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ABSTRACT 

EMPIRICAL AND ANALYTICAL CORRELATION OF 

THREE-DIMENSIONAL OPTIMUM STRUCTURAL FRAMES 

by 

XAVIER ARGUELLO CARAZO 

The present investigation deals with the correlation 

between optimally designed space frames and experimental re¬ 

sults obtained from testing small-scale modeled three-dimen¬ 

sional frameworks loaded beyond the elastic limit. 

The optimum design procedure used was developed by M. 

Khalifa (4). A justification for using the linear optimi¬ 

zation procedure as opposed to the non-linear one is pre¬ 

sented. 

Efficient techniques for performing tests in small-scale 

modeled three-dimensional frames loaded up to failure are de¬ 

veloped. 

Two small-scale modeled space frames are fabricated and 

tested; one subjected to vertical loads and the other to ver¬ 

tical and lateral loads. A comparison between the optimally 

designed space frames and the models tested is made. The 

results and conclusions are presented and discussed. 



ACKNOWLEDGEMENTS 

The author wishes to express his sincerest appreciation 

to Dr. J.E. Merwin for his invaluable guidance and support 

throughout this work. Much gratitude goes to my colleagues 

for their inspiration and suggestions, specially to Mr. Jorge 

Valdivieso. The author is thankfull to Arley Townsed and Roy 

Guidry for their valuable aid in conducting the experiments. 

To my wife whose encouragement and dedication helped im¬ 

mensely in the preparation of this thesis. 



