for stiffened elements under a stress gradient (webs) as one potential source of problems (Hancock et al. 1996, Rogers and Schuster 1995, Schafer and Peköz 1999). The effective width expressions for a stiffened element under a stress gradient should provide the correct ultimate capacity and distribution of material when local buckling of the element occurs. Analytical evidence suggests that current AISI provisions need further study (Schafer and Pekoz 1999).

Experimental studies may be used to directly examine the strength and distribution of local buckling of stiffened elements under a stress gradient. Care must be taken to insure that distortional and lateral-torsional buckling do not influence the interpretation of results. A large number of existing flexural tests on C-sections exist (see Schafer and Pekoz 1999 for a summary); however, existing tests generally focused on the performance of the compression flange and are not ideal for directly evaluating the web. Drawbacks of existing tests include: incomplete restriction of the distortional mode, use of back-to-back specimens, and lack of information on bracing and other details.

The tests proposed in this study will be used to evaluate existing and proposed methods for the effective width of stiffened elements under a stress gradient. In addition, these tests can form the basis for later evaluations in which restrictions on the distortional mode are relieved. In the future, testing with and without the distortional mode restricted could provide information to evaluate complete design rules for C- and Z-sections subject to local and distortional failures.

3. Statement of Work

3.1 Selection of Sections

The primary quantities of interest are the web slenderness (h/t) and the position of the neutral axis (stress gradient across the web). The characteristics of the flange (b/t), lip (d/t), corner radii (r/t) and interaction amongst these elements is important for the section strength – but in this work the goal is to isolate the behavior of the web itself. Thus, series of tests will be performed with h/t varied while b/t and d/t remain constant.

Bracing details must be carefully selected and the final results considered in detail to make direct conclusions about the behavior of the web. In the current AISI design framework buckling of the web is assumed dependent only on h/t and the stress gradient; however analysis indicates that buckling of web is dependent on the flange properties (b, d and t) as well. The rotational stiffness at the web/flange juncture provides the interaction that couples the behavior of the web and flange. Holding b/t and d/t constant assures that the contribution of the flange to this rotational stiffness is constant - this provides the best means for isolating the behavior of the web.
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Figure1.

Industry standard specimens are sufficient for the needed testing. For example, a typical manufacturer of 14 ga. (~0.07 in.) C-Sections provides 8 different web depths from 3 to 18 in. and flange widths from 1.5 to 3.5 in. This provides a more than sufficient range of web slenderness, with nominally the same flange properties (b and d). Though h/t as low as 40 is available, since these webs are fully effective, the smallest suggested h/t is approximately 85. Similar variations exist for Z-Sections. 

At least two sets of flange width and lip length combinations should be tested with h/t varied in order to insure that the behavior of the flange is isolated from the behavior of the web. A small number of tests should be conducted in which additional steel is welded or fastened to the tension flange of a specimen in order to lower the neutral axis and provide a different stress gradient. A preliminary matrix of the selected specimens is given in Table 1.

Table 1. Preliminary matrix of specimens to be tested
(Finite strip analysis and results of initial testing will be used to fine-tune this matrix.)


h/t
b/t
d/t
t
total

bracing study1
-
-
-
-
3

C-Sections (1)
85, 120, 150, 175, 200, 250
35
9
14 ga
6

C-Sections (2)
85, 120, 150, 175, 200, 250
50
14
14 ga
6

Z-Sections
84, 115, 140, 170
30
13
14 ga
4

C-Sections w/ lowered NA
85, 120, 150, 175, 200, 250
35
9
14 ga
6

Outlier tests2
-
-
-
-
4
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1 Preliminary study with a C-Section will be conducted to determine the best method for bracing and restricting the distortional mode. Finite strip analysis will be used to identify an analyze an appropriate section prior to testing.

2 For tests that have results that appear to be an “outlier” when compared to the body of data, two additional tests with nominally identical specimens shall be conducted in order to provide a prediction of average capacity.

3.2 Testing

Flexural tests under four point bending will be conducted. SSRC Technical Memorandum No. 9: Flexural Testing will be used as a guide for the basic test setup and measuring systems (SSRC 1998). The actual specimen dimensions will be measured. If specific tensile data is not available from the manufacturer limited tensile testing will be conducted. Measurement of overall imperfections (out-of-straightness, camber, etc.) of the specimen will be taken. Detailed residual stress and imperfection measurements are not expected for this testing, if these measurements are desired budgetary figures can be determined. Measurements will be taken to adequately determine the overall load-deflection behavior. In a limited number of tests additional detailed measurements (e.g., strain gages across the web) will be taken in order to examine the behavior of the web.
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Figure 2. Anticipated C- and Z- Section Tests

Proper selection of bracing in the test setup is important. Selection of bracing to restrict lateral and distortional buckling will be aided by finite strip analysis of all tested cross-sections. Spacing of braces will be selected to insure that local buckling in the web is free to form, but distortional and lateral buckling is restricted. It is anticipated that adequate bracing can be achieved by traditional means. For example, C-Sections will be tested in a toe-to-toe configuration (see Figure 2) with the flanges connected using small angles spaced as determined from the analysis. A small study, approximately 3 tests, will be conducted on a specimen in which the distortional buckling mode must be restricted by the bracing details, in order to fine-tune the setup (spacing, number of fasteners, etc.).

