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ABSTRACT 

This Third Progress Report summarizes the web crippling tests of 148 specimens and evaluates the test results 

along with an additional 114 web crippling tests which were reported in 1986 as part of a project on Design 

of Automotive Structural Components Using High-Strength Sheet Steels. The 148 web crippling tests 

conducted in this program are the part of the overall project on Strength of Flexural Members Using the 

Structural Grade 80 of ASTM A653 Steel (former ASTM A446 Grade E Steel). The objectives of the ongoing 

project are to study the strength and structural performance of flexural members as affected by using the high­

strength, low-ductility Structural Grade 80 Steel and to develop appropriate design criteria based on the test 

programs. 

Four loading conditions, namely End-One-Flange (EOF), Interior-One-Flange (IOF), End-Two-Flange (ETF), 

and Interior-Two-Flange (lTF) conditions, were considered in the web crippling tests in this program and in 

those reported in 1986. The web crippling test program for this study included 136 single-rib and double-rib 

specimens having a hat-shaped section and sloped webs and 12 single-rib specimens having a hat-shaped 

section and vertical webs. The previous 114 specimens reported in 1986 had a single-rib hat-shaped section 

with vertical webs. For the specimens tested in this program, the yield strength of the steel ranged from 103.9 

to 112.5 ksi, hit ratio from 25.99 to 208.19, Rlt ratio from 2.16 to 5.51, Nit ratio from 34.48 to 88.24, Nih ratio 

from 0.22 to 2.02, thickness of steel sheet ranged from 0.017 to 0.029 inches, and the angle between the plane 

of the web and the plane of bearing surface ranged from 59.5 to 90 degrees. All specimens were loaded to 

failure. 

Both the web crippling tests in this program and those reported in 1986 indicated that the tested ultimate loads 

for the four loading conditions were higher than the predicted loads using the AISI Specification, and modified 

kC
1 

and kC
3 

factors (1.691 for kC1 when Fy exceeds 91.5 ksi and 1.34 for kC3 when Fy exceeds 66.5 ksi), for 

the yield strength of the steels exceeding 80 ksi. The ratio of the tested ultimate load to the calculated load 
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tends to increase with increase in the yield strength of the steels beyond 80 ksi. Therefore, it is conservative 

to use the kC 1 and kC3 factors in Section 3.4 of the current AISI Specification for predicting web crippling 

strength of structural members with yield strength exceeding 80 ksi. It appears that the low ductility of the 

Structural Grade 80 steel does not reduce the web crippling strength of the members made of such steels. 

As a result, new modified kC 1 and kC3 factors were developed based on the 262 web crippling tests which 

included the following parameters: the yield strength Fy ranged from 58.2 ksi to 165.1 ksi, hit ratio from 25.99 

to 208.19, Rlt ratio from 1.496 to 5.696, Nit ratio from 22.70 to 88.24, Nih ratio from 0.17 to 2.02, thickness 

of steel sheets ranged from 0.017 in. to 0.088 in., and the angle between the plane of the web and the plane of 

bearing surface ranged from 59.5 to 90 degrees. Reasonable agreement was found between the tested ultimate 

loads and the predicted loads using the newly modified kC1 and kC3 factors. It is also recommended that in 

order to simplify designs, the current kC1 in Section 3.4 of the AISI Specification can be used for all the IOF, 

ITF, EOF, and ETF loading conditions, resulting in a simple but conservative solution. 
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1. INTRODUCTION 

1.1 BACKGROUND 

Cold-fonned steel decks have been widely used in buildings as load-carrying structural elements, such as floor 

and roof decks (Yu 1991, SDI 1992, USD 1994). One of the main structural functions for the steel decks is to 

carry live and dead loads and transfer the loads to beams or girders. As a result, the decks work as flexural 

members. The steel decks usually consist of several hat-shaped ribs fonned together in their cross section. 

When such decks, either in single-span or multi-span, are subject to unifonn or concentrated loads, the overall 

stability of the decks, such as lateral torsional buckling, often does not control the moment capacity of the 

members. 

In the United States, it is a common practice that steel decks are made of the Structural Grade 80 of ASTM 

A653 steel (fonnerIy ASTM A446 Grade E steel). The unique property of the Structural Grade 80 steel, as 

compared to the conventional steels used for cold-fonned members, is that it has a high specified yield 

strength (Fy=80 ksi (551.6 MPa) and a low tensile-to-yield strength ratio (FjFy=1.03). The ductility of the 

steel is unspecified (ASTM A446) and was reported to be smaller than the ductility requirements for the 

conventional steels (Dhalla and Winter 1971). 

Due to the lack of ductility and low tensile-to-yield strength ratio of the Structural Grade 80 steel and 

considering the required ductility for adequate structural perfonnance, Section A3.3.2 of the specifications for 

the design of cold-fonned steel structural members (AISI 1986, AISI 1991) penn its the use of the steel for 

particular configurations provided that (1) the yield strength, Fy, used for the design of members, is taken as 

75% of the specified minimum yield point or 60 ksi (413.7 MPa), whichever is less, and (2) the tensile 

strength, F U' used for the design of connections and joints, is taken as 75% of the specified minimum tensile 
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In the past, studies on the strength and perfonnance of structural components made of the Structural Grade 80 

steel were limited (Wu, Yu, and LaBoube 1995). The reduction of the specified material properties by 25% 

for design purposes is based on the fact that the structural perfonnance of cold-fonned members and 

connections made of such a steel has not been fully investigated and understood. Therefore, an in-depth 

investigation on structural perfonnance of flexural members made of the Structural Grade 80 steel as affected 

by high yield and tensile strengths, low ductility, and low FjFy ratio of the steel is needed. 

1.2 OBJECTIVE AND SCOPE 

In September 1994, a research project entitled "Strength of Flexural Members Using Structural Grade 80 of 

A653 and Grade E of A611 Steels" was initiated at the University of Missouri-Rolla under the sponsorship of 

American Iron and Steel Institute. The objective of the overall research is to study the structural perfonnance 

and strength of the cold-fonned steel members and connections made of ASTM A653 Structural Grade 80 

steel. In addition, appropriate design criteria will be developed for consideration in the AISI Specifications. 

The overall research consists of three phases: preliminary study (first phase); experimental investigation 

(second phase); and development of design recommendations (third phase). The preliminary study has been 

completed, which included literature review, evaluation of earlier existing test data, and material tests. The 

results of the first phase of the study were reported in the First Progress Report (Wu, Yu, and LaBoube 1995). 

The experimental investigation includes several tasks: (1) Design and prepare test specimens for beam tests 

and connection tests; (2) Conduct beam tests for detennining section strength (effective yield moment); (3) 

Conduct beam tests for detennining web crippling strength; (4) Conduct a preliminary study of screw and 

welded connections; (5) Evaluate all available test results. The beam tests for flexural strength have been 

completed and the results of the beam tests were evaluated and presented in the Second Progress Report (Wu, 

Yu, and LaBoube 1996). This Third Progress Report reviews previous web crippling tests using high-strength 
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steels in Section 2; describes the specimens for web crippling tests and test setup in Section 3; presents the test 

results on the web crippling strength of the panels with EOF, IOF, ETF, and rTF loading conditions in Section 

4; evaluates the results along with additional web crippling test data reported in 1986 in Section 5; and 

discusses the development of new design criteria in Section 6. A summary is included in Section 7. The 

connection tests are planned for further study and the results of the tests will be included in the Fourth 

Progress Report. 
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2. LITERATURE REVIEW 

PREVIOUS WEB CRIPPLING TESTS USING HIGH-STRENGTH SHEET STEELS 

In 1986, a research on web crippling strength of cold-formed steel beams using high-strength sheet steels was 

completed at the University of Missouri-Rolla as a part of an overall project on "Design of Automotive 

Structural Components Using High-Strength Sheet Steels (Santaputra and Yu 1986)." The purpose of the 

research was to study the structural behavior and strength of cold-formed steel beams made of high-strength 

steels and subjected primarily to web crippling load and a combination of web crippling load and bending 

moment. It was intended to use the research fmdings for a possible development of new and/or modified 

design criteria and to extend the use of materials having yield strengths exceeding the limitations included in 

the AISI design specifications at the time. 

In the 1986 UMR study, a total of 150 hat sections and 96 I-beams were tested for four basic loading 

conditions, namely EOF, IOF, ETF, and ITF conditions. An additional 18 tests were also performed for the , 

transition ranges between the basic loading conditions. For all the specimens, the yield strength of the steels 

ranged from 58.2 to 165.1 ksi, hit ratio from 31.90 to 108.70, R/t ratio from 1.496 to 5.696, Nit ratio from 

22.70 to 43.50, Nih ratio from 0.395 to 0.738, and thickness of steel sheet from 0.046 to 0.088 inches. The tests 

were conducted in a load control mode and all specimens were loaded to failure. 

Two fundamental failure modes were recognized during the tests. One was called overstressing or bearing 

failure, and another was called web buckling failure. In the overstressing mode, the webs underneath the 

bearing plate slowly crushed and the bearing plate penetrated down into the webs when a peak load was 

reached. Afterward, the load could be maintained at the peak load level while the bearing plate continued to 

penetrate down. The out-of-plane deformation of the webs underneath the bearing plate tended to be 

relatively small. This mode of failure usually occurred in the specimens made of a yield strength less than or 
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around 80 ksi. However, for the specimens made of a yield strength exceeding 100 ksi, the situation was 

different. The webs underneath the bearing plate became unstable when a peak load was reached. Then the 

webs suddenly crushed underneath the bearing plate, following a quick drop of applied load. A relatively 

large out-of-plane deformation of the webs was accompanied with the failure. The deformation was even 

apparent before the peak load was reached. 

It was founq that the kC 1 and kC) factors, stated in Section 3.4 of the AISI Specifications for predicting the 

web crippling strength of structural members, represent two parabolic curves with respect to yield strength of 

steel, Fy, as shown in Fig. 2.1. The values of the factors reach a peak at the Fy equal to 91.5 ksi for kC
t 

and 

66.5 ksi for kC) and then decrease with further increases in yield strength. Apparently, it may not be rational 

to use the descending branch of the curves for predicting web crippling strength with higher yield strength of 

steels since the factors were mainly developed based on the materials with yield strength less than 60 ksi 

(Herakul and Yu, 1978). Considering this situation, Santaputra and Yu made a modification for the kC t and 

kC) factors in order for them to be used for predicting web crippling strength of the specimens. They removed 

the descending branches of the curves and replaced them with horizontal lines at the peak of the curves. The 

peak value for kC 1 was taken as 1.691 at the yield strength of 91.5 ksi and this value was also used for the 

yield strength larger than 91.5 ksi. Similarly, the peak value for kCl was taken as 1.34 at the yield strength of 

66.5 ksi and it was used for the yield strength larger than 66.5 ksi as well. 

With the use of the modified kC) and kC) factors, the tested ultimate loads were compared with the calculated 

loads using the 1986 edition of the AISI Specification. For the specimens with,hat-shaped section, it was 

found that the tested ultimate loads for the four basic loading conditions were usually larger than the 

calculated loads, especially for the yield strength larger than 80 ksi, and the ratio of the tested ultimate load to 

the calculated load tended to increase with the increases in the yield strength. 

Based on the observation of the two fundamental failure modes and the differences between the tested and 
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predicted values, a set of new equations were developed to be used for predicting web crippling strength of 

automotive structural members made of high-strength steels. These equations have completely different 

formats from those presently included in Section 3.4 of the AISI Specifications. Additional web crippling test 

data from three other sources were also considered in the development of the equations. Using the available 

test data, a set of parameters were used for deriving the equations. These parameters ranged as follows: the 

yield strength from 27.5 to 165.1 ksi, hit ratio from 22.4 to 259.8, RJt ratio from 0.94 to 9.77, NIt ratio from 

6.77 to 79.05, Nih ratio from 0.080 to 2.406, and the thickness of steel sheets from 0.0253 to 1.148 inches. 

The comparisons between the tested failure loads and predicted loads indicated good agreements between the 

proposed equations and the available test data. 
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3. DESIGN OF SPECIMENS FOR WEB CRIPPLING TESTS 

ill the present investigation reported herein, the specimens for web crippling tests were designed by using the 

Structural Grade 80 of ASTM A653 steel. The hit ratios of the specimens were selected based on the current 

deck panel products from the steel deck industry. Special consideration was taken to ensure specific failure 

mode corresponding to each of four basic loading conditions (EOF, IOF, ETF, and ITF). Section 3.1 

describes different cross-sections of the specimens. Section 3.2 presents actual dimensions of the specimens. 

3.1 CROSS-SECTIONS AND THICKNESSES OF TEST SPECIMENS 

Nineteen sections were selected for studying the web crippling strength. Of the nineteen sections, sixteen 

sections had single rib or double ribs with sloped webs, while three sections had only single rib and vertical 

webs (90 degree angle with respect to bearing surface). The main section parameters include: web flat-depth­

to-thickness ratio (hit), inside bend radius (R), and the angle between plane of web and plane of bearing 

surface (9). 

Two types of steel sheets, namely 22 and 26 gage sheets, were used for the specimens with the sloped webs, 

while only 22 gage sheet was used for the specimens with the vertical webs. The selected hit ratio ranged 

from 25.86 to 206.90 and the wit ratios from 34.48 to 117.64 for the specimens with the sloped webs. For the 

specimens with the vertical webs, the hit ratio ranged from 51.72 to 155.17 and the wit ratio from 68.97 to 

155.17. The hit ratios were determined based on the current cold-formed steel deck products (USD 1994, SDI 

1992) and considering the limit on maximum hit ratio in the AISI Specification. The designed inside bend 

radius, R, was taken as 1116 and 118 inches, resulting in a Rlt ratio ranging from 2.16 to 7.35 for the specimens 

with the sloped webs, while the designed inside bend radius for the specimens with the vertical webs was 1/8 

inches. The designed angle between the plane of the web and the plane of the bearing surface, 9, was taken as 

60 degrees for the specimens with the sloped webs and 90 degrees for the specimens with the vertical webs. 
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For the sections with the sloped webs, the specimens with the hit ratio of less than 100 consisted of two ribs , 

while the specimens with the hit ratio of over 100 had a single rib. All specimens with the vertical webs had 

a single rib. 

Table 3.1.1 illustrates the variation of the hit and wit ratios used for the nineteen sections, and Figure 3.1.1 

shows the shape of the sections. [n Table 3.1.1, each combination of hit, wit, and Rlt ratios corresponds to one 

section. 