ii 

TABLE OF CONTENTS 

LIST OF TABLES iii 

LIST OF FIGURES iv 

NOMENCLATURE vi 

CHAPTER I. INTRODUCTION 1 

A. Objective and Scope 1 

B. Review of Analytical Solution 2 

C. Review of Model Studies 9 

CHAPTER II. DESIGN OF SPACE FRAME MODELS AND 
INSTRUMENTATION 10 

A. Design of Prototypes 10 

B. Modeling 14 

C. Testing Devices and Instrumentation 18 

CHAPTER III. FABRICATION AND ASSEMBLY OF MODELS 24 

A. Fabrication of Specimens 24 

B. Model Assembly 27 

CHAPTER IV. TESTS 35 

A. Testing and Results 35 

B. Comparison between Experimental and 
Analytical Results 36 

CHAPTER V. SUMMARY AND CONCLUSIONS 55 

APPENDIX. SIMPLE BEAM TEST 57 

BIBLIOGRAPHY 59 



• • • 
1X1 

LIST OF TABLES 

Tables Title Page 

1.1 Lateral Loading on Strong Axis 
Optimum Areas 4 

1.2 Lateral Loading on Weak and Strong Axis 
Optimum Areas 5 

1.3 Vertical and Lateral Loading on Strong Axis 
Optimum Areas 6 

1.4 Vertical Loading on Strong Axis 
Optimum Areas 7 

1.5 Vertical Loading on Weak and Strong Axis 
Optimum Areas 8 

2.1 Optimum Values, Space Frame #1 11 

2.2 Optimum Values, Space Frame #2 12 

2.3 Cross-Section Dimensions and Properties, 
Space Frame #1 15 

2.4 Cross-Section Dimensions and Properties, 
Space Frame #2 15 

2.5 Strong Axis Plastic Moments, Space Frame #1 16 

2.6 Strong Axis Plastic Moments, Space Frame #2 16 

4.1 Comparison of Plastic Moments for Modeled 
Space Frame #1 38 

4.2 Comparison of Plastic Moments for Modeled 
Space Frame #2 38 



iv 

LIST OP FIGURES 

Figure 

1.1 

1.2 

1.3 

1.4 

1.5 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

2.9 

2.10 

2.11 

2.12 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

Title 

Lateral Loading on Strong Axis 

Lateral Loading on Weak and Strong Axis 

Vertical and Lateral Loading on Strong Axis 

Vertical Loading on Strong Axis 

Vertical Loading on Weak and Strong Axis 

Space Frame #1, Vertical Loads 

Analytical Bending Moment Distribution, 
Space Frame #1 

Space Frame #2, Vertical and Lateral Loads 

Analytical Bending Moment Distribution, 
Space Frame #2 

Typical Modeled Section 

C1020 Stress-Strain Diagram 

Vertical Loading 

Lateral Loading 

Vertical Load Cell Calibration 

Lateral Load Cell Calibration 

Cantilever Beam System 

Measuring Devices 

Specimen During Machining 

Space Frame Dimensions 

Beam to Column Web and Flange Connection 

Plates Welded to lOin. Beams 

Column Web Stiffners 

Strong Axis Subassemblage 

Page 

4 

5 

6 

7 

8 

10 

11 

12 

13 

14 

17 

19 

19 

20 

21 

22 

23 

26 

29 

30 

31 

32 

32 



V 

3.7 Completed Framework 33 

3.8 Framework Bolted to Rigid System 33 

3.9 Space Frames #1 and #2 34 

4.1 Test #1, Beam 1 39 

4.2 Test #1, Beam 5 40 

4.3 Test #1, Beam 3 41 

4.4 Test #1, Beam 7 42 

4.5 Test #1, Column 2 43 

4.6 Test #1, Column 4 44 

4.7 Test #1, Column 4 45 

4.8 Test #1, Column 6 46 

4.9 Test #2, Beam 1 47 

4.10 Test #2, Beam 5 48 

4.11 Test #2, Beam 3 49 

4.12 Test #2, Beam 7 50 

4.13 Test #2, Column 4 51 

4.14 Test #2, Column 6 52 

4.15 Space Frame #1, Ready for Testing 53 

4.16 Space Frame #2, Ready for Testing 53 

4.17 Lateral Load Applying Device 54 

A.1 Collapsed Simple Beam 57 

A.2 Simple Beam Test 58 



vi 

a 

bi 

d 

k 

M 
E 

M 
E 
M x 

M 

N 

N 

px 

py 

w 

mx 

my 

px 

PY 

x 

NOMENCLATURE 

Cross-sectional area 

Flange width 

Depth of cross-section 

Modeling factor 

Plastic moment about x axis 

Plastic moment about ^ axis 

Moment about x axis 

Moment about £ axis 

Axial force 

Plastic axial force 

Flange thickness 

Web thickness 

Plastic section modulus with respect to the strong 
axis of the model 

Plastic section modulus with respect to the weak 
axis of the model 

Plastic section modulus with respect to the strong 
axis of the prototype 

Plastic section modulus with respect to the weak 
axis of the prototype 

Plastic section modulus with respect to the strong 
axis 

Plastic section modulus with respect to the weak 
axis 

cr = Yield stress 



1 

CHAPTER I 

INTRODUCTION 

A. Objective and Scope. 

The problem of minimizing the cost function of a three- 

dimensional structure for given geometry and required ultimate 

loads is a complex one. The Ph.D. thesis "Optimum Plastic 

Design of Space Frames", written by M. Khalifa in 1972 at Rice 

(4), develops methods for its solution. These methods are ap¬ 

plied to simple space frames subject to different loading con¬ 

ditions. 

The main objective of the present dissertation is to com¬ 

pare experimental results with those obtained by the optimum 

design procedure mentioned. 

Successful tests have been performed by Litle et al (6) 

on two-dimensional frameworks fabricated with small-scale wide 

flange sections and loaded up to failure. Litle and Foster 

(7) investigated the fabrication of a small-scale space frame 

but no tests were made. 

The development of efficient and reliable techniques for 

the performance of tests in small-scale modeled three-dimen¬ 

sional frameworks loaded beyond the elastic limit is consi¬ 

dered in the present investigation. Establishing the load- 

deflection relationship of the space frames to be tested was 

also important, considering that the models represent "mi¬ 

nimum-weight" structures that might deflect beyond established 

limits at working loads. 
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B. Review of Analytical Solution. 