3.3 Evaluation

The experimental results will be used to directly evaluate the effectiveness of the web. Calculation of the effective width of the web by the following design methods will be considered:

· current AISI procedures (AISI 1996),

· current S136 procedures (CSA 1994) also known as Cohen’s method,

· current ECCS procedures (ECCS 1992), and

· proposed “consistent effective width” method (Schafer 1997).

Calculations for effective width of the flange and lip will consider local buckling only, since distortional buckling and lateral-torsional buckling are specifically restricted in the anticipated test setup.

In addition, the Direct Strength method (Schafer and Peköz 1998) which uses the elastic buckling behavior of the entire cross-section (instead of element by element as is done in current provisions) to predict the strength of the member will also be used in the evaluation. When appropriate, existing tests may be used to supplement the results of the proposed study.

3.4 Work Product

Brief progress reports will be provided to AISI every 3 months as requested in the RFP. A report will be provided upon completion of the project. Upon review and comments from the AISI a final report will be provided. Test data and reports will be made available in electronic format to AISI and other researchers as requested in the RFP.

4. Impact on Industry

C- and Z-Sections are arguably the most common shapes in use today in the cold-formed steel industry. The industry impact of changes to design rules for C- and Z-Sections is significant. Proposed design rules represent changes of 5 to 10% in the predicted strength. Proper determination of the strength of the webs of these common sections is essential to the development of reliable, and efficient designs. Further, these tests will lay the groundwork for testing to resolve issues related to distortional buckling of C- and Z-sections; the resolution of this issue is important for reliable innovation in new cold-formed steel products.

5. Schedule

The proposed schedule for this project is for completion twelve months after the required material for the test specimens are obtained. It is anticipated that a task force of interested parties within AISI and MBMA will be assigned to this project. The active participation of this task force in the early stages of the work will significantly benefit the final outcome. A meeting of the task force (preferably in the Baltimore/Washington D.C. area) in the initial stages of the research would be beneficial.

6. Budget

Funding is being requested from the MBMA concurrent with this proposal to AISI. The total cost of the proposed work is $59,906. Broken down as follows:

Salary – faculty
6,666.67 

One month salary

Salary - graduate student
16,350.00 

9 months FY01 stipend, 3 months (summer) FY02 stipend 

Total salary
23,016.67 








Benefits - faculty (28.5%)
1,900.00 



Benefits - student (7.65%)
321.30 

Benefits on 3 summer months only

Total benefits
2,221.30 








Salary and benefits
25,237.97 








Supplies and equipment
8,250.00 








Tuition
4,986.00 

20% tuition for two terms






Total Direct Costs
38,473.97 








F&A Costs
21,432.30 








Total budget
59,906.27 



The budget assumes that all necessary test specimens will be donated by industry. Further, no monies are included in the budget for travel expenses for a task force meeting, it is assumed that such a meeting will be conducted in the Baltimore/Washington D.C. area.

7. Facilities

Research facilities are located in the Department of Civil Engineering Structural Engineering Laboratory at Johns Hopkins University. A universal testing machine, load cells, extensometers, LVDTs and traditional dial gauges are all available for use. Multi-channel data acquisition systems are available to simultaneously gather strain, load and displacement data during the tests. A machine shop with milling equipment, lathe etc. is available for machining pieces supports, braces etc. needed in the test setup.

8. Personnel

A graduate student will be assigned to the project to work under Assistant Professor Ben Schafer. In addition, Jack Spangler, the Civil Engineering Department Technician will be available to help in the experimental setup and measurement systems for the duration of the project. A one page resume of the principal investigator is attached.

9. References

AISI (1996). AISI Specification for the Design of Cold-Formed Steel Structural Members. American Iron and Steel Institute. Washington, D.C.

Cohen, J. M. (1987). Local Buckling Behavior of Plate Elements, Department of Structural Engineering Report, Cornell University, Ithaca, New York.

CSA (1994). CAN/CSA-S136-94, Cold Formed Steel Structural Members. Canadian Standards Association.

ECCS (1992). Eurocode 3 Design of Steel Structures, Part 1.3 Cold Formed Thin Gauge Members and Sheetings.

Hancock, G.J., Rogers, C.A., Schuster, R.M. (1996). “Comparison of the Distortional Buckling Method for Flexural Members with Tests.” Proceedings of the Thirteenth International Specialty Conference on Cold-Formed Steel Structures, 125-140, St. Louis, MO.