The material properties of the Structural Grade 80 steel were determined based on a total of seventy-six tensile 

coupon tests (Wu, Yu, and LaBoube 1995). The tensile coupons were made of 22, 24, 26, and 28 gage steel 

sheets and cut from the sheets with the orientation both parallel and perpendicular to the rolling direction of 

the sheets. The results of the tensile coupon tests are presented in Table 3.1.2. It is noted in the table that with 

decreases in thickness of the steel sheets, the yield and tensile strengths tend to increase, but the ductility tends 

to decrease. In the direction perpendicular to the rolling direction, the 0.2% offset yield strength and the 

tensile strength of the sheets are much higher than those in the rolling direction, while the ductility is much 

lower than that in the rolling direction. 

3.2 MEASURED DIMENSIONS OF TEST SPECIMENS 

For each of the nineteen sections, the members were manufactured from long sheets. A segment was cut from 

the members representing each section. The dimensions of each segment were carefully measured using a 

calliper with an accuracy of 0.001 inches (0.025 mm). The angle between planes of the web and adjacent 

flanges was measured twice using an angular ruler, one with respect to the compression flange and the other 

with respect to the tension flange. The measured dimensions of all elements and the angles of all webs are 

given in Table 3.2.1, and the shape of the sections is shown in Figure 3.1.1. In these tables, each section is 

designated as: t**h**R**9*, where "t**" represents gage number (thickness), such as t22 (22 gage); "h**" 
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represents the flat depth of the web, such as hI (h=l.O inch); "R**" indicates the inside bend radius; and "8" 

represents the angle of the web, such as 860 (60 degree angle). 

The length of the specimens was determined based on the width of the bearing plates, the minimum distance 

between two adjacent bearing plates (l.5h), and the minimum distance between a bearing plate and the end of 

a specimen (1.5h) as required for the EOF, IOF, ETF, and ITF loading conditions in the AISI Specifications. 

It was intended to exceed the required minimum distance in the actual specimens as to ensure the validity of 

each one-flange loading condition. For the EOF loading condition, the length of the specimens was designed 

to exceed the minimum distance requirement, but was short enough to avoid flexural failure in the middle of 

the specimen. The length of the specimens for the IOF loading condition was short enough to reduce the effect 

of moment on the interaction between the moment and the web crippling load. This would allow the web 

crippling load to be the control factor in the combined moment-web crippling failure. Due to the use of the 

shorter length for the specimens with the rOF loading condition, the shear lag effect was considered in 

determining the effective section flexural strength. Once the lengths of the specimens were determined, the 

specimens were very carefully cut from the members representing each section. 

For all the specimens, the actual hit ratio ranged from 25.99 to 208.19, the actual wit ratios from 35.19 to 

156.03, the actual Rlt ratio from 2.16 to 5.51, the actual Nit ratio from 34.48 to 88.24, the actual Nih ratio 

from 0.22 to 2.02, the actual angle between the plane of web and plane of bearing surface from 59.5 to 90 

degree, the actual thickness of steel sheet from 0.017 to 0.029 inches, and the actual yield strength of the steel 

from 103.9 to 112.5 ksi. The actual values are listed in Table 3.2.2 for all the sections. 
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4. WEB CRIPPLING TESTS 

A total of 148 specimens were tested to study the web crippling strength of the specimens using the Structural 

Grade 80 steel. Among the 148 specimens, 39 specimens were tested in EOF loading condition, 38 specimens 

in rOF loading condition, 36 specimens in ETF loading condition, and 35 specimens in rTF loading condition. 

All the tests were conducted through a displacement control program and all the panels were tested to failure. 

Section 4.1 describes the test setup. Section 4.2 deals with the test procedure. Sections 4.3 through 4.6 

present the test results for the EOF, rOF, ETF, and ITF loading conditions, respectively. 

4.1 TEST SETUP 

The MTS 880 Test System located at the Engineering Research Laboratory of the University of Missouri­

Rolla, as shown in Fig. 4.1.1, was used to carry out the deck panel tests. It consists of a loading frame with top 

and bottom platens (on the right of the picture), various control panels (in the middle of the picture), and a data 

acquisition system (on the left in the picture) with a real time computer monitor (not shown in the picture). 

The System uses the close-loop control scheme with three main control modes, namely load, strain, and 

displacement controls which are automatically operated in the System. During a test, the top platen is 

stationary, while the bottom platen is controlled by the System to move up and down as to apply load. 

In the EOF loading condition, the specimen was placed on two simple supports (one was a roller condition and 

the other was a pin condition) which were fastened on a wide flange support beam 84 inches long. The support 

beam was frrmly connected to the bottom platen of the MTS 880 loading frame. The width of the end bearing 

plates was taken as 1 inch at the two supports. A 4-inch wide bearing plate together with a fIxed roller was 

placed at the center of the specimen. Load was applied to the central fIxed roller which was against the 

unmovable top platen of the loading frame while moving the bottom platen upwards. Bracing was attached to 

the tension flange of the specimen using C-clamps at a distance of at least 1.5h away form the edge of the end 
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bearing plates and at three locations near the central bearing plate to prevent the section from changing its 

shape as shown in Fig. 4.1.2. For the specimens having a single rib with sloped webs, and a hit ratio 

exceeding 100, the bracing was fastened to the tension flange at a distance of 1/4 inch away from the edge of 

the end bearing plates. Wooden blocks or an overlapping segment of the same section were used under the 

central bearing plate to avoid premature failure of the webs near the center of the specimen as shown in Fig. 

4.1.3. The test setup for the EOF loading condition is illustrated in Figures 4.1.2. 

In the lOF loading condition, the test setup was similar to that in the EOF loading condition, except that the 

width of the end bearing plates was taken as 3 inches, while the width of the central bearing plate was taken as 

1.5 inches. Wooden blocks were placed at the supports instead of under the central bearing plate. The test 

setup is shown in Fig. 4.1.4. 

In the ETF loading condition, one end of the specimen was placed on a support which was fastened on the 

wide flange supporting beam. At this end of the specimen, a I-inch wide bearing plate was laid underneath 

the bottom flange of the specimen as well as on the top flange of the specimen as shown in Fig. 4.1.5. A fixed 

roller was then placed on the top of the top bearing plate. A wooden block was used to support the other end 

of the specimen prior to testing. Load was applied to the fixed roller which was against the unmovable top 

platen of the loading frame while moving the bottom platen upwards. After the load was applied, the wooden 

block at the other end was removed away. Bracing was attached to the tension flange of the specimen using 

C-clamps at a distance of at least I.Sh away from the edge of the end bearing plate and at two locations near 

the other end of the specimen to prevent the section from changing its shape as shown in Fig. 4.1.5. For the 

specimens having a single rib with sloped webs, and hit ratio exceeding 100, bracing was fastened to the 

tension flange at a distance of 114 inch away from the edge of the end bearing plate. The test setup in the ETF 

loading condition is illustrated in Figures 4.1.6. 

In the ITF loading condition, the test setup was similar to that for the ETF loading condition, except that the 
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top and the bottom bearing plates were placed at the center of the specimen. For all the specimens tested in 

this loading condition, bracing was attached to the tension flange at a distance of at least l.5h away from the 

edge of the central bearing plate. The test setup in the rTF loading condition is illustrated in Figures 4.1.7. 

4.2 TEST PROCEDURE 

Prior to testing, lines were drawn on specimens to indicate locations of loading and centers of support. The 

specimen was then put on the support beam on the MTS loading frame along with the bearing plates. The 

bearing plates were carefully aligned with the existing lines on the specimen. The load conditioner in the 

MTS system was zeroed. 

The displacement control mode of the MTS system was then started immediately after continuous data 

recording was initiated. The bottom platen of the MTS loading frame moved upwards to push the top fIxed 

roller against the top platen, resulting in an applied load at the center of the fIxed roller. The displacement 

mode continued throughout testing with a displacement rate of 0.00014 inches per second. After the specimen 

had failed, the displacement control mode was terminated while the data recording continued until the top 

fIxed roller was automatically and gradually released away from the top platen in order to obtain the 

descending branch in the load-displacement relationship. 

4.3 TEST RESULTS FOR EOF LOADING CONDITION 

A total of 39 specimens were tested for the EOF loading condition, which involved 19 sections as shown in 

Table 3.2.1. Of the 39 specimens, 33 specimens had the sloped webs, while 6 specimens had the vertical 

webs. For each section, two specimens were tested. If the two tested loads differed from each other for 'about 

10%, a third test was conducted for the same section. Under the displacement control mode, all the specimens 

experienced gradual failure. The out-of-plane deformation of webs for the specimens with larger hit ratios 
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occurred gradually at the early stage of loading and continued to increase until failure. A sudden drop of 

applied load due to buckling of the web was not observed during tests. The tested ultimate loads for all the 

specimens are listed in Table 5.1.1. 

For the specimens with two ribs and sloped webs (hit ratio less than 100), shortly after the load was applied, 

the outer tips of the unstiffened flanges and the middle portion of the stiffened flange at the end bearing plates 

started to deform upward as shown in Fig. 4.3.1. This upward deformation continued to increase with further 

increases in applied load. The outer tips of the unstiffened flanges also tended to deform laterally during the 

loading process, while the corners of the stiffened flange at the end bearing plate did not have much freedom 

to move laterally. This may cause the two inner webs to carry more load than the two outer webs. Both the 

inner and the outer webs were bent with concave curvature. As a result, the two inner webs failed by forming 

an inclined yield line in the lower portion of the webs as shown in Figures 4.3.1 and 4.3.2. In Fig. 4.3.2 the 

outer webs tended to remain straight, and a residual deformation existed in the inner webs. 

For the specimens with single rib and sloped webs (hit ratio larger than 100), the outer tips of the unstiffened 

flanges at the end bearing plates also tended to deform upward and laterally shortly after the load was applied. 

However, due to the use of the bracing near the edge of the end bearing plate, the upward and lateral 

deformations of the unstiffened flanges could not develop considerably with further increase in applied load. 

The lower portion of the webs at the end bearing plates tended to bend with concave curvature. Eventually an 

inclined yield line was formed in the lower portion of the webs, resulting in the failure of the specimen. The 

residual deformation of the webs after test can be seen in Fig. 4.3.2. 

The specimens with single rib and vertical webs performed in the similar way as the specimens with single rib 

and sloped webs. The slight difference was that the outer tips of th~unstiffened flanges at the end bearing 

plates tended to deform largely upward due to the fact that the bracing was placed at a distance of at least l.5h 

away from the edge of the end bearing plate as shown in Fig. 4.3.3. The specimens failed also by forming an 
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inclined yield line in webs, similar to the failure observed in the specimens with single rib and sloped webs. 

The residual deformation after test could be seen in the webs as well, as indicated in Fig. 4.3.4 (three 

specimens in the lower portion of the picture). 

For the similar hit and wit ratios, the specimens with smaller Rlt ratio tended to develop slightly higher loads 

than the specimens with larger Rlt ratio. Since the actual two Rlt ratios did not differ significantly, the Rlt 

ratio seemed not to be a controlling parameter to affect the web crippling strength. 

4.4 TEST RESULTS FOR IOF LOADL~G CONDITION 

A total of 38 specimens were tested for the IOF loading condition, which involved 19 sections as shown in 

Table 3.2.1. Of the 38 specimens, 32 specimens had the sloped webs, while 6 specimens had the vertical 

webs. For each section, two specimens were tested and the results of the two specimens were fairly consistent. 

Under the displacement control mode, all the specimens experienced gradual failure. The out-of-plane 

deformation of webs for the specimens with larger hit ratios occurred gradually at the early stage of loading 

and continued to increase until failure. A sudden drop of applied load due to buckling of the webs was not 

observed during tests. The tested ultimate loads for all the specimens are listed in Table 5.2.1. 

For the specimens with two ribs and sloped webs (hit ratio less than 100), shortly after the load was applied, 

the compression flange underneath the central bearing plate started to bend downward. The upper portion of 

the webs under the central plate tended to deform outward near the two transverse edges of the plate at the 

early stage of loading. This outward deformation of the web continued to increase with further increases in 

applied load, while the web-flange comers underneath the central plate were pushed down by the plate with 

respect to adjacent comers outside the central plate. When a peak load was reached, the two local outward 

deformation of the web near the two transverse edges of the central plate joined together to form an outward 

bulged web as shown in Figure 4.4.1 and 4.4.2. Shortly after the peak was reached, a yield line was formed in 
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the upper portion of each web underneath the central bearing plate as shown in Fig. 4.4.3. The web-flange 

corners underneath the central plate continued to be pushed downward, while the outward bulged defonnation 

of the web further increased until the outer edge of the bulged defonnation was about 1 h to 1.5h away from 

the edge of the central plate. The peak load decreased slowly. The residual defonnation of the specimens 

after test can be seen in Figures 4.4.4, 4.4.5, and 4.4.6. 

The behavior of the specimens with single rib and sloped webs and the specimens with single rib and vertical 

webs was similar to that of the specimens with two ribs and sloped webs as shown in Figure 4.4.7. The 

residual defonnation of the specimens after test can be seen in Figures 4.4.6 and 4.4.7. For the similar hit and 

wit ratios, the specimens with smaller Rlt ratio tended to develop slightly higher loads than the specimens with 

larger Rlt ratio. 

4.5 TEST RESULTS FOR ETF LOADING CONDITION 

A total of 36 specimens were tested for the ETF loading condition, which involved 16 sections as shown in 

Table 3.2.1. All of the 36 specimens had the sloped webs. For each section, two specimens were tested. lfthe 

two tested loads differed from each other by 10%, a third test was conducted for the same section. Under the 

displacement control mode, all the specimens experienced gradual failure. The out-of-plane deformation of 

webs for the specimens with larger hit ratios occurred gradually at the early stage of loading and continued to 

increase until failure. A sudden drop of applied load due to buckling of the webs was not observed during tests. 

The tested ultimate loads for all the specimens are listed in Table 5.3.1. For the similar hit and wit ratios, the 

specimens with smaller Rlt ratio tended to develop slightly higher loads than the specimens with larger Rlt 

ratio. 