Khalifa (4) concludes that the results obtained by a li¬ 

near optimization procedure differed slightly from those ob¬ 

tained by non-linear optimization and suggests that a linear 

optimization analysis of the space frame be performed fol¬ 

lowed by applying the non-linear procedure only for a few 

iterations. The author analyzed the solutions obtained by 

applying the non-linear procedure in the examples presented 

by Khalifa and noted that very close answers were obtained 

with the linear procedure when only lateral loads were ap¬ 

plied. Reasonably close solutions were obtained when ver¬ 

tical and lateral loads were applied to the strong axis of the 

frame. 

Noticeable discrepancies were observed in the optimum 

areas of the columns of the space frames obtained by the non¬ 

linear procedure, and those obtained by the linear procedure 

when only vertical loads were applied. From the optimized 

problem a set of redundants is obtained, leading to a moment 

distribution in the space frame. When loading occurs in the 

four beams, the columns are subjected to biaxial moments and 

axial load, the discrepancy arises when the interaction sur¬ 

face defined by non-linear functions representing the inter¬ 

action between M , M and N, is linearized; for cross-sec- x' y ' 

tional shapes with high Z /Z ratios and high axial loads the y x 

non-linear interaction surface should be used. 

When vertical loads are present, Khalifa performs an 

elastic-plastic analysis to determine if premature failure 
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will occur due to instability. This analysis was not con¬ 

sidered of importance for one story frames; even for very 

high vertical loads as presented, in his study shows negli¬ 

gible reductions of the collapse load. 

Prom the preceeding discussion it was concluded that 

the linear solution could be used without the additional non¬ 

linear procedure, reducing considerably the amount of com¬ 

puting time involved. 

Tables 1.1 through 1.5 show the differences in the re¬ 

sults obtained by non-linear and linear optimization pro¬ 

cedures. 

Khalifa established a relationship between the plastic 

section moduli and the area for the economical wide flange 

sections provided by the Manual of Steel Construction(8), 

these relations were used in the present study, they are: 

Z = 1.667 A3//2 

Z = 0.286 A3//2 

y 
Z /Z = 5.829 
x' y 



COMPARISON OF ANALYTICAL RESULTS 

Lateral Loading on Strong Axis 
Figure 1.1 

Area (in^) 

Member Non-Linear Linear 

1 34.4 34.38 
2 
•3 

33.5 34.37 
J 

4 33.5 34.37 
5 34.4 34.38 
6 
7 

33.5 34.37 

8 33.5 34.37 

Optimum Areas 
Table 1.1 



Lateral Loading on Weak and Strong Axis 
Figure 1.2 

Area (in2) 

Member Non-Linear Linear 

1 11.1 11.17 
2 50.1 51.13 
3 23.2 23.67 
4 75.4 74.87 
5 11.1 11.17 
6 76.6 74.87 
7 15.0 15.65 
8 48.7 51.13 

Optimum Areas 
Table 1.2 



6 

Vertical and Lateral Loading on Strong Axis 
Figure 1.3 

Area (in^) 

Member Non-Linear Linear 

1 56.1 55.50 
2 
O 

59.5 54.55 

4 33.9 31.13 
5 56.1 55.50 
6 
7 

33.9 31.13 
/ 
8 59.5 54.55 

Optimum Areas 
Table 1.3 



Vertical Loading on Strong Axis 
Figure 1.4 

Area (in2) 

Member Non-Linear Linear 

1 56.0 62.50 
2 
3 
4 

48.7 35.07 

48.7 35.07 
5 56.0 62.50 
6 
7 

48.7 35.07 
/ 
8 48.7 35.07 

Optimum Areas 
Table 1.4 
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Vertical Loading on Weak and Strong Axis 
Figure 1.5 

2 
Area (in ) 

Member Non-Linear Linear 

1 56.0 53.40 
2 55.0 45.95 
3 38.0 37.97 
4 55.0 45.95 
5 56.0 53.40 
6 55.0 45.95 
7 38.0 37.97 
8 55.0 45.95 

Optimum Areas 
Table 1.5 
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C. Review of Model Studies. 

