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CHAPTER . |
INTRODUCTION
THE PrROBLEM

As THE AMERICAN FARMER'S MARGIN OF PROFIT CONTINUES TO DECREASE,
IT 1S BECOMING.NECESSARY FOR HIM TO FIND NEW. AND BEfTER WAYS BY. WHICH
HE CAN DECREASE HIS OPERATIONAL C0STS. ONE METHOD OF DOING THIS IS
THROUGH BETTER AND LESS EXPENSIVE METHODS OF CONSTRUCTING HIS FARM
BUILDINGS.

IN THE DESIGN AND CONSTRUCTION OF NEARLY ALL BUILDINGS FOR
AGRICULTURAL PURPOSES AS WELL AS LIGHT INDUSTRIAL BUILDINGS, THE FRAME
OF THE BUILDING IS EXTENDED TO THE FOUNDATION AND FASTENED BY A
CONNECTION WHICH HAS LITTLE RESISTANCE TO ROTATION. THE APPARENT
REASON FOR THIS PRACTICE IS THAT WHEN DESIGNING A BUILDING OF THIS
TYPE, THE FRAME WHICH ENDS AT THE FOUNDATION, CAN .BE A§SUMED TO BE
PINNED. THUS THE STRESSES CAN BE EVALUATED QUITE EASiILY. THIS ALSO
SEEMS TO BE AN ACCEPTED CONSTRUCTION METHOD WHICH HAS BEEN CARRIED ON
THROUGH THE YEARS. HOWEVER, THROUGH THIS PRACTICE A GREAT DEAL OF
STIFFNESS AND RIGIDITY, WHICH COULD BE ADDED TO THE FRAME BY EXTENDING
THE FRAME BELOW THE GROUND LEVEL OR BY USING RIGID FASTENERS, 1S LOST,
THE AMOUNT OF STIFFNESS ACQUIRED 8Y EXTENDING THE FRAME ENDS BELOW THE
GROUND LEVEL 1S5 DIFFICULT TO PREDICT, HOWEVER, BECAUSE OF SUPPORT
YIELDING DUE TO SOIL MOVEMENT. THIS SOIL MOVEMENT, IN TURN, IS DIFFICULT

TO PREDICT BECAUSE OF THE LARGE DIFFERENCES IN SO!L PROPERTIES



DUE TO VARIAT}JONS IN SOIL CONDITION AND TYPE. ANOGTHER ADVANTANTAGE OF EX-
TENDING THE FRAME ENDS BELOW THE GROUND LEVEL 1S THAT THE STRUCTURE CAN

BE ERECTED WI!THOUT MAKING A SPECIAL FOUNDATION. ALsO BY USING THIS

MEANS OF CONSTRUCTION, [T 1S POSSIBLE TO GET A MORE UNIFORM DISTRIBUTION
OF STRESSES IN THE FRAME. THIS IN TURN ALLOWS A FRAME OF MORE NEARLY
CONSTANT CROSS SECTION TO BE USED, THUS REDUCING PRODUCTION COSTS.

OBJECTIVES

THE OBJECTIVES OF THIS STUDY ARE LISTED AS FOLLOWS:

l. EVALUATE STIFFNESS OR RESISTANCE TO BENDING OF GEOMETRICALLY
SIMILAR HINGELESS AND TwO-HINGED LIGHT GAGE, COLD-FORMED STEEL FRAMES
UNDER THE SAME LOADING CONDITIONS. THIS 1S TO BE DONE EXPERIMENTALLY
AND ANALYTICALLY TO DETERMINE ACCURACY AND RELIABILITY OF ANALYTICAL
METHODS.

2. EVALUATE SECONDARY STRESSES DEVELOPED DUE TO MOVEMENT OF
SUPPORTS OF GEOMETRICALLY SIMILAR HINGELESS AND TWO-HINGED, LIGHT GAGE,
COLD-FORMED STEEL FRAMES. MOVEMENT OF SUPPORTS FOR TwO-HINGED FRAMES
[S TO BE LATER~L TO CAUSE SEPARATION OF SUPPORTS. SUPPORT MOVEMENT OF
THE HINGELESS FRAME SHALL BE TRANSLATIONAL, ROTATIONAL, OR A COMBINATION
WHICH wOULD LIKELY SIMULATE ACTUAL STRUCTURAL CONDITIONS. THIS IS TO BE
DONE EXPERIMENTALLY AND ANALYTICALLY.

SOME OF THE REASONS FOR ESTABLISHING THE ABOVE OBJECTIVES ARE:

(1) IF A BUILDING FRAME IS TOO FLEXIBLE, CONSI{DERABLE DEFLECTION MIGHT
OCCUR WHICH COULD CAUSE HIGH STRESS IN THE COVERING MATERIAL, CAUSING IT
TO FAIL OR BECOME DAMAGED. (2) THE EFFECT OF SUPPORT MOVEMENT ON
BUILDING FRAMES |S [MPORTANT BECAUSE |T CREATES SECONDARY STRESSES IN THE

FRAMES. (3) DETERMINE THE STRUCTURAL ADVANTAGES ONE FRAME TYPE MIGHT



HAVE OVER THE OTHER. (4) VERIFY THEORETICAL ANALYSIS BY USE OF

EXPERIMENTAL PROCEDURES.