For the specimens with two ribs and sloped webs (hit ratio less than 100), similar to those specimens in the 

EOF loading condition, the outer tips of the unstiffened flanges and the middle portion of the stiffened flange 
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at the end bearing plates started to defonn upward shortly after the load was applied. This upward 

defonnation continued to increase with further increases in applied load as shown in Fig. 4.5.1. The outer tips 

of the un stiffened flanges also tended to defonn laterally during the loading process, while the corners of the 

stiffened flange at the end bearing plate did not have much movement laterally. This could cause the two 

inner webs to carry more load than the two outer webs. Both the inner and the outer webs were bent with 

concave curvature for most of the specimens as shown in Fig. 4.5.1, while few specimens experienced convex 

curvature of the inner and outer webs as shown in Fig. 4.1.5. As a result, the two inner webs failed by fonning 

an inclined yield line in the lower or upper portion of the web as shown in Figures 4.5.1. and 4.1.5. Figure 

4.5.2 indicates that the outer webs tended to remain after the tests, and the residual deofrrnation existed in the 

inner webs. 

For the specimens with single rib and sloped webs (hit ratio larger than 100), the outer tips of the unstiffened 

flanges at the end bearing plates also tended to defonn upward and laterally shortly after the load was applied. 

However, due to the use of the bracing near the edge of the end bearing plate, the upward and lateral 

defonnations of the unstiffened flanges could not develop considerably with further increase in applied load. 

Two different defonned shapes of the webs were observed during tests, namely asymmetric curvature and 

symmetric convex curvature of the webs as shown in Figures 4.5.3 and 4.5.4. Most of the specimens tended 

to form the symmetric shape with convex curvature. It was found that the specimens with the asymmetrically 

defonned shape resulted in a larger load than its counterpart with symmetrically defonned shape for the same 

section. Eventually an inclined yield line was formed in the lower or upper portion of the web, resulting in the 

failure of the specimen. The residual defonnation of the web after test can be seen in Figure 4.5.5. 

4.6 TEST RESULTS FOR ITF LOADING CONDITION 

A total of 35 specimens were tested for the ITF loading condition, which involved 16 sections as shown in 

Table 3.2.1. All of the 35 specimens had the sloped webs. For each section, two specimens were tested. If the 
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two tested loads differed from each other by 10%, a third test was conducted for the section. Under the 

displacement control mode, all the specimens experienced gradual failure. The out-of-plane deformation of 

webs for the specimens with larger hit ratios occurred gradually at the early stage of loading and continued to 

increase until failure. A sudden drop of applied load due to buckling of the webs was not observed during tests. 

The tested ultimate loads for all the specimens are listed in Table 5.4.1. For the similar hit and wit ratios, the 

specimens with smaller Rlt ratio tended to develop slightly higher loads than the specimens with larger Rlt 

ratio. 

For all the specimens with single rib or two ribs, the out edges of unstiffened flanges and the middle portion of 

the stiffened flange above the bottom central bearing plate tended to deform upward shortly after load was 

applied, but with further increases in applied load, the development of the upward deformation seemed to be 

very slow. The bottom portion of the web above the bottom central bearing plate started to bend with concave 

curvature, while the top portion of the web underneath the top central bearing plate tended to bend with 

convex curvature, forming a double curvature in webs. As the load increased, a small bottom portion of the 

web above the bottom bearing plate was flattened out and the web-flange comer underneath the top bearing 

plate was pushed downward as compared to the comers outside the top bearing plate as shown in Figures 4.6.1 

and 4.6.2. This caused the sloped webs to become vertical and resulted in the formation of the yield lines in 

the bottom portion of the web above the bottom bearing plate and in the top portion of the web underneath the 

top bearing plate as shown in Figure 4.6.3. A peak load was reached shortly before the yield lines were 

formed. After the webs between the top and bottom bearing plates became vertical, the applied load decreased 

very slowly, and for some specimens, the load started to increase slightly again. The residual deformation in 

the specimens after tests can be seen in Figure 4.6.4. 
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5. EVALUATION OF TEST RESULTS 

The results of the 148 web crippling tests with the EOF, IOF, ETF, and ITF loading conditions were evaluated 

using the AISI Specification (AISI 1986), actual and specified material properties, and the measured 

dimensions. Also evaluated are the 114 web crippling tests that were reported by Santaputra and Yu (1986). 

The sectional properties of the 114 specimens can be found in Santaputra and Yu (1986). This section 

presents the results of the evaluation. In the following discussion, Sections 5.1 through 5.4 evaluate the test 

results with the EOF, IOF, ETF, and ITF loading conditions, respectively. 

5.1 EVALUATION OF TEST RESULTS WITH EOF LOADING CONDITION 

As discussed in Section 2, the present kC1 and kC) factors stated in Section 3.4 of the AISI Specifications for 

predicting the web crippling strength of cold-formed structural members may not be rational for the members 

made of high-strength steels (yield strength larger than 80 ksi). For all the specimens tested in this research 

program, the yield strength of the steel ranged from 103.9 to 112.5 ksi, which will result in both kC 1 and kC] 

factors being on the descending branches of the kC1 vs. F y and kC) vs. F y curves shown in Fig. 2.1. Thus, a 

modification on the kC1 and kC) factors, as used by Santaputra and Yu (1986), was employed again to predict 

the web crippling strength of the specimens tested in this program. The modification was to remove the 

descending branches of the kC1 vs. Fy and kC) vs. Fy curves and replace them with horizontal lines at the peak 

of the curves. The peak value for kC1 was taken as l.691 at the yield strength of9l.5 ksi and this value was 

also used for the yield strength larger than 91.5 ksi. Similarly, the peak value for kC3 was taken as 1.34 at the 

yield strength of 66.5 ksi and it was used for the yield strength larger than 66.5 ksi as well. Prior to the peak 

values, the present kC1 and kC) factors stated in the AISI Specifications are used. 

The tested ultimate loads of the 39 specimens with the EOF loading condition were compared with the 

calculated loads using the modified kC) factor as discussed above. The ratio of the tested ultimate load to the 
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calculated load is plotted with respect to the yield strength, Fy, for the 39 specimens tested in this program and 

30 specimens reported by Santaputra and Yu as shown in Fig. 5.!.!. The load ratios are also listed in Table 

5.1.1. It is shown in the figure that the ratio of the tested ultimate load to the calculated load tends to increase 

with increases in the yield strength of steel, especially when the yield strength is larger than 80 ksi. It is noted 

that the load ratios are all larger than 1.0, ranging from 1.25 to 2.91. This indicates that using the modified 

kCJ for predicting the web crippling strength of the specimens made of high-strength steels is conservative for 

the EOF loading condition and the conservatism increases with increases in the yield strength. 

The ratio of the tested ultimate load to the calculated load is also plotted with respect to the hit ratio of the 

specimens as shown in Figure 5.1.2. It is noted that the trend between the load ratio and the hit ratio does not 

appear to follow the same trend as observed in Fig. 5.1.1. It implies that the hit ratio may not be a significant 

factor to affect the web crippling strength of the specimens made of high-strength steels on the basis of using 

the present equations in the AISI Specifications for the web crippling strength calculation, that is, using the 

factor (1 79-0.33 (hJt» for stiffened flanges and the factor (1 17-0. 15(hJt» for unstiffened flanges in Section 3.4 

of the AISI Specifications. Relatively large scatter of the data can be seen in Fig. 5.1.2 for the specimens with 

the hit ratio less than 100. It has to be addressed that for the specimens with the hit ratio larger than 100 and 

having the sloped webs, bracing was attached to the tension flanges of the specimens at a distance of 114" 

away from the edge of the end bearing plate to prevent the section from changing its shape. By doing so, the 

tested loads of these single-rib specimens with sloped webs were consistent with those of the specimens with 

vertical webs and braced at least l.5h away from the end bearing plate. 

5.2 EVALUATION OF TEST RESULTS WITH IOF LOADING CONDITION 

Similar to the modified kCJ factor used for predicting the web crippling strength for the EOF loading 

condition as discussed in Section 5.1, the modified kC I factor was used for predicting the web crippling 

strength of the 38 specimens tested in this research program for the IOF loading condition. The flexural 
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strength of the specimens was detennined by using the AISI Specification and a yield strength reduction factor 

obtained in the Second Progress Report (Wu, Yu, and LaBoube 1996). The shear lag effect does not control 

the strength calculation. 

The tested ultimate loads of the 38 specimens with the IOF loading condition were compared with the 

calculated loads using the modified kC, factor, and the tested ultimate moments of the specimens obtained in 

the same loading condition were compared to the calculated moments using the yield strength reduction factor. 

The ratio of the tested ultimate moment to the calculated moment is plotted with respect to the ratio of the 

tested ultimate load to the calculated load for the 39 specimens tested in this program and for additional 36 

specimens reported by Santaputra and Yu as shown in Fig. 5.2.1. The load and moment ratios are also listed 

in Table 5.2.1. The envelope for combined web crippling load-moment interaction as specified in Section 3.5 

of the AISI Specifications is also shown in Fig. 5.2.1. It is noted in the figure that most of the tested data fall 

outside of the envelope, indicating the conservatism of using the modified kC, factor for predicting the web 

crippling strength of the specimens made ofhigh-strength steels in the IOF loading condition. 

5.3 EVALUATION OF TEST RESULTS WITH ETF LOADING CONDITION 

Similar to the modified kC1 factor used for predicting the web crippling strength for the EOF loading 

condition as discussed in Section 5.1, the modified kC1 factor was also used for predicting the web crippling 

strength of the 36 specimens tested in this research program for the ETF loading condition. 

The tested ultimate loads of the 36 specimens with the ETF loading condition were compared with the 

calculated loads using the modified kC1 factor as discussed above. The ratio of the tested ultimate load to the 

calculated load is plotted with respect to the yield strength, F l' for the 36 specimens tested in this program and 

24 specimens reported by Santaputra and Yu as shown in Fig. 5.3.1. The load ratios are also listed in Table 

5.3.1. It is noted in the figure that the ratio of the tested ultimate load to the calculated load has a tendency to 
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increase with increases in the yield strength of steel except for the yield strength of 165 ksi. The load ratios for 

the specimens tested in this program tend to be higher than those reported by Santaputra and Yu. It is apparent 

that all the load ratios are larger than 1.0 and range from 1.22 to 2.81, indicating that using the modified kC l 

for predicting the web crippling strength of the specimens made of high-strength steels is also conservative for 

the ETF loading condition. 

The ratio of the tested ultimate load to the calculated load is also plotted with respect to the hit ratio of the 

specimens as shown in Figure 5.3.2. It was noted that the hit ratio does not seem to be a significant factor to 

affect the web crippling strength of the specimens on the basis of using the present factor (132-0.31 (hit)) in the 

AISI Specifications. Relatively large scatter of the data can be seen in Fig. 5.3.2 for the specimens with the hit 

ratio less than 100. For the specimens with the hit ratio larger than 100 and having the sloped webs, the 

bracing was also attached to the tension flanges of the specimen at a distance of 1/4" away from the edge of 

the end bearing plate to prevent the section from changing its shape. 

5.4 EV ALUA TION OF TEST RESULTS WIm ITF LOADING CONDITION 

Similar to the modified kC, factor used for predicting the web crippling strength for the IOF loading condition 

as discussed in Section 5.2, the modified kC , factor was also used for predicting the web crippling strength of 

the 35 specimens tested in this research program for the ITF loading condition. 

The tested ultimate loads of the 35 specimens with the EOF loading condition were compared with the 

calculated loads using the modified kC1 factor as discussed above. The ratio of the tested ultimate load to the 

calculated load is plotted with respect to the yield strength, Fy, for the 35 specimens tested in this program and 

for additional 24 specimens reported by Santaputra and Yu as shown in Fig. 5.4.1. The load ratios are also 

listed in Table 5.4.1. The figure indicates that the ratio of the tested ultimate load to the calculated load tends 

to increase with increases in the yield strength of steel, especially when the yield strength is larger than 80 ksi. 
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The load ratios range from 0.84 to 2.17. All load ratios with the yield strength larger than 80 ksi are greater 

than 1.0. 

The ratio of the tested ultimate load to the calculated load is also plotted with respect to the hit ratio of the 

specimens as shown in Figure 5.4.2. Once again, the hit ratio does not appear to be a significant factor to 

affect the web crippling strength of the specimens on the basis of using the present factor (417 -1.22(hlt)) in the 

AISI Specifications. Relatively large scatter of the data can be seen in Fig. 5.4.2 for the specimens with the hit 

ratio less than 100. Several low load ratios, ranging from 0.84 to 0.91, correspond to the specimens with a 

thickness of 0.088 inches (the largest in this group) reported by Santaputra and Yu. 
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6. DEVELOPMENT OF MODIFIED kC1 AND kC3 FACTORS 

The comparison between the tested ultimate web crippling loads to the calculated web crippling strength using 

the modified kC, and kC) factors and the AISI Specification, as discussed in Section 5, demonstrates that even 

with the largest kC, and kC) values that are allowed in the Specification for predicting web crippling strength, 

the tested ultimate loads tend to be higher than the calculated loads for most of the 262 specimens with the 

four basic loading conditions. Therefore, it may be necessary to develop new modified kC, and kC) factors 

for predicting the web crippling strength of the specimens made of high-strength steels. This section addresses 

this issue. Section 6.1 deals with the development of new modified kC, and kC) factors. Section 6.2 

compares the tested ultimate loads with predicted loads using the new modified kC, and kC) factors. 

6.1 DEVELOPMENT OF NEW MODIFIED kC t AND kC3 FACTORS 

As discussed in Section 5, the hit ratios of the specimens included in this study do not appear to have a 

significant effect on the web crippling strength of the specimens for the four loading conditions. Even though 

these hit ratios cover a wide range of values represented in practice, they are still within the limit specified in 

the AISI Specification. However, the only significant difference, in terms of parameters, as compared to the 

previous test results with which the present equations for predicting web crippling strength were developed is 

the yield strength of sheet steels. The yield strength used for developing the present equations for web 

crippling strength was usually less than 60 ksi, while the yield strength used for this study is more than 100 

ksi. The effect of yield strength of a steel on the web crippling strength of structural members is reflected in 

the kC, and kC) factors in Section 3.4 of the AISI Specifications. These factors are written.as: 

For the IOF and ITF loading conditions, 

Fy ( Fy ) k C1 = 33 1.22 - 0.22 33 (6-1) 
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where k=F /33. 

For the EOF and ETF loading conditions, 

Fy ( Fy ) 
k C3 = 33 1.33 - 0.33 33 (6-2) 

where k=FJ33. 

Therefore, our target is to only modify the existing kC 1 and kC3 factors so that they can be used to predict the 

web crippling strength of the members made of high-strength steels. The test results presented in Section 5 

also revealed the necessity for such modification. 