It has been established, (5,9,13), that the similarity 

requirements for modeling elastic systems can be applied to 

systems involving inelastic behavior if the same materials 

are used in both model and prototype, and if the loading 

history is similar. The model law expressed by Langhaar (5) 

"If the linear dimensions of a structure are changed by a 

2 
factor k, the applied forces are changed by the factor k , 

3 
and the applied moments are changed by the factor k , the 

deflections are changed by the factor k and the stresses are 

unchanged", is applicable for the modeled structure loaded 

beyond the elastic limit made of the same material as the 

prototype. 

Litle and Foster (7) made an in-depth investigation on 

the fabrication of small-scale steel models. They established 

that the most appropriate and feasible technique for fabri¬ 

cating small-scale wide flange sections, was milling bar stock 

as opposed to other available techniques. Hot rolled SAE 

C1020 steel was found to be reasonably machinable and matched 

many characteristics of ASTM A36 steel. In connecting sec¬ 

tions, tungsten inert gas welding process (Heliarc welding) 

was established as appropriate to provide both strength and 

ductility to join the modeled sections loaded beyond the e- 

lastic limit, as opposed to silver soldering technique. They 

recommended that until more refinements are made in the weld¬ 

ing process, the whole frame should be annealed; sections 

annealed after welding showed lower ultimate load capacity. 
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CHAPTER II. 

DESIGN OF SPACE FRAME MODELS AND INSTRUMENTATION 

A. Design of Prototypes. 

In the present study two prototypes were considered for 

modeling; space frame #1 subjected to vertical loads and 

space frame #2 subjected to both vertical and lateral loads. 

They were designed using the linear program developed by 

Khalifa. Input to the program consisted of a set of high 

ultimate loads arbitrarily chosen, and the same arbitrary 

column heights and beam lengths used by Khalifa in his 

study. A value of <F = 36 ksi was used in the design. 

The optimum values obtained from the linear design pro¬ 

cedure for the cross-sectional areas and the plastic moduli 

of the members for both space frame #1 and #2, are presented 

respectively in Tables 2.1 and 2.2. The set of redundants 

obtained led to the bending moment distributions shown in 

Figures 2.2 and 2.4. 

Space Frame #1, Vertical Loads 

Figure 2.1 
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Member Area (in^) Z (in3) Z (in 
X y 

1 6.67 28.7 4.9 
2 5.51 21.6 3.7 
3 7.37 33.3 5.7 
4 5.51 21.6 3.7 
5 6.67 28.7 4.9 
6 5.51 21.6 3.7 
7 7.37 33.3 5.7 
8 5.51 21.6 3.7 

Optimum Values, Space Frame #1 

Table 2.1 

Analytical Bending Moment Distribution; Space Frame #% 

Figure 2.2 
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Space Frame #2; Vertical and Lateral Loads 

Figure 2.3 

Member Area (in^) Z (in3) 
X 

Z (in 
y 

6.38 26.8 4.6 
6.38 26.8 4.6 
7.37 33.3 5.7 
5.40 20.9 3.6 
6.38 26.8 4.6 
5.40 20.9 3.6 
7.37 33.3 5.7 
6.38 26.8 4.6 

Optimum Values, Space Frame #2 

Table 2.2 
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Analytical Bending Moment Distribution; Space Frame #2 

Figure 2.4 
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B. Modeling. 

A scaling factor of 1/12 was considered convenient for 

modeling the prototypical structures. Also, a ratio of beam 

depth to flange width was established constant for all cross- 

sections: d/b^ = 2. 