Rogers, C.A., Schuster, R.M. (1995) “Interaction Buckling of Flange, Edge Stiffener and Web of C-Sections in Bending.” Research Into Cold Formed Steel, Final Report of CSSBI/IRAP Project, Department of Civil Engineering, University of Waterloo, Waterloo, Ontario.

Schafer, B.W. (1997) Cold-formed Steel Behavior and Design: Analytical and Numerical Modeling of Elements and Members with Longitudinal Stiffeners. Ph.D. Dissertation. Cornell University.

Schafer, B.W., Peköz, T. (1998). “Direct Strength Prediction of Cold-Formed Steel Members using Numerical Elastic Buckling Solutions.” 14th International Specialty Conference on Cold-Formed Steel Structures. St. Louis, MO.

Schafer, B.W., Peköz, T. (1999). “Laterally Braced Cold-Formed Steel Flexural Members with Edge Stiffened Flanges.” Journal of Structural Engineering. 125(2).

SSRC (1998). Guide to Stability Design Criteria for Metal Structures. 5th Ed., Theodore Galambos, Ed., John Wiley & Sons, Inc.

Benjamin William Schafer

Assistant Professor

Department of Civil Engineering

The Johns Hopkins University

Baltimore, MD 21218

Education

Ph.D.
Cornell University (1995–1997) Civil/Structural Eng.,  Minor: Theoretical and Applied Mech.

Thesis: Cold-Formed Steel Behavior and Design: Analytical and Numerical Modeling of Elements and Members with Longitudinal Stiffeners. Advisor: Teoman Peköz

M.S.
Cornell University (1993–1994) Civil/Structural Engineering

B.S.E.
University of Iowa (1989–1993)

Professional

Senior Engineer
Simpson Gumpertz & Heger, Inc., Arlington, MA (1998 – 2000) Eng. Mech. & Infrastructure Division. 

Failure Investigations, Buried Structures, Seismic Consulting

Research

Postdoctoral Associate
Cornell University (1997–1998)
Cold-formed steel members: distortional buckling behavior, torsional behavior, design procedures. Elastic post-buckling frame stability via bar/spring modeling.

Research Assistant
Cornell University (1993–1997)
Computational modeling of cold-formed steel members with longitudinal stiffeners in the flanges or webs. Determination of reliable implementation of nonlinear analysis methods for cold-formed steel members. New design procedures for multiple longitudinal stiffeners in the compression flange, longitudinal web stiffeners and  longitudinal edge stiffeners.

Teaching

Instructor
Cornell University (1997-1998) Structural Behavior, Modern Structures

Guest Lecturer
Cornell University (1995-1998) Adv. Design of Metal Structures, Adv. Behavior of Metal Structures

Service & Activities

Member
American Society of Civil Engineers (ASCE) (1991–Present)

United States Association for Computational Mechanics (USACM) (1998-Present)

International Association of Bridge and Structural Engineers (IABSE) (1998-Present)

Earthquake Engineering Research Institute (EERI)  (1996–Present)

Committee Work
American Iron and Steel Institute (AISI)  (1995–Present)
  AISI Committee on Specifications for the Design of Cold-Formed Steel Structural Members, membership in  Sub 10 – Element Behavior, Sub 22 – Compression Members, Sub 24 – Flexural Members, Sub 26 – Design Manual, Sub 30 – Education, Sub 31 – General Provisions. Conducted workshops for AISI Committee on Specifications: integrating numerical methods in design (½ day July 1998), design of members with longitudinal stiffeners (1 day February 1998), and numerical analysis and design of cold-formed steel (2 days for Sub 10 April 1997).

Selected Publications:

Gotluru, B.P., Schafer, B.W., Peköz, T. (2000). “Torsion in Thin-Walled Steel Beams.” Accepted for publication in Thin-Walled Structures Journal. 

Schafer, B.W., Peköz, T. (1999). “Laterally Braced Cold-Formed Steel Flexural Members with Edge Stiffened Flanges.” Journal of Structural Engineering. 125(2).

Schafer, B.W., Peköz, T. (1998). “Cold-Formed Steel Members with Multiple Longitudinal Intermediate Stiffeners in the Compression Flange.” Journal of Structural Engineering. 124(10).

Schafer, B.W., Peköz, T. (1998). “Computational Modeling of Cold-Formed Steel: Characterizing Geometric Imperfections and Residual Stresses.” Journal of Constructional Steel Research. 47(3).

Schafer, B.W., Grigoriu, M., Peköz, T. (1998). “A Probabilistic Examination of the Ultimate Strength of Cold-Formed Steel Elements.” Thin-Walled Structures Journal. 31(4).

Schafer, B.W. (1998) "CUFSM Users Manual" currently available at www.cee.cornell.edu/schafer
Schafer, B.W., Peköz, T. (1998). “Direct Strength Prediction of Cold-Formed Steel Members using Numerical Elastic Buckling Solutions.” 14th International Specialty Conference on Cold-Formed Steel Structures. St. Louis, MO.

Test Verification of the Effect of Stress Gradient on Webs of Cee and Zee Sections
6