The development of the new modified kC 1 and kC) factors requires three matters to be considered. First, it 

would be better to develop the factors on the basis of the present formats of the factors as stated in the AISI 

Specification without a significant change of the existing equations. The rationality behind this is that the 

present formats of the kC 1 and kC) factors are the results-of extensive studies on the parameters that would 

affect the factors, and the factors were calibrated with a great number of test data with certain limitations on 

the ranges of various design parameters. At least the factors are suitable for those ranges of the parameters 

based on which the factors were developed. As a result, the new modified factors should reflect the 

parameters and the formats used in the present equations for the factors unless a complete theoretical approach 

is possible and does not lead to a complicated solution. Second, the new equations for the factors should be 

able to represent the part of the existing equations which have been valid in practice for many years. Third, it 

may be necessary to develop the new modified factors that can result in a lower bound solution (a relatively 

conservative solution if not too conservative). 

In Section 2, a discussion was made on the kC 1 vs. Fy and kC3 vs. Fy relationships as specified in Section 3.4 of 

the AISI Specification, and the kC 1 vs. Fy and kC3 vs. Fy relationships are plotted as two curves shown in Fig. 

2.1. Referring to this figure, it is found that the two curves are almost identical for the yield strength less than 

40 ksi and the difference between the two curves is not significant with the yield strength between 40 to 60 
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ksi. As a result, it may be necessary for the new equations pass through, or at least near, the previous curves in 

these ranges of yield strength. 

According to the above discussion, a new set of equations for the kC, and kCJ factors were developed based 

on the available 262 web crippling tests that included the following parameters: the yield strength Fy ranged 

from 58.2 ksi to 165.1 ksi, hit ratio from 25.99 to 208.19, Rlt ratio from 1.496 to 5.696, Nit ratio from 22.70 to 

88.24, Nih ratio from 0.17 to 2.02, thickness of steel sheets from 0.017 in. to 0.088 in, and the angle between 

plane of web and plane of bearing surface from 59.5 to 90 degree. The new modified kC, and kCJ factors are 

expressed as follow: 

For the IOF and ITF loading conditions, 

k Fy ( Fy ) C} = 33 1.13 - 0.13 33 (6-3) 

where k=F/33 and Fy::; 143.4 ksi. At Fy equal to 143.4 ksi, the kC, reaches a peak value of 2.46 and remains 

as 2.46 for the yield strength larger than 143.4 ksi. 

For the EOF and ETF loading conditions, 

k C = Fy ( Fy ) 
3 33 1.20 - 0.2 33 (6-4) 

where k=F/33 and Fy::; 99.0 ksi. At Fy equal to 99.0 ksi, the kC, reaches a peak value of 1.80 and remains as 

1.80 for the yield strength larger than 99.0 ksi. 

The two equations have the same derivative at the yield strength of 16.5 ksi where the present kC, and kCJ 

equations in the AISI Specifications also have the same derivative, that is, d(kC, or kCJ)/dFyJFy=16.5 ksi = 

0.0303. The modified equations for the kC, and kC3 factors are shown in Fig. 2.1 as compared to the present 

equations. The figure indicates that Equations 6-3 and 6-4 are almost identical to Equations 6-1 and 6-2 for 

the yield strength less than 40 ksi. The difference between Equations 6-3 and 6-4 and Equations 6-1 and 6-2 is 

also small for the yield strength between 40 and 60 ksi .. This allows the new modified factors also to be used 
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for predicting the web crippling strength of the members made of low-strength steels (less than 60 ksi). Thus, 

the predicted web crippling strength using the new equations is expected to be similar to that predict using the 

present equations for the member with the yield strength less than 60 ksi. 

It is noted that for the IOF and ITF loading conditions, the peak value of the new modified kC , factor is about 

1.45 times larger than the peak value of the present kC , factor, while for the EOF and ETF loading conditions, 

the peak value of the new modified kCJ factor is about 1.34 times larger than the peak value of the present kCJ 

factor. As a result, using the new modified factors can be more economical, leading to a relatively large 

amount of material savings as compared to using the present kC , and kCJ factors. 

6.2 COMPARISON OF TESTED ULTIMATE LOADS WITH PREDICTED LOADS USING THE 

NEW MODIFIED kC1 AND kCJ FACTORS 

To evaluate the validity of the new modified kC , and kCJ factors (Equations 6-3 and 6-4), the tested ultimate 

loads for the 148 specimens tested in this program and the 114 specimens reported by Santaputra and Yu 

(1986) were compared to the calculated loads using the new modified factors for the four loading conditions. 

The ratio of the tested ultimate load to the calculated load is plotted with respect to Fy for the EOF, ETF, and 

ITF loading conditions as shown in Figures 6.2.1, 6.2.4, and 6.2.6., respectively. The ratio of the tested 

ultimate load to the calculated load is also plotted with respect to the hit ratio for the EOF, ETF, and ITF 

loading conditions as shown in Figures 6.2.2, 6.2.5, and 6.2.7., respectively. The comparison for the 

combined moment and web crippling load is illustrated in Fig. 6.2.3 for the IOF loading condition. The results 

of the comparisons are listed in Tables 6.2.1 through 6.2.4. 

For the specimens tested in the EOF and ETF loading conditions, the ratio of the tested ultimate load to the 

calculated load using the new modified kCJ factor still tends to be larger than 1.0. The load ratio ranges from 

0.93 to 2.17 for the specimens with the EOF loading condition and from 0.96 to 2.09 for the specimens with 
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the ETF loading condition. The use of the new modified kC] factor leads to be a conservative solution, but 

considerable improvement has been made on predicting the web crippling strength. 

For the specimens tested in the IOF loading condition, a large number of tested data still fall outside of the 

web crippling load-moment interaction envelope, indicating a conservative yet reasonable agreement between 

the tested data and the calculated values using the new modified kC , factor and the yield strength reduction 

factor. 

For the specimens tested in the ITF loading condition, the ratio of the tested ultimate load to the calculated 

load using the new modified kC , factor tends to be larger than 1.0 for the specimens tested in this program, but 

the ratio is relatively lower for some specimens tested by Santaputra and Yu. The load ratio ranges from 0.72 

to 1.56 with an average of 1.11. Reasonable agreement between the tested ultimate loads and the calculated 

loads is achieved. 

Finally, if a simple and conservative solution is needed, it is recommended that the present kC , in Section 3.4 

of the AISI Specification can be used for all the IOF, ITF, EOF, and ETF loading conditions. If this approach 

is used, the lowest load ratios of some of the specimens with the ITF loading condition as resulted from using 

the new modified kC, will be increased from 0.72 to 0.84. 
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7. SUMMARY 

A total of 148 web crippling tests have been completed using the Structural Grade 80 of ASTM A653 steel at 

the Department of Civil Engineering of University of Missouri-Rolla. The test results have been evaluated 

along with an additional 114 web crippling tests which were reported by Santaputra and Yu (1986) as part of 

a project on the Design of Automotive Components Using High-Strength Sheet Steels. The preliminary 

research fmdings and the evaluation of the results are summarized as follows: 

(l) The kC I and kC 3 factors, as stated in Section 3.4 of the AISI Specifications (AISI, 1986 and 1991) for 

predicting the web crippling strength of structural members, represent two parabolic curves with respect to 

yield strength of steel, F y' The values of the factors reach a peak at the F y equal to 91.5 ksi for kC I and 66.5 

ksi for kC3 and then decrease with further increases in yield strength. It is not rational to use the descending 

branch of the curves for predicting web crippling strength with higher yield strength of steels since the factors 

were mainly developed based on the materials with yield strength less than 60 ksi (lay on the ascending branch 

of the curves). 

(2) The web crippling tests conducted in this program and those reported in 1986 indicated that the tested 

ultimate loads for the four loading conditions were higher than the predicted loads using the AISI 

Specifications with the modified kC I and kCJ factors (1.691 for kC I when F y exceeds 91.5 ksi and 1.34 for kCJ 

when F y exceeds 66.5 ksi) and the high yield strength of the steels (exceeding 80 ksi). The ratio of the tested 

ultimate load to the calculated load tends to increase with further increase in the yield strength of the steel 

beyond 80 ksi. Therefore, it is conservative to use the kC1 and kCJ factors in Section 3.4 of the AISI 

Specifications for predicting web crippling strength of structural members with yield strength exceeding 80 

ksi. 



29 

(3) The test data indicated that the low ductility of the Structural Grade 80 steel does not affect the web 

crippling strength of the members made of such a steel. 

(4) New modified kC, and kC) factors were developed based on the 262 web crippling tests, which included 

the following parameters: the yield strength Fy ranged from 58.2 ksi to 165.1 ksi, hit ratio from 25.99 to 

208.19, Rlt ratio from 1.496 to 5.696, Nit ratio from 22.70 to 88.24, Nih ratio from 0.17 to 2.02, thickness of 

steel sheets from 0.017" to 0.088", and the angle between plane of web and plane of bearing surface from 59.5 

to 90 degree. Reasonable agreement was found between the tested ultimate loads and the predicted loads 

using the new modified kC , and kC) factors. The solutions tend to be conservative. 

(5) In order to simplify designs, the current kC , in Section 3.4 of the AISI Specification can be used for all the 

IOF, ITF, EOF, and ETF loading conditions, resulting in a simple but conservative solution. 
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8. FUTURE RESEARCH WORK 

The research work reported herein is a part of an overall research project on Strength of Flexural Members 

Using Structural Grade 80 of A653 and Grade E of A611 Steels, sponsored by the American Iron and Steel 

Institute. Future research work of the project will include a preliminary study on screwed and welded 

connections using the Structural Grade 80 steel. Results of the connection tests will be evaluated and reported 

in the Fourth Progress Report. 
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APPENDIX 

NOTATIONS 

The following symbols are used in this report: 

E = modulus of elasticity, 29500 ksi. 

F y = specified yield strength of sheet steel. 

F u = specified tensile strength of sheet steel. 

H = flat width of web 

k= F/33 

R = inside bend radius 

t = thickness of sheet steel 

w = flat width of compression flange 

e = angle between planes of the web and bearing surface 

33 



Table 3.1.1 hit and wit Ratios Used for the Design of Specimens with Sloped and Vertical Webs 

t (gage#) 

I 
w (inches) 

(inches) 1 I 2 I 2 I 3 I 3 I 
0.017 (26) 58.82 117.65 -- -- --

Sloped Web 

0.029 (22) 34.48 68.97 68.97 103.45 103.45 
Sloped Web 

0.029 (22) -- -- -- -- --
Vertical Web 

t (gage #) 

I 
h (inches) 

(inches) 0.75 I 1.5 I 2 I 3 I 4.5 I 
0.017 (26) 44.12 88.24 -- -- --

Sloped Web 

0.029 (22) 25.86 51.72 68.97 103.45 155.17 
Sloped Web 

0.029 (22) -- -- -- -- --
Vertical Web 

R (in.) 118, 1116 1/8, 1/16 1/8, 1116 118, 1116 1/8, 1116 

# of Ribs 2 2 2 I I 

Note: see Figure 3.1.1 for the measurement of wand h. 1 inch = 25.4 mm. 

3 I 2 I 
-- --

103.45 --

-- 68.97 

6 I 1.5 I 
-- --

206.90 --

-- 51.72 

118, 1116 1/8 

I I 

3 I 
--

--

103.45 

3 I 
--

--

103.45 

118 

I 

4.5 

--

--

155.17 

4.5 

--

--

155.27 

1/8 

I 

I 

I 

...., 
+-

I 



Table 3.1.2 Material Properties of 22, 24, 26, and 28 Gage Steel Sheets 

Direction Gage Thickness 0.2% Offset Tensile Tensile-to- Local Elongation Unifonn 
Yield Strength Strength Yield Ratio in II2-in. Gage Elongation 

Fy Fu FjFy Length Outside Fracture 
(in.) (ksi) (ksi) (%) (%) 

22 0.029 103.9 107.7 1.04 11.98 1.29 
Parallel 

to 24 0.024 110.1 116.4 1.06 9.33 1.23 
Rolling 

Direction 26 0.017 112.5 115.9 1.03 9.13 0.77 

28 0.015 111.0 116.1 1.05 7.89 1.04 

22 0.029 119.6 121.2 1.02 7.29 0.41 
Perpendicular 

to 24 0.024 126.0 128.5 1.02 6.40 0.35 
Rolling 

Direction 26 0.017 129.7 132.6 1.02 3.78 0.43 

28 0.015 127.3 130.1 1.02 3.78 0.43 

Note: All the steel sheets were made of the Structural Grade 80 of ASTM A653 Steel. I inch = 25.4 mm. I ksi = 6.895 MPa. 

Elongation in 2-
in. Gage Length 

(%) 

3.67 

2.69 

2.40 

2.77 

1.99 

1.78 

1.32 

1.38 

I 

"J 
VI 



Table 3.2.1 Measured Dimensions of Specimens 

Type L,.2 L2,) LJ .4 

of (in.) (in.) (in.) 
Specimen (B2.J in degree) 

(#) 

t26hO.75R3/32B60 1.060 0.910 1.200 
(I) (61,62) 

t26hO.75R3/64660 1.029 0.850 1.110 
(2) (61,61.5) 

t26h1.5R3132B60 1.065 1.670 2.184 
(3) (60,60) 

t26hI.5R3/64660 1.035 1.591 2.110 
(4) (60,60) 

t22hO.75R5/64B60 1.089 0.929 1.195 

(5) (60,61.5) 

t22hO.75RI/I6660 1.064 0.851 1.128 
(6) (60,61) 

t22h1.5R5164B60 1.071 1.696 2.204 

(7) (58.5,60.5) 

t22hl.5RI/I6660 1.030 1.612 2.105 
(8) (59.5,60) 

t22h2R5164660 1.066 2.184 2.192 

(9) (60.5,61.5) 

t22h2RIII6660 1.030 2.105 2.120 
(10) (59,60) 

Note: See Figure 3.2.1 for dimensions. I inch = 25.4 mm. 

L4., L'.6 L •. 7 

(in.) (in.) (in.) 
(B •. , in degree) (B6 .7 in degree) 

0.901 2.193 0.908 
(61.5,60) (61.5,60.5) 

0.853 2.109 0.840 
(61.5,60) (62,605) 

1.658 2.201 1.651 
(61,60) (61,61) 

U81 2.125 1.594 
(60,60) (605,60) 

0.934 2.183 0.951 
(61.5,58.5) (60,60) 

0.873 2.105 0.852 
(61.5,61) (60.5,60) 

1.673 2.171 1.677 
(61,58) (59.5,60) 

1.619 2.142 1.619 
(60.5,59) (60,60) 

2.165 2.165 2.183 
(62.5,60) (60,60.5) 

2.094 2.172 2.1 J7 
(60.5,60) (59.5,60) 

L7 .• L •. ; 
(in.) (in.) 