In his study, Khalifa neglects the contribution of the 

web to the major axis bending moment. After determining a 

feasible web thickness that could be produced in the milling 

machine, its effect was taken into consideration in calcu¬ 

lating the true plastic section moduli of the modeled cross- 

sections. 

A typical modeled section is shown in Figure 2.5, and 

the cross-section dimensions and properties for each member 

of both space frames #1 and #2, are presented respectively 

in Tables 2.3 and 2.4. 

The stress-strain diagram for the Cl020 hot-rolled steel 

bars used in the fabrication of the specimens is presented in 

Figure 2.6; the yield stress <r= 37.5ksi obtained, was used 

in calculating the plastic moments for each member of both 

space frames; these are presented in Tables 2.5 and 2.6. 

Typical Modeled Section 

Figure 2.5 
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Member 

1 
2 
3 
4 
5 
6 
7 
8 

Z. (in3) 
tmx 
0.020 
0.016 
0.022 
0.016 
0.020 
0.016 
0.022 
0.016 

M (in-lbs) 
px 

750.0 
600.0 
825.0 
600.0 
750.0 
600.0 
825.0 
600.0 

Strong Axis Plastic Moments; Space Frame #1 

Table 2.5 

Member 

1 
2 
3 
4 
5 
6 
7 
8 

2 tmx 
(in3) 

0.019 
0.019 
0.022 
0.016 
0.019 
0.016 
0.022 
0.019 

M (in-lbs) 
px 

712.5 
712.5 
825.0 
600.0 

712.5 
600.0 
825.0 
712.5 

Strong Axis Plastic Moments; Space Frame #2 

Table 2.6 
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C. Testing Devices and Instrumentation. 

Vertical loading was applied with a hydraulic jack acting 

through a cable on a main simple beam that reacted on two se¬ 

condary simple beams, transmitting a symmetric load to the 

structure. The lateral load was applied by means of a screw 

jack acting through a system that transmitted two equal loads 

to the strong axis of the space frame. The loading schemes 

for frames 1 and 2 are shown in Figures 2.7 and 2.8. 

Both vertical and lateral loads were measured by two 

load cells designed to take the total vertical and lateral 

loads respectively. The load cells consisted of closed rings 

with strain gages placed at 90° with respect to the line of 

force action; the calibration curves are shown in Figures 

2.9 and 2.10. 

Vertical deflections were measured with dial gages placed 

at the center of the span of each of the four beams. Lateral 

displacements were measured both with dial gages and with a 

system of cantilever beams placed to detect lateral displace¬ 

ments in perpendicular directions. The cantilever beam sys¬ 

tem is shown with detail in Figure 2.11. 

A Vishay-Ellis strain indicator with capability to scan 

automatically through ten channels was used in the measure¬ 

ment of strain gage systems. 

The complete set of measuring devices and its location 

is shown in Figure 2.12. 
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Vertical Loading 

Figure 2.7 

Lateral Loading 

Figure 2.8 



20 

■S<77 (dj avo 7 

V
e
r
t
i
c
a
l
 
L
o
a
d
 
C
e
l
l
 
C
a
l
i
b
r
a
t
i
o
n
 



21 

L
a
t
e
r
a
l
 
L
o
a
d
 
C
e
l
l
 
C
a
l
i
b
r
a
t
i
o
n
 

F
i
g
u
r
e
 
2
.
1
0
 



ÉLÉVATION ELEVATION PI AM 

Detail A 

Detail B 

Cantilever Beam System 

Figure 2.11 
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Space Frame #1 

Space Frame #2 

Measuring Devices 

Figure 2.12 
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CHAPTER III. 

FABRICATION AND ASSEMBLY OF MODELS 

A. Fabrication of Specimens. 

The specimens were milled from rectangular bar stock. 