(B •. ; in degree) 

1184 0.912 
(60.5,61) 

1104 0.838 
(60.5,61 ) 

2.200 1.648 
(61,63) 

2.118 1.583 
(59.5,61) 

1.188 0.935 
(60,62) 

1.130 0.867 
(60,61) 

2.207 1.667 
(60,61) 

2.128 1.613 
(60,61) 

2.204 2.156 
(60,63) 

2.117 2.102 
(60,60.5) 

L'},I\I 

(in) 

1.075 

1.027 

1.076 

1.046 

1.080 

1.054 

1.094 

1.044 

1.104 

1.055 

w 
0'1 



Table 3.2.1 Measured Dimensions of Specimens (Continued) 

Type L 1•2 Lv L3 •• 

of (in.) (in.) (in.) 

Specimen (82•3 in degree) 
(#) 

t22h3R5/64860 1.082 3.201 3.190 
(II) (59,61.5) 

t22h3RI/I6860 1.050 3.100 3.150 
(12) (60,61) 

t22h4.5R5/64860 1.077 4.681 3.183 
(13) (61,62.5) 

t22h4.5RI/16860 1.040 4.619 3.108 
(14) (61,61) 

t22h6R5/64860 1.083 6.174 3.177 
(15) (63,63) 

t22h6R1/16860 1.045 6.118 3.126 
(16) (61,61) 

t22h 1.5RI/8890 1.142 1.793 2.324 

(17) (90,90) 

t22h3R1I8890 1.132 3.327 3.282 
(18) (90,91) 

t22h4.5RI/8890 1.124 4.817 4.833 
(19) (89.5,91) 

- -

Note: See Figure 3.2.1 for dimensions. 1 inch = 25.4 mm. 

L'.5 
(in.) 

(8'.5 in degree) 

3.188 
(60,61) 

3.113 
(60,61) 

4.676 
(61,62) 

4.617 
(60.5,61.5) 

6.162 
(61,64) 

6.088 
(60,62) 

1.780 
(89,90) 

3.302 
(90,90) 

4.805 
(90,90.5) 

L5 .• L •. 7 

(in.) (in.) 

(8 •. , in degree) 

1.103 

1.047 

1.102 

1.057 

1.107 

1.050 

1.126 

1154 

1.140 

L, .• L, .• 
(in.) (in.) 

(6,. in degree) 

L •. IU 

(in.) 

w 
-..j 



Table 3.2.2 Properties of the Specimens 

I Thickness Fy 
Specimen (in.) (ksi) 

t26hO.75R3/32060 0.017 112.5 

t26hO.75R3/64860 0.017 112.5 

t26h 1.5R3/32860 0.017 112.5 
t26h 1.5R3/64860 0.017 112.5 

t22hO.75R5/64060 0.029 103.9 

t22hO.75RlI16860 0.029 103.9 
t22h 1.5R5/64860 0.029 103.9 
t22h l.5R 1116860 0.029 103.9 
t22h2R5164860 0.029 103.9 
t22h2R 1/16860 0.029 103.9 
t22h3R5164860 0.029 103.9 
t22h3 R 1 / 16860 0.029 103.9 

t22h4.5RS/64860 0.029 103.9 
t22h4.5R1I16860 0.029 103.9 
t22h6R5/64860 0.029 103.9 
t22h6R1116860 0.029 103.9 

t22h l. 5 R 118890 0.029 103.9 
t22h3 R 118890 0.029 103.9 

t22h4. 5 R 1/8890 0.029 103.9 

Note: 1 inch = 25.4 mm. 1 ksi= 6.895 MPa. 

Average Average 
hJt wit 

45.72 62.44 
45.29 60.69 
89.78 121.27 
89.02 120m 

28.02 36.79 
25.99 35.24 
53.60 71.81 
52.07 69.34 
70.55 71.44 
68.93 69.42 
105.86 IOS.70 
103.44 104.94 
156.93 IOS.3S 
155.53 103.46 
208.19 10S.05 
206.73 104.08 

50.97 69.S2 
103.67 102.55 
155.28 156.03 

Average 
RJt 

5.51 
2.76 
5.51 
2.76 

2.69 
2.16 
2.69 
2.16 
2.69 
2.16 
2.69 
2.16 
2.69 
2.16 
2.69 
2.16 

4.31 
4.31 
4.31 

Average 
0 

(degree) 

61 
61 
61 

60.1 

60.4 
60.6 
59.8 
60 
61 

59.9 
60.4 
60.S 
61.6 
61 

62.8 
61 

90 
90 
90 

I 

w 
00 



Table 5.1.1 Tested Ultimate Load, Cakulated Load, and Comparison between the Tested Ultimate Load and the Cakulated Load for EOF Loading Condition 

Fy Average P"", (kips) 
Pc.lkold }"('1 

PIl'\/P~'lk.uld I..('i 
Specimen 

(ksi) hit Test I Test 2 Test 3 (kips) Test I Test 2 Test 3 

t26hO.75R3/32660 112.5 45.72 0.654 0.655 0,261 2.51 2.51 
t26hO.75R3/64660 112.5 45.29 0.707 0.659 0.668 0.3X5 I.X4 1.71 1.74 
126h 1.5R3/32660 112.5 89.n 0.440 0.439 0.241 un I.lQ 
t26h 1.5R3/64660 112.5 89.02 0.497 0.479 0354 1.40 1.35 

I 122hO.75R5164660 103.9 28.02 1.909 \.836 (J.lJX7 \.lJ3 1.86 
t22hO.75R 1116660 103.9 25.99 1.924 \.963 I,OlJ9 1.75 I.7lJ 
t22h 1.5R5/64660 103.9 53.60 1.652 \.644 O.lJ41 1.76 \.75 
122h 1.5 R 1116660 103.9 52.07 1.850 1.865 1.047 \,77 1.7X 
122h2R5/M660 103.9 70.55 1.203 1.306 0.91 X 1.31 1.42 
122h2R 1/16660 103.9 68.93 1.272 1.330 1.015 1.25 1.31 
t22h3R5/64660 103.9 105.86 0.875 0.852 0353 2.4X 2.41 
t22h3R II 16660 103.9 103.44 0.948 0.908 0.393 2.41 2.31 

t22h4.5R5/64660 103.9 156.93 0.659 0.687 0329 2.00 2.0!) 
122h4.5R 1/16660 103.9 155.53 0.728 0.744 0.364 2.00 2.04 
t22h6R5/64660 103.9 20S.19 0.549 0.558 0.303 I.X I l.X4 
t22h6R 1/16660 103.9 206.73 0.603 0.592 0.334 I.SO 1.77 

122h I.5R 1/8690 103.9 50.97 0.819 0.848 O.30\.) 2.65 2.74 
122h3R 1/8690 103.9 103.67 0.627 0.621 0.286 2.19 2.17 

122h4.5R 118690 103.9 155.28 0.498 0.495 (),265 1.l~8 l.X7 

Mean 1.92 
COY (), 1% 

Note: 1 kip = 4.448 kN. 

v) 
'>0 

I 

I 



Table 5.1.1 Tested Ultilllate I.(lad, Calculated Load, and Comparison of the Tested Ultilllate Load wllh the Calculated Load for EOF Loading COlld1l101l 

(Continued) 

--- ----_._._.- - -

Spc~lIl1cn Tllld,ncss F hIt ·\,1 p".,. "I,/U'I P /I' , h ,I ,,,I ... 1'].,( I 

(III ) (hi) 1~lps) I !.IPS) 

I-IIEOFA II O.04!! 'IX 2 h20 071') 0.472 1'i2 
I/lEOF A 12 004M 'IX 2 620 o 71K) 0.472 I .fll 
I-UEOF-A21 O.04K 'II! 2 7'1 'I o (>'!-I 0.460 I 5 I 
IIIEOF-An o 04 I! 51! 2 XO I o 611K 0460 1)0 
I-IIEOF-A II O.04X 'IX 2 J()()) o hh'l 0.447 I iO 
I-IIEOF-A 12 O.04X )K 2 J()() ~ o ('.1 ~ 0.1.17 .j.j 

2-IIEOF-A II o ox) KX 1 _11'1 2 'il 'J I X211 (,0 
HIEOF-AI2 o OK) KX .. ~ 120 2 'JX I I X'16 "07 
2-IIEOF-A21 o OK~ KK .~ 4.1 'i 2 ')')4 I.X~2 .6 ~ 
2 -IIEOF-A22 OOM) MIn 415 I 12i 1')01 h4 
211EOF-A_H o OK) KILl i.i X 2711 I XO.~ '10 
2-IIEOF-A.12 o OK) lULl )i i 2 X2i IX17 ).1 
_l-IIEOF-A II 0(6) I L1 I 42 fJ 20"00 Ion 'J') 
HIEOF-AI2 0(6) 1111 .12 II 2 106 I 114 X') 
HIEOF-A21 O.OM 11.1 I 'ill 2 2.IX)6 I.OM X'I 
HIEOF-A22 o OM 11.1 I '17K 207'i 106.1 'Ii 
HIEOF-A11 0(6) 111 I 7n I X'J.1 101 '\ X7 
HIEOF-A'\2 o ()6'1 I 1.1 I 7.l7 I X6'1 0'161 '14 
4-IIEOFAII 0047 141 2 M2 1.111 (6)0 202 
4-IIEOF-A 12 0047 1412 61.h I 11K) 0'i4X 217 
4-IIEOF-A21 0047 141 2 IH1 I 21'1 0'111 2 l'! 
4I1EOF-A22 0047 141 2 X2 l} I 12'1 0471 2 I') 
4-IIEOF-A'\ I 0047 141 2 10)7 10XX 0'11.1 20.1 
4-IIEOF-A 12 0047 141 2 10'14 1061 o tl 1.1 I 71 
HIEOF-AII 004tl Itl) I h~1) I 2'1 ~ o .1.f'l 2 'il 
'IIIEOFAI2 004h 16'\ I hH I 2X'I I) .1.f) 2 X') 
)-IIEOF-All 0041l 11l'i I IIIl 0 I 21K) O,BI 27X 
'I-IIEOI'-A II 0041l 16<; I Xi 4 I 1711 O.f 1I 271 
'I-IIEOFA II 0046 16.'1 I 10K 2 I Oil) O.f 17 2 i2 
) -IIEOF A II OO.tll IIli I 107 ~ I 0 Ii o .fIX 2.f1l 

Ml'an I 'J7 
cov o 2 \IJ 

Note: I kip = 4_44X kN I 1o..~1 = h_Xl)'i MPa_ The ,Ihove te~t data arc IrulII Sanlaputra and Yu (Il)Sh)_ 1',,,, = tested load p~'r web_ 1',",,1,"" =- Calculaled load pel 

web uSlIlg the present kC, III S~'lIl1l11 _~.4 01 Ihe AISI SpeCificallon. 
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Table 5.2.1 Tested Load and Moment, Calculated Load and Moment, Comparison of Tested Load and Moment with Calculated Load and MOlllcnt lor 101<" 
Loading Condition 

Fy Average p,"" (kips) MIe." PC<Lk,lIlllkCI M Cilh:,1l:1I1'Y 
P1l., .. /Pt:ah.:.,)ld H'I MIl'.,/Ml...1k J~'d )') 

Spe~imen (ksi) hIt Test I Test 2 Test I Test 2 (kips) (kip-in_ Test I Test 2 Test I Tcst 2 

t26hO.75R3/32660 112.5 45.72 1.057 1.071 2.246 2.276 1.037 2.65 1.02 1.03 0.H5 (U~6 

t26hO.75R3/64660 112.5 45.29 1.228 1.240 2.610 2.635 1.273 2.36 0.96 0.97 1. 11 1.12 
t26hl.5R3/32660 112.5 89.78 1.351 1.319 3.3?g 3.29H (J.()? 5.44 1.39 1.36 0.62 0.61 

t26h I.5R3/64660 112.5 89.02 1.382 1.361 3.455 3.403 1.1 H5 4.81 1.17 1.15 0.72 0.71 

t22hO.75R5/64660 103.9 28.02 3.328 3.386 6.656 6.772 3.01 5.51 1.11 1.12 1.21 1.2.1 
t22hO.75R1/16660 103.9 25.99 3.179 3.255 6.35H 6.510 3.13 4.86 1.02 1.04 1.31 1.34 
t22h 1.5 R5/64660 103.9 53.60 3.735 3.599 9.338 8.998 2.H9 12.52 1.29 1.25 0.75 0.72 

t22h 1.5R 1116660 103.9 52.07 3.830 3.778 9.575 9.445 3.004 11.83 1.27 1.26 (HI (UiO 

122h2R5/64660 103.9 70.55 3.538 3.S(}1 10.172 . 10.065 2):05 18.93 1.25 1.23 0.54 0.53 
t22h2R 1/16660 103.9 68.93 3.710 3.799 10.666 10.922 2.928 17.17 1.27 1.30 0.62 0.64 
122h3R5/64660 103.9 105.86 1.831 1.773 6.866 6.649 1.337 14.02 1.37 1.33 O.4lJ 0.47 

122h3R 1116660 103.9 103.44 1.816 1.869 6.810 7.009 I.3lJ I 13.51 1.31 1.34 0.50 0.52 
t22h4.5R5/64660 103.9 156.93 1.648 1.645 8.034 8.019 1.235 20.56 1.33 1.33 0.69 OOoN 

t22h4.5R 1116660 103.9 155.53 1.693 1.694 8.253 8.258 1.279 19.9 1.32 1.32 0.41 0.41 
122h6R5/64660 103.9 208.19 1.523 1.545 8.948 9.077 1.131 27.36 1.35 1.37 0.33 o.:n 
t22h6R I I 16660 103.9 206.73 1.645 1.685 9.664 9.899 1.164 26.25 1.41 1.45 0.37 0.38 

122h 1.5R I/H890 103.9 50.97 1.686 1.693 4.426 4.444 1.554 8.13 1.08 1.09 0.54 0.55 

t22h3R 1/8690 103.9 103.67 1.793 1.837 6.500 6.659 1.433 18.16 1.25 1.28 0.36 0.37 

t22h4.5R 118890 103.9 155.28 1.818 1.698 8.863 8.278 1.315 25.95 1.38 I.2lJ 0.34 0.32 

Note: I kip = 4.448 kN, I inl.:h = 25.4 mm. 