All sections were milled from rectangular bar with nominal 

dimensions 3/8in. x 3/4in. The rectangular bar comes in 

lengths of up to 20 feet, from where the individual members 

were cut to their final lengths before milling. This was 

done in order to reduce in great extent, irregularities in 

the web thickness due to camber, which was noted to occur 

after one side of a long element had been milled; the penalty 

paid for this was the increase in the milling time involved. 

The individual rectangular elements were measured with 

a micrometer and it was established that within a length of 

lOin. there were variations in the cross section dimensions 

of up to 4/1000in. Also, variations of up to 6/1000in. were 

measured in excess of the nominal depth, and of up to 2/1000 

in. in excess of the nominal width. 

The milling machine used was a Kearney & Trecker, 5 HP, 

Model 2CH, with a tolerance of l/1000in. The rectangular 

elements were set individually in the milling table clamped 

at the ends by a pair of vises, and supported by standard 

steel gages. After the first element was completed, buckling 

of the flanges was observed in the 2 1/4in. unsupported 

length spanning the space between the vises; this was prevented 

afterwards by providing continuous support throughout the 

length of the specimen. 
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A l/2in. side milling cutter was used throughout the 

fabrication; each side of the bar was milled in three up- 

cutting passes, being the first one a central pass l/8in. 

deep, the other two passes slotted the bar to its required 

flange and web thickness (see Pig. #3.1.) The cutter's speed 

was set to 75 RPM while the table feed was set to 5/16in. per 

minute; finishing cuts were required in several cases to bring 

the web thickness to its required dimension, for these latter 

cuts, the cutter's speed was increased to 99 RPM and the 

table feed to 4 5/8in. per minute. 

Some sources of inaccuracies were: vise alignment, 

measuring devices, measuring difficulties, battered shims, 

and variations in the dimensions of the rectangular bars, 

the tolerance considered admisible was of up to 5/1000in. 

even though elements within 2/1000in. were produced. 

The time involved in the fabrication of the elements 

averaged 3 hours per lOin. specimen. 
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Specimen During Machining 

Figure 3.1 



27 

B. Model Assembly, 

The first step in the assemblage of the frameworks was 

to clean the members to remove oil and dust. The ends of 

the members were sandblasted to provide a good welding sur¬ 

face, and cleaned again to remove particles of sand. 

The space frame dimensions are shown in Figure 3.2; 

connection details are shown in Figure 3.3. 

Since a sufficiently large capacity furnace wasn't 

available for stress-relieving the completely assembled 

frameworks, special care was taken during welding of connec¬ 

tions. Rectangular copper bars were prepared to fit the sec¬ 

tions and were used during the welding process as heat sinks, 

reducing the amount of heat taken by the members; this was 

specially important in the welding of web stiffners in the 

columns. 

The lOin. beams that formed part of the weak axis of the 

space frames were the first to be welded; the top and bottom 

plates that would provide connection to the column web were 

clamped in position and tack welded, the clamps were removed 

and the plates welded all around. Figure 3.4 shows these 

connections. 

The second step in the actual welding process was to 

clamp the column web stiffners in position and tack them. 

Immediately the stiffners were welded on one side and sand¬ 

blasted to clean the surface from slag that made it dif¬ 

ficult to make the all around weld; after cleaning, the weld 

was completed. A detail of the column web stiffners is 
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shown in Figure 3.5. 

The framework assemblage continued by joining the 15in. 

beams to the column flanges, forming the strong axis of the 

space frames. The columns were clamped in position with the 

beams at right angles; the beams were tacked to the column 

flanges and an all around weld was provided. Figure 3.6 

presents the strong axis subassemblage. 

In the next step, the strong axis subassemblage was 

secured to a flat surface and the lOin. beams were clamped 

at right angles to the column webs, and welded. 