I 
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Table 5.2.1 Tested Ullimate Load, Calculated Load, and Comparison of the Tested Load and Moment with the Calculated Load and MOlJlent lor 10F Loading ('onditilln 
(Continued) 

Specimcn Thickncss F, hit Plc,1 MI."~1 pc .. k."ldl..( I Me'ILI':,II)' P /1' M"/M.",,,,,, k_1 c"lc".ld 10.1 I 

(in.) (ksi) (kips) (k-in) (kip') (k-in) 

I-HIOF-AII 0.04M 511.2 61.6 1.425 1154 1.645 27.24 O.X7 O'iO 
I-HIOF-AI2 0.04M 5M.2 6H 1.400 113 1.646 2706 0.X5 04') 
I-HIOF-A21 0.0411 5M.2 H1.0 1.465 16.12 IS57 41 'JO 0.1)4 OW 
I-HIOF-A22 0.04M 5M.2 H2.H 1.465 16.12 1.4% 41.X5 O')X o ~') 
I-HIOF-A11 0.04M 5M.2 102.0 1.450 IK.11 ISH 5X.4') 0')5 0'1 
I-HIOF-A12 O.041l 5M.2 102.2 1.500 IK.75 1.510 5X.67 0,)') (U2 
2-HIOF-AII O.OH2 M!!.1 15.1 5.400 SUO 6.210 6')')0 O.X7 on 
2-HIOF-AI2 OOH2 HlI.1 35.4 5.365 50')7 6.0')0 70.')4 OXX 072 
2-HIOF-A21 0.OK2 M!D 47.4 5.740 61.14 5.')XS 10').')4 0.% 057 
2-HIOF-A22 O.OM2 MM3 47.5 5.700 62.70 5.,)H4 110.26 0.')5 O'i7 
2-HIOF-All 0.01l2 MlI.l 51).7 6.265 7!UI 5.,)14 15502 106 0.51 
2-HIOF-A12 0.OM2 lIM.l 5'J.M 6.375 7'J.6'J 5.')11 155.52 1.0X 051 
l-HIOF-AII 0.062 111.1 47.7 4.2')0 40.76 3.492 57X7 1.21 0.70 
l-HIOF-AI2 0.062 I n.1 4U 4.100 40.X5 3.612 5756 It') 0.71 
l-HIOF-A21 (J.()62 I n.1 63.2 4.2')0 47.1') .1511 X7.,)3 1.21 054 
3-HIOF-A22 0.062 111.1 61.l 4.265 46.')2 1560 XX.27 1.20 053 
l-HIOF-A31 0.062 I n.1 7'J.1 4.125 54.06 1.561 122.22 1.21 0.44 
3-HIOF-A32 0.062 113.1 n.x 4.350 50H HI') 123.X,) 1.27 044 
4-HIOF-AII 0.047 141.2 64.2 2.720 25.X4 2.262 45.6'J 1.20 057 
4-HIOF-AI2 0.047 141.2 64.6 2.600 24.70 2 .. ~OX 45.X2 111 0.'i4 
4-HIOF-A21 0.047 141.2 M6.5 2.725 2'J.'Jx 204X 66.25 133 0.45 
4-HIOF-A22 0.047 141.2 M7.1 2.740 10.14 206') 66.24 112 0.46 
4-HIOF-A31 0.047 141.2 IOH 2.700 33.75 2.O'.J1 71).14 1.21) 0.·0 
4-HIOF-A32 0.047 141.2 IOU 2.610 12.XM 2.06') 7').64 1.27 0.41 
4-HIOF-AI3 0.047 141.2 61.0 2.41)0 23.66 1.772 44.3X 1.41 O'i~ 

4-HIOF-AI4 0.047 141.2 61.0 2.475 23.51 1.772 44.35 1.40 OS~ 

4-HIOF-A23 0.047 141.2 H2.3 2.625 27.56 1.715 6X.X3 1.51 040 
4-HIOF-A24 0.047 141.2 M25 2.665 27.'JX 1.715 6').05 1.55 0.41 
4-HIOF-A33 0.047 141.2 102.'J 2.575 12.1'J 1.660 M5.65 1.55 (UX 
4-HIOF-A34 0.047 141.2 102.'J 2.610 12.61 1.660 X6.6') 1.57 (UX 
5-HIOF-AII 0.046 165.1 61.2 2.365 22.47 1.6X4 4').60 140 045 
5-HIOF-AI2 0.046 165.1 61.2 2.325 220') 1.6X5 4').44 UX 045 
5-HIOF-A21 0.046 165.1 1I5.4 2500 27.50 1.62X 71.41 1.54 (UX 
5-HIOF-A22 0.046 165.1 x5.0 2.515 27K1) 162') 72.')1 156 01X 
5-HIOF-All 0.046 165.1 106.5 2.465 10.XI 1.574 ')114 1.57 014 
5-HIOF-A12 0.046 165.1 107.1 2435 30.44 1.573 1)1.76 155 OH 

Note: I kip = 4.448 kN. I ksi = 6.81.)5 MPa. The above test data arc from Santaputra and Yu (1I.)X6). P"." = tested load per web. P,.d .. I,W'1 = Calculated load per 

web using the present kC 1 in Section 3.4 of the AISI Specification. M".,,=Tested Mottlent for enlire section. M,.d''''d ly=Calculated ttlottlent using the yield strength 
reduction factor for entire section. 
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Table 5.3.1 Tested Ultimate Load, Calculated Load, and Comparison of the Tested Ultimate Load with the Calculated Load for ETF Loading 
Condition 

--------- ~~-

Fy Average PI""~ (kips) 
Pl,dc>uldU" 

P II' . 
h,"" ,.de ,lid k( \ 

Specimen (ksi) hit Test I Test 2 Test 3 (kips) Test I Test 2 

t26hO.75R3/32660 112.5 45.72 0.611 0.590 0.225 2.72 2.<1:2 
t26hO.75R3/64660 112.5 45.29 0.676 0.673 0.331 2.04 2.0l 
t26h 1.5R3/32660 112.5 89.78 0.498 0.559 0.511 O. 199 2.50 :un 
t26h I.5R3/64660 112.5 89.02 0.571 0.567 0.292 1.% 1.94 

t22hO.75 R5/64660 103.9 28.02 1.979 2.064 2.014 0.862 2.30 2.39 
t22hO.75R11I6660 103.9 25.99 1.999 2.072 0.961 2.08 2.16 
t22h I.5R5/64660 103.9 53.60 1.553 1.614 0.804 1.93 2.01 
122h 1.5R 1116660 103.9 52.07 1.854 1.729 0.895 2.07 1.93 
122h2R5/64660 103.9 70.55 1.306 1.426 0.772 1.69 1.85 
t22h2R 1/16660 103.9 68.93 1.450 1.561 0.855 1.70 1.83 
t22h3R5/64660 103.9 105.86 0.593 0.639 0.346 1.71 1.85 
t22h3RI/16660 103.9 103.44 0.618 0.622 0.387 1.60 1.61 

122h4.5R5/64660 103.9 156.93 0.444 0.467 0.293 1.52 1.5<) 
t22h4 .5R 1/16660 103.9 155.53 0.592 0.466 0.452 0.325 1.82 1.43 
122h6R5/64660 103.9 20S.19 0.376 0.369 0.239 1.57 1.54 
122h6R 1/16660 103.9 206.73 0.478 0.376 0.366 0.264 I.X I 1.42 

Mean 1.<)4 
COY 0.201 

Note: I kip = 4.448 kN. 

"('l'st' 
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Table 5.3.1 Tested Ultimate Load, Calculated Load, and Comparison of the Tested UlLimate Load with the Calculated Load for ETF Loading Condllion 
(Continued) 

Specimen Thickness F, hil PI.;,* P",k_"ItIU'( P\~ /Pd \, ,,\,1 ~{ \ 

(in.) (ksi) (kips) (kips) 

I-HETF-AII 0.047 58.2 62.5 0.725 0476 1.52 
I-HETF-AI2 0.047 58.2 62.'1 0.713 0.476 l'iO 
I-HETF-A21 0.047 58.2 83.7 0.725 0448 I.l,:! 
I-HETF-A22 0.047 58.2 84.2 0.725 0448 162 
I-HETF-A31 0.047 58.2 105.0 (Wi{) 0420 I.i'i 
I-HETF-A32 0.047 58.2 1050 0.662 0.420 1.'i7 
2-HETF-AII 0.088 77.1 32.1 0.825 2(H12 1 .. 1h 
2-HETF-AI2 0.088 77.1 32.1 2.7X7 2(JX2 114 
2-HETF-A21 0.088 77.1 43.5 2.700 2.022 114 
2-HETF-A22 0.08X 77.1 43.5 2.650 2.0:!:! I. 11 
2-HETF-A31 0.088 77.1 55.2 2.425 1.%0 1.24 
2-HETF-A32 0.088 77.1 55.0 2.400 1.%0 1.22 
3-HETF-AII 0.065 116.'1 445 1.525 (J.')2K 1.(,4 
3-HETF-AI2 O.OM 116.'1 44.6 1.600 Ol)2X 1.72 
3-HETF-A21 0.065 116.'1 60.0 1413 (UNO I.'il) 
3-HETF-A22 O.OM 116.'1 5'1.8 14K7 (UNI 1.67 
3-HETF-A31 0.065 116.'1 76.2 UOO 0.X51 I.'i .1 
3-HETF-A32 0.065 116.'1 75.X UI2 0.X'i2 1.'i4 
5-HETF-AII 0.046 165.1 63.'1 0.7'iO 04M 1.61 
5-HETF-AI2 0.046 165.1 63.7 0.762 0.46'i 1.64 
5-HETF-A21 0046 165.1 86.0 0.075 04:16 I.'ii 
5-HETF-A22 0.046 165.1 !!6.0 0.700 04.16 1.61 
5-HETF-A31 0.046 165.1 106.'1 0612 040'1 1.'i(J 
,-HETF-A32 0.046 165.1 106.7 0.600 0.410 1.47 

Mean 1.'1 I 
COY 00')2 

-

Note: I kip = 4.448 kN. I ksi = 6.895 MPa. The above test data are from Santaputra and Yu (1986). P"." = tested load per web. P,.d.uldlCI = Calculated load per 
web using the present kC3 in Section 3.4 of the AISI Specification. 
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Table 5.4.1 Testeu Uilimate Loau, Calculated Load, and Comparison of the Tested Ultimate Load with the Calculated Load for ITF Loading ConditIOn 

- ~-

Fy Average P'N (kips) 
Pl".Ik,\)IJ k('1 P".JP, .. ",,,'d"·' 

Specimen 
(ksi) hll Test I Test 2 Test 3 Test 4 (kips) Test I Test 2 Test 3 

126hO.75R3/32060 112.5 45.72 1.642 1.927 1.870 1.869 (UN 1.84 2.17 2.10 
t26hO.75R3/64060 112.5 45.29 2.179 2.154 1.093 1.99 1.97 
126h 1.5R3/32060 112.5 89.78 1.386 1.406 0.757 un 1.86 
126h 1.5R3/64060 112.5 89.02 1.496 1.500 0.927 1.61 1.62 

t22hO.75R5/64060 103.9 28.02 5.928 5.468 5.590 3.226 1.84 1.69 1.73 
t22hO.75R 1116060 103.9 25.99 5.858 5.688 3.367 1.74 1.69 
t22h 1.5R5/64060 \03.9 53.60 4.488 4.719 2.954 1.52 1.60 
122h I.5R 1116060 \03.9 52.07 4.483 4.445 3.079 1.46 1.44 
t22h2R5/64060 103.9 70.55 3.900 4.188 2.798 1.39 1.50 
t22h2R 1/16060 103.9 6lt93 4.366 4.224 2.lN9 1.5 I 1.46 
122h3R5/64060 103.9 105.86 1.769 1.743 1.213 1.46 1.44 
122h3R 1/16060 103.9 103.44 1.871 1.886 1.27 1.47 1.49 

122h4.5R5/64660 103.9 156.93 1.500 1.561 0.957 1.57 1.63 
t22h4.5R 1/16660 103.9 155.53 1.569 1.451 0.995 1.58 1.46 
122h6R5/64060 103.9 208.19 1.295 1.236 0.696 1.86 1.7H 
t22h6R 1/ 16060 103.9 206.73 1.204 1.156 0.722 1.67 1.60 

Mean 1.68 
COy 0.124 

Note: I kip = 4.448 kN. I ksi = 6.895 MPa. 

Test 4 
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Table 5.4.1 Tested Ultimate Load, Calculated Load, and Comparison of the Tested Ultimate Load with the Calculated Load for ITF Loading Condition 
(Continued) 

- ------ - -- - - --- - - -- - - -- ----- - -- ------ - --

Specimen Thickness F, hit p",,[ P~'L"."I<J 1.("1 
P II' 1.,1 ••• I •.• ddlo..( I 

(in.) (ksi) (kips) (kips) 

I-HITF-AII 0.047 58.2 61.8 INiO 1.772 H'n 
I-HITF-AI2 0.047 58.2 6U 1.625 1772 O<J2 

I 
I-HITF-A21 0.047 58.2 HI 1.650 1.63X 1.01 
I-HITF-A22 0.047 5lU ln3 1_625 1.636 O')(i 

I 
I-HITF-A31 0.047 58.2 105.7 1.600 1.4,).~ 1.07 
t-HtTF-AJ2 0.047 58.2 105.4 1.625 1.4% I ()li 

HIITF-AII 0.088 77.1 12.1 6.X75 lU77 0.X4 
2-HITF-AI2 O.Ollll 77.1 12.1 6.')00 X.I77 O.X.J 
2-HITF-A21 0.08ll 77.1 41.6 (>.In 5 7.X74 H.X7 
2-HITF-A22 O.Ollll 77.1 4U 6.XOO 7.X6X (UH, 

2-HITF-A31 O.OIl!l 77.1 55.5 6.x75 7.55') 0')1 

2-HITF-AJ2 O.OMM 77.1 55.4 6')00 7.562 0.')1 

1-HITF-AII 0.065 116') 44.9 5.050 4.12') 122 
1-HITF-AI2 0.065 116.9 44.5 5150 4.136 12) 

1-HITF-A21 0.065 116.9 . 59.5 4.X50 1.926 1.24 
1-HITF-A22 0.065 116.9 59.5 4.MOO 1926 122 
1-HITF-AJI 0.065 116.9 75.4 4.XOO J.706 110 

1-HITF-AJ2 0.065 116.9 75.4 4.700 1.706 1.27 
5-HITF-AII 0.046 165.1 60 2.')50 1.')42 IS~ 

5-HITF-AI2 (1.046 165.1 64.1 3.0()O 1.')42 1.54 
5-HITF-A21 0.046 165.1 X4.5 2.775 I.XOO Ii-I 
5-HITF-A22 0.046 165.1 M5.0 2.750 17'-)7 1.5\ 
5-HITF-A11 0.046 165.1 IOX.2 2.625 1.635 j(,l 

5-HITF-A32 0.046 165.1 IOM.7 2611 1.6.12 I.W 

Mean I 17 
COY 023 I 

-

Note: I kip = 4.44S kN. I ksi = 6.S95 MPa. The above test data are from Santaputra and Yu (Il)X6). PIC"~ = tested load per web. P".I.oldl('I:::: Calculated load per 
web using the present kC 1 in Section 3.4 of the AISI Specification. 
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Tahle 6.2.1 Tested Ultimate Load, Calculated Load, and Comparison of the Tested Ultimate Load with the Calcuiateu Load for EOF Loading Conuitlol1 

---

Fy Average PI'"~ (kips) 
Pla1f.:,lIl·W l..('~ P",jP, . .1,,,," k(' ( 

Specimen 
(ksi) hit Test I Test 2 Test 3 (kips) Test 1 Test) Test 3 

t26hO.75R3/32660 112.5 45.72 0.654 0.655 0.351 un I.X7 
t26hO.75R3/64660 112.5 45.29 0.707 0.659 0.668 (l.517 1.37 1.27 1.2L) 
126h I.5R3/32660 112.5 89.78 OA40 OA39 0.324 1.36 1.35 
126h I.5R3/64660 112.5 89.02 (lA97 0.479 0.476 1.04 1.01 

122hO.75R5/64660 \03.9 28.02 1.909 1.~D6 1.326 1.44 1.3 X 
122hO.75R1/16660 \03.9 25.99 1.924 1.963 1.476 1.30 1.33 
122h I.5R5/64660 103.9 53.60 1.652 1.644 1.264 1.31 1.30 
t22h 1.5 R 1116660 103.9 52.07 1.850 1.865 IA06 1.32 1.33 
t22h2R5/64660 103.9 70.55 1.203 1.306 1.233 0.98 1.06 
t22h2RII16660 103.9 68.93 1.272 1.330 1.363 0.93 0.98 
122h3R5/64660 103.9 105.86 0.875 0.852 OA74 1.85 1.80 
122h3R 1/16660 103.9 I03A4 0.948 0.908 0.528 1.79 1.72 

122h4.5 R5/64660 103.9 156.93 0.659 0.687 OA42 I At) 1.55 
t22h4.5 R 1/16660 103.9 155.53 0.728 0.744 OA89 IA9 1.52 
t22h6R5/64660 103.9 208.19 0.549 0.558 OA07 1.35 1.37 
122h6R 1/16660 103.9 206.73 0.603 0.592 OA4t) 1.34 1.32 

122h 1.5R I 18690 103.9 50.97 0.819 0.848 OAI5 1.t)7 2.04 
t22h3R 1/8690 103.9 103.67 0.627 0.621 0.384 1.63 1.62 

l22h4.5R 118690 103.9 155.28 OA98 0.495 0.356 lAO 1.39 

Mean 1.43 

I COY 0.196 

Note: I kip = 4.448 kN. 
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Table 6.2.1 Tesled Ultimale Load, Cakulalcd Load, and Comparison of Ihe Tesled Ultimale Load wilh Ihe Cakulaled Load for EOF Loading Condition 
(Continued) 

Specimcn Thickness F, hit PI"'1 Pc,II-.U'· .... )..("\ Pk ,/l),.oI, I"',, I..{ \ 

(in.) (ksi) (kips) (kips) 

I-HEOF-AII 0.0411 511.2 62.0 071') OS~5 I .1.t 
I-HEOF-AI2 0.(l411 58.2 62.0 0700 0515 1.31 

I I-HEOF-A21 0.048 58.2 79.9 0.6')4 0521 113 
I-HEOF-A22 0.048 58.2 110.3 0.6!!X 0.521 1.l2 

I I-HEOF-All 0.O4!! 58.2 100.5 0.66') 0506 1.l2 
I I-HEOF-A12 (J.04!! 5!!.2 100.3 0.043 0.506 1.27 

I 

2-HEOF-AII 0.O1l5 118.1 11') 2.')1') 2A27 1.20 
2-HEOF-AI2 0.OK5 KK.) 12.0 2.')!!1 2.517 I I X 
2-HEOF-A21 0.085 88.3 43.5 2')')4 2A1'; 1.23 
2-HEOF-A22 0.0115 1I1D 41.5 3.125 2.524 1.2.t 
2-HEOF-All 0.085 88.3 55.8 2.713 2.3')4 111 
2-HEOF-A12 0.0!!5 !!8.3 55.5 2.H25 2A.N I II> 

I 

l-HEOF-AII 0.065 111.1 42.6 20S0 1.1X6 lAX 
3-HEOF-AI2 0.065 I n.1 42.H 2.106 IA% I..tl 
3-HEOF-A21 0.065 111.1 511.2 2'<)06 1 . .t2') 1 . .tO 
l-HEOF-A22 0.065 113.1 5H 2075 IA2') IA5 
l-HEOF-All 0.065 113.1 73.7 I.K,)4 U()l U') 
3-HEOF-A12 0.065 1n.1 73.7 IX6') 1.2')4 1..t.J 
4-HEOF-A II 0.047 141.2 64.2 UU 0.X7.l 150 
4-HEOF-A 12 0.047 141.2 616 UOO 07.16 1.77 
4-HEOF-A21 0.047 141.2 lD.l 121') 0.6X6 In 
4-HEOF-A22 0.047 141.2 82') 1.125 0.633 UK 
4-HEOF-All 0.047 141.2 105.7 10KK 0.717 1.52 
4-HEOF-A12 0.047 141.2 105.4 I.O/ll o X 2.1 1.2') 
5-HEOF-AII 0.046 165.1 63.') 1.2')1 05,)X 2.17 

I 

5-HEOF-AI2 0.046 J(/U 614 12K'i O'i')X 2.1 'i 
5-HEOF-A21 0.046 165.1 116.0 1.200 057') 2.07 

I 

5-HEOF-AII 0.046 165.1 lI'iA lin 057') 2.0.1 
5-HEOF-A II 0.046 165.1 IOK.2 1050 0.560 IX7 

I 
5-HEOF-AII 0.046 Wi.1 1073 t.m'i 0561 IX.t 

Mcan 1.51 
! COy 0207 

NoIC: I kip = 4.44~ kN. I ksi = 6.~l)5 MPa. Thc abuve Icsl dala arc from Sanlapulra and Yu (1l)~6). P"" = Ie sled load per weh. P,.,I'h'" HI = Cakulalcd load per 
web using Ihe new modified kC.. 

.l--
00 

I 
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Tahle 6.2.2 Tested Load and Moment, Calculated Load and Moment, Comparison of Tested Load allli Moment with Calculated Load and Moment for 101" 
Loading Condition 

Fy Average PIN (kips) MI"" P('ilc,lll'wl-.('1 Me.lll,lnJI')' 
Pll·'/Pl..Ik".Ill· .... ~('I M".jM"d",,·d I) 

Specimen 
(ksi) hIt Tesl I Tesl2 Test I Test 2 (kips) (kip-in) Test I Test 2 Test I Test 2 

126hO.75R3/32660 112.5 45.72 1.057 1.071 2.246 

126hO.75R3/M660 112.5 45.29 1.228 1.240 2.610 

126h I.5R3J32660 112.5 89.78 1.351 1.319 3.378 

126h I.5R3/64660 112.5 89.02 1.382 1.361 3.455 

122hO.75R5/M060 \03.9 21Ul2 3.328 3.386 6.656 
122hO.75R 1/16660 103.9 25.99 3.179 3.255 6.358 

122h I.5R5/64660 103.9 53.60 3.735 3.599 9.338 

122h 1.5 Rill 6060 103.9 52.07 3.830 3.778 9.575 

122h2R5/64060 103.9 70.55 3.538 3.501 10.172 
122h2R 1/16060 103.9 68.93 3.7\0 3.799 10.666 

t22h3 R5/M660 103.9 105.86 1.831 1.773 6.866 

t22h3R 1/16660 103.9 \03.44 1.816 1.869 6.IHO 

122h4.5R5/64060 103.9 156.93 1.648 1.645 8.034 
122h4.5R 1116060 103.9 155.53 1.693 1.694 IU53 
122h6R5/64060 103.9 208.19 1.523 1.545 8.948 

122h6R 1/16060 \03.9 206.73 1.645 1.685 9.664 

122h I.5R 1/8090 103.9 50.97 1.686 1.693 4.426 
122h3R 1/8090 103.9 103.67 1.793 1.837 6.500 

122h4.5R 1/8090 103.9 155.28 1.818 1.698 8.863 

NOle: I kip = 4.448 kN, I inch = 25.4 111111. 

2.276 1.436 2.65 
2.635 1.763 2.36 
3.298 1.343 5.44 
3.403 1.641 4.81 

6.772 4.039 5.51 
6.510 4.200 4.86 
8.998 3.8n 12.52 
9.445 4.031 11.83 
10.065 3.804 18.93 
10.922 3.929 17.17 
6.M9 1.794 /4.02 
7.009 1.867 13.51 
8.019 1.657 20.56 
IU58 1.716 IY.9 
9.077 1.516 27.36 
9.899 1.562 26.25 

4.444 2.085 8.13 
6.659 1.923 IIU6 
8.2n 1.765 25.95 

0.74 0.75 
0.70 D.70 
1.0 I 0.9S 
0.84 OK~ 

tUQ 0.84 
0.76 0.77 
0.96 0.93 
0.95 0.94 
0.93 0.92 
0.94 0.97 
/.02 0.99 
0.97 1.00 
0.99 0.9Y 
0.99 O.9Y 
1.00 1.02 
1.05 1.08 

0.81 O.SI 
0.93 0.96 
1.03 0.96 

(l.S5 
I. I I 
0.62 
0.72 

1.21 
1.31 
0.75 
(U~ I 
0.54 
0.62 
0.49 
0.50 
0.69 
0.41 
0.33 
0.37 

0.54 
0.36 
0.34 

D. S() 
1.12 
0.61 
0.71 

1.23 
1 .. 14 
o.n 
0.80 
0.53 
0.64 
0.47 
0.52 
0.39 
OAI 
0.33 
0.38 

(J.55 
0.37 
0 .. '2 

-l'­
'C> 

I 

I 



Tablc 6.2.2 Tcslctl Uhimalc Loatl, C'akulalctl Loatl antl Momcnl, antl Comparison of Ihc Tcslctl Loatl antl Momcnl with thc Cakulakd Load and Momcnt lor IOF 
Loatlinl! Contlilion (C'onlinuetl) 

Specimen Thickness F, h/l Ph:,1 M,c" I' 
~ .1 •. 1"-" H I M~.'I."'dl'} P IP k~1 ,,11.,1"\\ I..{ I Mk,/M,.,l.,,·,I\'I 

(in.) (ksi) (kips) (k-lIl) (!..ips) (k-in.) 

I-HIOF-AII (J.04i1 Sil.2 63.6 IA25 D54 UK I 27.2~ O.XO (J)(J 
I-UlOF-AI2 O.04K 5K.2 6:1A IAOO LLI l.n2 2706 07<) o.~<) 

I-HIOF-A21 (J.04K 5K.2 no 1.465 1612 1.6Xh 41.<)() (un (J.l<) 
I-HIOF-A22 O.U411 )tU 112.K IA65 16.12 1.620 4UI'; O<)() (u<) 
I-HIOF-A31 0.04S )11.2 102.0 IA50 IS.U 1.65l\ 'iliA<) O.X7 lUI 
I-HIOF-A32 O.O4!! )!!.2 102.2 I.S00 IK.75 1.6.1:\ 5X.67 0.'>2 (lI2 
2-HIOF-AII O.OS2 StU 3).1 ).400 suo 76'15 ('<)')0 0.70 07.1 
2-HIOF-AI2 0.0112 1111.3 3).4 5.165 50<)7 7.5~(, 70.<)4 0.71 (j.72 
2-HIOF-A21 0.0112 !!S.1 47.4 ).7~O 63.14 7.416 10<).94 077 0.57 
2-HIOF-A22 0.O!!2 !!1I.3 47.5 ).700 62.70 7.-lI'i 110.26 0.77 0.57 
2-HIOF-A31 0.O!!2 !!1I.1 W7 6.2(,5 n.31 7.12X ,,,502 0.X5 0.51 
2-HIOF-A32 ().OIl2 1111.1 W!! 6.375 7')6<) 7 . .1'27 15552 (un OSI 
1-HIOF-AII 0.062 113.1 47.7 4.2<)0 40.76 ~.X4~ WX7 O.X<) 070 
J-l-JIOF-AI2 0.062 ILU 47.!! 4.100 40.X) 5.011 57.56 O.S6 0.71 
3-HIOF-A21 0.062 ILU 63.2 4.290 47.19 4.X9X X7.<)1 OXX O.5~ 

3-HIOF-A22 0.062 1 1:\.1 631 4.265 46.'>2 4.<)3<) xxn 0.X6 OS\ 
3-HIOF-A31 0.062 In.1 7<)1 4,325 54.06 49~0 122.22 OXX 04~ 

3-HIOF-A32 0.062 In.1 7!!.!! 4.350 54.3X 47~1 1211\9 on 044 
4-UJOF-AII 0.047 141.2 (,4.2 2.720 25.X4 1.2X4 ~'i.6l) o X3 057 
4-HIOF-AI2 0.047 141.2 64.6 2.6()0 24.70 :U51 ~5lQ 07X 0.54 
4-HIOF-A21 0.047 141.2 !!6.S 2.725 2<).9X 2.<)71 66.25 0.92 (J 45 
4-HIOF-A22 0.047 141.2 !!7.1 2.74(J .JO 14 .HJ04 66.24 0.91 046 
4-HIOF-A11 0.047 141.2 lOB 2.700 3175 1016 79.14 lUll) (Ul 
4-HIOF-A32 (J.047 141.2 lOB 2.6.10 12.!H! 30()4 79.6.:) O.XX lUI 
4-HIOF-AI3 0.047 141.2 61.0 2.490 :n.66 2.57.\ 44.1X 0.<)7 OS\ 
4-HIOF-AI4 0.047 141.2 61.0 2.475 2151 2573 44.35 0.<)6 0),\ 
4-HIOF-A2:1 0.047 141.2 X2.3 2.625 2756 2.490 6S!C\ 1.05 040 
4-HIOF-A24 (J.047 141.2 !!2.) 2.66.'i 27.<)X 24')0 6<)05 un 041 
4-UJOF-A:H 0.047 141.2 1029 2.575 1219 2.410 X5Ni 107 o III 
4-HIOF-A34 O.D47 141.2 102<) 2.610 .12.61 2.410 X6.6lJ LOX (UX 
5-1I10F-A II 0.046 165.1 63.2 n65 22.47 2.3'>.1 4<).60 0<)<) lUi 
5-HIOF-AI2 0.046 165.1 63.2 2.125 22.m 2 . .1<)5 4<).44 0.<)7 0.4'; 
5-HIOF-A21 0.046 165.1 X5A 2 .. 'i()() 27.50 2.26'\ 7141 1.10 Olx 