To complete the addembly of the space frame, two 3/4 x 

1/4in. steel bars specially cut to the length of the exterior 

distance of the weak axis were tacked at right angles to the 

columns laying on the flat surface. The second strong axis 

subassemblage was then fit into position and tacked to the 

other end of the 3/4in. x l/4in. bars. The framework was 

laid on the two rectangular bars, and the lOin. beam ends 

were welded to the webs of the second strong axis subassem¬ 

blage. The rectangular bars used for fitting the subassem¬ 

blages were removed, and the space frame assembly was com¬ 

pleted. Figure 3.7 shows the completed framework. 

Finally, the columns were all around welded to 2in. x 

2in. x 5/16in. base plates that were bolted to a special 

system that would be attached to the loading frame, (see 

Figure 3.8). Figure 3.9 shows both completed frameworks. 
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Beam to Column Flange Connection 

Figure 3.3 
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Plates Welded to 10in. Beams 

Figure 3.4 
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Column Web Stiffners 

Figure 3.5 

Strong Axis Subassemblage 

Figure 3.6 
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Completed Framework 

Figure 3.7 

Framework Bolted to Rigid System 

Figure 3.8 
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Space Frames #1 and #2 

Figure 3.9 
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CHAPTER IV 

TESTS 

A. Testing and Results, 

Before the two space frames were tested, a simply sup¬ 

ported small-scale beam was loaded up to collapse to esta¬ 

blish the accuracy that should be expected from the milled 

wide flange sections. It was also important to determine if 

soft solder could be used for joining the web stiffners in 

the beams. From the simply supported beam test it was es¬ 

tablished that the use of acid core solder proved sufficient 

for joining web stiffners in beams. Also it was established 

that accurate results could be expected from the small-scale 

sections. The test results for the simply supported small- 

scale beam are presented in Appendix A. 

Space frame #1 was subjected to vertical loads applied 

proportionally from zero in very small increments. At each 

increment, the pressure was held constant and readings were 

taken from all instrumentation. When creeping was noted to 

occur in one of the beams, the load was held constant? imme¬ 

diately, creeping was noted also on the other three beams. 

The load-displacement curves obtained from this test #1 are 

presented in Figures 4.1 to 4.8. 

Space frame #2 was tested applying both vertical and la 

teral loads proportionally until the lateral load reached a 

value of 277.51bs? at that point the lateral load was held 

as constant as possible and the vertical load was increased 
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until creeping of the beams occured. The load-displacement 

curves obtained from this test #2 are presented in Figures 

4.9 to 4.14. The strong axis lateral displacement curves, 

represent displacements in the direction of lateral load. 

The frameworks placed in the loading frame with the 

instrumentation and ready for testing are shown in Figures 

4.15 to 4.17. 

B. Comparison between Experimental and Analytical Results. 

Space Frame #1, Vertical: 

The total collapse load obtained experimentally was of 

1445 lbs. From the analytical procedure, a collapse load of 

1111.11 lbs. was predicted; but considering the actual plas¬ 

tic moments of the model, which were increased due to the 

effect of the web and of the actual yield stress of the 

material used in fabricating the specimens, the actual col¬ 

lapse load expected should be greater than 1111.11 lbs. A 

comparison of the modeled plastic moments and the actual 

plastic moments is made in Table 4.1. 

It can be seen that the plastic moments were increased 

by an average factor of 1.25. The expected collapse load 

should be of 1389 lbs. 

The experimental result is 4 % higher than the analyti¬ 

cal solution. 

Space Frame #2, Vertical and Lateral Loads: 

The total collapse loads obtained experimentally were 

of 277.5 lbs. lateral load, and 1546.8 lbs. vertical load. 
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From the analytical procedure, a collapse lateral load of 

277.5 lbs. and 1111.11 lbs. vertical load was obtained. The 

same discussion as for frame #1 applies to the increase in 

the model plastic moments. The comparison of the modeled 

plastic moments and the actual plastic moments is made in 

Table 4.2. 

The plastic moments are increased by an average factor 

of 1.27. The expected collapse load should be of 1411 lbs. 