'i-HIOF-A22 0.046 165.1 115.0 25Yi 27.X<) 2.176 72.<)3 I 16 (US 
5-1lI0F-All 0.046 165.1 106.S 2465 10.XI '2.227 91 14 1.11 Ol-l 
HIIOF-A12 0.046 165 I 107 I 2.41'\ .1044 2 1'>7 91.76 I II 011 

Note: I kip = 4.44H kN. I ksi = 6.895 MPa. Thc anovc Icst data arc from Santapulra antl Yu (19X6). 1\" = tesled loatl per wcn. P,.d.,,,,, kli = Calculalcd loatl pCI' 

wen using thc ncw Illodifictl kC I. M".,,=Teslctl MOlllcnt for enlire section. M,.,IH" I) =Calculalcd llJolllclll using Ihe yield slrcnglh rcdUl'lion faclor for enlirc 

seclion. 
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T:tblc 6.2.) Tested LJllilllate Load, Calculated Load, and Comparison of the Tested Ullilllate Load with the Calculated Load for ETF LoaJing 
ConJition 

II I I I 
~-

F Aver:tgc P"" (kips) Pl- ill II,'''''' ~('\ Ph·,/Pl,.ll 111:\\ "t" 

Spcl.:imcn ) , 

(ksi) hIt (lips) Test I Tcst 2 Te~l 3 Test I Tesl2 

l26hO.75R)/32060 J 12.5 45.72 0.611 0.590 0.302 2.02 1.l)5 
I 126hO.75RJ/MfJ60 112.5 45.29 0.676 0.673 0.445 1.52 1.51 

t26h I.5R3/32fJ60 112.5 M9.7M 0.498 O.55Y (l.511 0.267 U;6 2.09 
t26h I.SR3/64fJ6{l 112.5 M9.02 0.571 0.567 n.3lJ2 1.46 1.45 

t22hO.75R5/M060 103.Y 28.02 1.979 2.064 2.014 1.15X 1.71 1.7 X 
t22hO.75R II I 60bO 103.9 25.99 1.999 2.072 1.2l) I 1.55 1.61 
t22h 1.5R5/M060 103.9 53.60 1.553 1.614 I.OXO 1.44 1.49 
122h I.5R 1/ 16fJ60 103.9 52.07 1.854 I.72Y 1.202 1.54 1.44 
t22h2RS/M060 103.9 70.55 1.306 1.426 I.o:n 1.26 UX 
t22h2RI1I6fJ60 103.9 68.93 1.450 1.561 1.149 1.26 1.36 
122h3RS/M060 103.9 IOS.86 0.593 0.63Y {lA65 1.2X 1.37 
t22h3R 1/ 160W 103.9 103.44 0.618 0.622 0.520 1.19 1.20 

t22h4.SR5/MfJ60 Im.9 IS6.93 0.444 0.467 0.394 1.13 1.19 
t22h4.5R 1116060 103.9 ISS.53 0.S92 0.466 0.452 0.437 1.36 1.07 
t22h6RS/64fJ60 103.9 208.19 0.376 0.369 0.321 1.17 1.15 
t22h6R 1/16060 103.9 206.73 OAn 0.376 (U66 0355 1.35 1.06 

Mean 1.45 
COy O. 1% 

Nole: I kip = 4.448 kN. I ksi = 6.89S MPa. 

I 
I 

Test 3 , 

I 

I.lJ I 

1.74 

1.04 

1.03 

VI 



Tanle 6.2.3 Tesled Ultimate Load, Calculaled Load, and Comparison or the Tested Ultimate Load with the Calculated Luau ror ETF Loauing ConditlOn 
(Continued) 

, 

! 

---~~-~-.----.-- -- -~ 

Spc.:imcn Thi,kncss F, h/l Pk,1 Pc,d, u,'\lk('\ I l>(,,/P,,\(, \"y. 1,\ \ 

(in.) \ksl) ( ~II») (~ips) 

t-HETF-AII 0.047 5H.2 62.5 0725 os,,> 114 
I-HETF-AI2 0.047 5H.2 62.'> (UD OS>') I.Q 

t-HETF-A21 0.047 511.2 11:1.7 0.725 050X J.ll 
I-HETF-A22 0.047 511.2 H4.2 072.1 O.50X I .. \.l 

I-HETF-A31 0,047 511,2 105,0 0650 ().\76 1.17 
I-HETF-AJ2 0,047 511.2 1050 0.662 0476 I .\') 

2-HETF-Atl 0,01111 77.1 32.1 OX:~:'\ 2.61lO 101> 

2-HETF-AI2 0,01111 77,1 32.1 2.7'67 2.660 105 

2-HETF-A21 O.O!!ll 77.1 43.5 2.700 2511.' I OS 
2-HETF-A22 O.OIlIl 77.t 43.5 2.650 2.511.' lOS 
2-HETF-A31 001111 77.1 55.2 2.42:,\ 2 . .104 0'>7 

2-HETF-A32 0,01111 771 ,'i5.0 2.400 2.504 O.'){) 

3-HETF-AII O.06,'i 1/6l) 445 1.'\25 1.247 I 22 
1-HETF-AI2 0.06.1 116,l) 44.6 1.600 1.247 /2x 
3-HETF-A21 0.065 116.,> 600 1.41.1 1./% I IX 

1-HETF-A22 0.065 116,9 )l).!1 IAx7 I 1'>7 1.24 

1-HETF-A31 0.065 116.9 76.2 UOO I 143 1.14 

3-HETF-A32 0.065 116.,> 75,11 Ul2 1.144 I 15 
)-HETF-AII 0,046 165.1 61.9 0.7,'i0 0621 1.20 
5-HETF-AI2 0,046 165,1 617 0.762 0625 1.22 
5-HETF-A21 0,046 16),1 B60 0,675 05116 1.15 
5-HETF-A22 0.046 165,1 !l60 0700 0.5116 /20 
)-HETF-A31 0,046 165,1 I06l) 0.612 0.54'1 1.11 
5-HETF-A32 0.046 165.1 106.7 0600 0.551 I.{)<) 

M.:an I I'> 
COY () 116 

Note: I kip = 4.44g kN. I ksi = 6.g95 MPa. The above lesl dala are from Sanlapulra anu Yu (191)6). PI,,,:= testeu load per wen. P"d.",wH\:= Cakuiatcu loau Iwr 
wen using Ihe new modified kC\. 

v. 
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Table 6.2.4 Tested Ultimate Load, Calculated Load, and Comparison or the Tested Ultimate Load with the Calculated Load for ITF Loading Condition 

Fy Average PInt (kips) 
PL"IJlJI~"" H'I 

PIl·,/P l ·,lh.Il,·\\ "('I 

I 

Specimen 
(ksi) hit (kips) 

I 
Test I Test 2 Test 3 Test 4 Test I Tesl2 Test 3 

t26hO.75R3/32660 112.5 45.72 1.642 1.927 1.870 1.869 1.232 1.33 1.56 1.52 
126hO.75R3/64660 112.5 45.29 2.179 2.154 1.513 1.44 1.42 
126h I.5R3/32660 112.5 89.78 1.386 1.406 1.048 1.32 1.34 
126h I.5R3/64660 112.5 89.02 1.496 1.500 1.284 1.17 1.17 

122hO.7 5 R5/64660 103.9 28.02 S.928 5.468 5.S90 4.329 1.37 1.26 1.2S1 
t22hO.7SR 1116660 103.9 25.99 5.858 5.688 4.51 K 1.30 1.26 
122h I.SR5/64060 103.9 53.60 4.488 4.719 3.Sl64 1.13 1.19 
t22h 1.5 R 1116660 103.9 52.07 4.483 4.445 4.132 I .(llJ 1.08 
122h2RS/64060 103.9 70.55 3.900 4.188 3.755 1.04 1.12 
122h2R 1/16060 \03.9 68.93 4.366 4.224 3JNO 1.12 I.OSI 
122h3RS/64060 103.9 /05.86 /.769 1.743 1.6n 1.0Sl 1.07 
122h3 R 1/16660 103.9 103.44 1.871 1.886 1.704 1.10 1.1 I 

122h4.5 RS/64660 103.9 I 56.Sl3 1.500 1.561 1.2X4 1.17 1.22 
122h4.5 R I I 16660 103.9 155.53 1.569 1.451 1.335 1.18 I.()l) 

122h6RS/M060 103.9 208.19 1.295 1.236 0.Sl34 1.3S1 1.32 
t22h6R 1/16060 103.9 206.73 1.204 1.156 0.<)69 1.24 I. lSI 

Mean 1.24 
COY 0.1 IS 

Nole: I kip = 4.448 kN. I ksi = 6.8S1S MPa. 

Tcsl4 

1.52 

VI 
vJ 
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Tahle 6.2.4 Tested Ultimate Load, Calculated Load, and Comparison of the Tested Ultimate Load with the Calculated Load for ITF Loading Condition 
(Continued) 

- - - - - - - ---

Specimen Thickness F, h/I PI"I p ... ,I.'''''''''ll P,.,/l) ... h." .. " 1« I 

(in) (ksi) (kIps) (I"t") 

I-HITF-AII 0.047 SIU 61.g 1.6';0 J.<)I<) (I X(, 

I-HITP-AI2 0.047 SIl.2 61.8 1.<>25 1<)1<) (I X) 

I-HITF-A21 0.047 S8.2 IB.1 1.650 J.774 (II); 

I-HITF-A22 0.047 5!!.2 H3 1.625 1.772 (It)] 

I-H1TF-A31 0.047 SK.2 105.7 1.600 1(1 1) (11)<) 

I-IHTF-A32 0.047 511.2 105.4 1.625 1.620 100 
2-HITF-AII 0.088 77.1 32.1 6.M75 1)5(,7 () 72 
2-HITF-AI2 O.OIlIl 77.1 32.1 6<)00 <))(.7 0.72 
2-HITF-A21 O.O811 77.1 43.6 6.X75 <).212 075 
2-HITF-A22 0.088 77.1 4U h.~mO <)205 () 74 
2-HITF-A31 O.mlll 77. I 55.5 6~n5 llJI44 o 7X 
2-HITF-A32 OOXX 77.1 55.4 6<)00 lUI47 lUX 
3-HITF-AII O.OoS 116.<) 44.9 5050 5.7<)1 o li7 
3-HITF-AI2 0.065 116.9 445 5.150 5.liOI O.ll<) 
3-HITF-A21 0.06.1 116.9 SY5 411S0 5.506 OXX 
3-HITF-A22 0.065 116.9 WS 4.IWO 5506 () X7 
3-HITF-A31 0.065 116.Y 75.4 4.XOO 5.I<)X (I.')]. 

3-HITF-A32 0.065 116.9 75.4 4700 51% o I)() 
S-HITF-AII 0.046 165.1 64.3 2950 2X~5 104 
S-HITF-AI2 (>.046 165.1 64.3 lOOO 2.1125 1.06 
5-HITF-A21 (1.046 165.1 84.5 2775 2.61Y 1.06 
S-HITF-A22 0.046 165.1 X5.0 2.750 2.614 UJ'i 
S-HITF-A31 0.046 165.1 10K 2 2.625 2.379 110 
5-H1TF-A32 0.046 165.1 IOX.7 2.61.> :U74 110 

Mean III 
COY () IX7 

~otc: I kip = 4.44~ kN. I ksi = 6.lNS MPa. The ahove test data arc from Santaputra and Yu (19H6). PIC"~ = tested load per web. p,.",Il'." H, = Calculated load pc.:r 
veh using the new modified kC,. 

v. 
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3.5~----~----~----~----~----~----~----~------~--~ 

------... ----. kC1 --.--- kC3 -- new kC1 -- new kC3 
3 

2.46 

2.5 

New kC 1 for IOF & ITF 
= (1. I3-0.13F/33)F/33 

(f) 
() 
.:x 2 J 1. 80 =l J.- New kC3 for EOF & ETF 
-0 
C 
«S 
U 1 .5 -1-------

.:x 

1 

0.5 

_ = (1.20-0.20F/33)F/33 

I-__ ~==r=:i:~t~~~·-
..... -

1.34 ..... 

Current kC] for EOF & ETF "'-." .. " 
.~----l--------- ...... 

= (1.33-0.33F/33)F/33 .. / ...... ,. 
----.--..... -....... -- .1- ...... ----.-... 

66.5 

.. _ ........................... _.- .. -.---.. ~- ........... ---... -.. . 

91.5 99 

\\" 
.\.. 

-" . 
-'''' ....... --.. + .. -........... _ ......... --_. 

". 

"~~, . 

143.4 

Current kC 1 for IOF & ITF 
= (1.22-0.22F/33)F/33 

o r t I" 
o 20 40 60 80 100 120 140 160 180 

Fy (ksi) 

Fig. 2.1 kC , and kC] Factors vs. Fy 
u. 
u. 
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1 2 5 6 9 10 

Fig.3.1.1 Cross Section of Test Specimen 
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S8 

4.1.2 Test Setup for EOF Condition 
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4.1.4 Test IOF Conditil)n 



60 

4.1.6 Test Setup for ETF Condition (Specimens with One Rib) 

4.1.7 for 



61 

Bottom lJeJtomilatl,on at HeRrino Plate in EOF COltldil:ion 

in EOF COf:tditilon 



4.3.3 Bottom Flange Deformation at End Bearing Plate for Specimen with Vertical Webs in EOF 
Condition 

in 

62 



63 

4.4.1 Local n""lnrn,!'!ti'"ln at r",JO."''''u for Spe,cimen in IOF COltldi1:ion 

:spe,CllDien in 



64 

Local Web undemc~atl1 Central tsearmg in lOP COltlOll:1on 
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