The experimental results is 9.6 % higher than the ana¬ 

lytical solution. 
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Member Modeled Plastic Moment 
(in-lbs) 

Actual Plastic Moment 
(in-lbs) 

1 612.0 750.0 
2 468.0 600.0 
3 684.0 825.0 
4 468.0 600.0 
5 612.0 750.0 
6 468.0 600.0 
7 684.0 825.0 
8 468.0 600.0 

Comparison of Plastic Moments for Modeled Space Frame #1 

Table 4.1 

Member Modeled Plastic Moment 
(in-lbs) 

Actual Plastic Moment 
(in-lbs) 

1 576.0 712.5 
2 576.0 712.5 
3 684.0 825.0 
4 432.0 600.0 
5 576.0 712.5 
6 432.0 600.0 
7 684.0 825.0 
8 576.0 712.5 

Comparison of Plastic Moments for Modeled Space Frame #2 

Table 4.2 
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Test #1, Beam 3 

Figure 4.3 



Test #1, Beam 7 

Figure 4.4 
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Test #2, Beam 3 

Figure 4.11 
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Test #2, Column 4 

Figure 4.13 
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Space Frame #1, Ready for Testing 

Figure 4.15 

Space Frame #2, Ready for Testing 

Figure 4.16 
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Lateral Load Applying Device 

Figure 4.17 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

A correlation between the optimum procedure used for 

designing three-dimensional frames developed by Khalifa, and 

experimental results is established. The use of the linear 

optimization procedure as opposed to the non-linear one for 

designing the space frames is justified. 

Efficient techniques are developed for performing tests 

in small-scale modeled three-dimensional frameworks fabri¬ 

cated with wide flange members loaded up to failure. 

The analytical solution gives optimum areas for a set 

of loading on a simple space frame, but a loading history is 

not obtained. The loading history of two space frames; one 

subjected to vertical loads and the other to vertical and la¬ 

teral loads is established experimentally. The collapse load 

for each frame is obtained, this being the basis for com¬ 

parison with the given ultimate loads used in designing the 

space frames with the analytical procedure. 

It has been established that accurate small-scale wide 

flange sections can be fabricated by milling steel bar 

stock. The cross-section dimensions of members used in the 

fabrication of the models tested in this investigation are 

as small as can be obtained with good accuracy by using the 

milling process. 

Previous investigations (7) have shown that modeled sec¬ 

tions non-annealed after welding presented higher ultimate 
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loads than predicted. Since a large capacity furnace was 

not available for stress-relieving the completed frameworks, 

special care was taken during welding; copper heat sinks 

were used to reduce the amount of heat applied to the mem¬ 

bers. 

Analyzing the load-deflection curves obtained, and con¬ 

sidering a load factor of 2, it can be seen that deflections 

at working loads are perfectly admissible. 

The two space frames tested failed in a beam collapse 

mechanism. 

It is concluded that: 

1. Small-scale steel structural shapes can be fabri¬ 

cated for modeling full-scale steel structures with great ac¬ 

curacy . 

2. Testing of modeled small-scale three-dimensional 

steel frameworks loaded beyond the elastic limit can be per¬ 

formed with reasonable accuracy, even considering non-an- 

nealed frameworks. 

3. The test results give close values to the optimum 

design procedure solutions. 

4. The loading history of the space frames show that in 

levels of working stresses, the deflections of the optimum 

structure are admissible. 
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APPENDIX 

A simply supported beam was tested in order to determine 

the expected accuracy in the assembled space frames. Of 

special interest in the test was to determine if soft solder 

could be used to join web stiffners to the beams. 

The collapsed simple beam is shown in Figure A.l. Its 

loading history is shown in Figure A.2. 

The results of the tests indicate a close relation be¬ 

tween the plastic moment calculated from the average dimen¬ 

sions of the cross-section and the plastic moment obtained 

from the test. 

The acid core solder proved to be sufficient for join¬ 

ing the web stiffners to the beam. 

Collapsed Simple Beam 

Figure A.l. 
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