- CHAPTER !
REVIEW. OF LITERATURE
INTRODUCTION

‘Rosinson (20) sSTATED, "SlNCE THE END OF THE WAR, CHANGES -IN
HUSBANDRY . PRACTICE HAVE BROUGHT ABOUT A REVOLUTION IN FARM BUILDINGS.
IN PARTICULAR WITH INCREASED MECHANIZATION, LARGER BUILDINGS AND
GREATER SPACE FOR WORKING ARE REQUIRED. THE DESIGN OF THE FUTURE MUST
REDUCE TO A MINIMUM THE INTERFERENCE WITH ADAPTABILITY AND FREE MOVE~-
MENT." THIS AUTHOR ALSO SUGGESTED THAT BUILDING METHODS IN THE FUTURE
WOULD UNDOUBTEDLY MAKE GREATER USE OF PRE-FABRICATED UNITS MADE IN THE
FACTORY AND ASSEMBLED ON THE FARM. IT SEEMS THAT THIS THEORY Goés
ALONG VERY WELL WITH THE USE OF RIGID FRAMES FOR FARM BUILDINGS.

CurTIS AND HANSEN (5) STATED THAT LUMBER Rlélo FRAMES MAY REVOLUTIONIZE
THE CONSTRUCTION OF FARM BUILDINGS. THE éEASONs THEY GAVE WERE THAT
RIGID FRAMES PROVIDE MORE USABLE SPACE; ARE CHEAPER IN MOST CASES; AND
THEY COULD BE ERECTED QUICKLY AND EASILY.

PauL AND ‘HANsEN (17) INVESTIGATED THE POSSIBILITY OF USING CON-
CRETE RIGID FRAMES FOR BUILDINGS FREE OF ANY INTERIOR SUPPORTS, TRUSSES,
OR BRACES. THE OBJECTIVE OF THIS STUDY WAS TO DEVELOP A SERIES oF
DESIGNS FOR USE BY CONCRETE PRECASTING PLANTS,. WHERE THE FRAMES WOULD
BE CAST AND. THEN SHIPPED TO THE SITE TO BE CONSTRUCTED. THEY ALSO

FOUND THAT THE BEHAVIOR OF. THE CONCRETE RIGID FRAME TESTED COULD. BE

I



PREDICTED QUITE . ACCURATELY BY THEORETICAL MEANS.

EFFecTts oF SupPorTS PLACED IN THE Soit

ANALYTICAL EVALUATION.OF. SUPPORTS

IN THE DESIGN OF LIGHT STRUCTURAL FRAMES WITH FIXED=END SUPPORTS,
DEPEND ING UPON THE SOIL. FOR RESISTANCE TO MOVEMENT, THE PROBLEM ARISES
AS TO HOW MUCH RESISTANCE CAN BE EXPECTED FROM THE SOIL. -THE MAIN
REASONS FOR THIS PROBLEM ARE THE WIDE VARIATION OF MECHANICAL PROPERTIES
OF THE SOIL, AND THE INABILITY TO PREDICT STRESSES IN SOIL SUBJECTED TO
LATERAL. PRESSURES FROM A PILLAR.

IF THE ENDS OF THE FRAMES ARE PLACED IN A HOLE DUG IN THE GROUND
AND THE VOIDS FILLED WITH CONCRETE. OR OTHER SUITABLE MATERIAL, THEN IT
APPEARS THAT THE END CONDITIONS COULD BE CONSIDERED TO BE THE SAME AS
PILES OR POLES PLACED IN THE GROUND. -FOR THIS REASON THE BEHAVIOR OF
LATERALLY LOADED PILES WAS INVESTIGATED.

A RATIONAL SOLUTION WAS PROPOSED BY CZERNIAK (6) FOR THE RESISTANCE
TO OVERTURNING OF SHORT PILES IN WHICH HE ASSUMED THE PILE TO BE PERFECTLY
RIGID AND THE SOIL RESISTANCE INCREASED LINEARLY WITH DEPTH. THE SOfL
RESISTANCE WAS BASED ON- THE FOLLOWING THEORY: -WHEN A SHORT PILE-=A PILE
WITH EMBEDDED DEPTH NOT OVER TEN: TIMES ITS LEAST LATERAL DIMENSION==1S
ROTATED IN ITS POSITION, THE HORIZONTAL PRESSURE AGAINST THE P;LE
INCREASES UNTIL IT REACHES THE LIMITING VALUE KNOWN AS THE PASSIVE EARTH -
PRESSURE. FURTHER DISPLACEMENT OF THE PILE DOES NOT SIGNIFICANTLY CHANGE
THE PRESSURE. 'BEFORE THE PASSIVE PRESSURE IS REACHED, THE BODY OF THE
EARTH IS IN A STATE OF ELASTIC EQUILIBRIUM AND THE MAGNITUDE OF THE
PRESSURE 1S RELATED TO THE AMOUNT OF PILE MOVEMENT. THE MoveﬁENT AT
THE GROUND LEVEL REQUIRED TO DEVELOP»THIS PASSIVE PRESSURE MAY BE AS

HIGH AS-1/32 INCH PER FOOT OF PILE EMBEDMENT. THE GENERAL FORMULA GIVEN



TO ESTIMATE PASSIVE PRESSURE. IS

Py

Ko H TANG (M5O + %).+ 2 c TAN (M5o,+ %v)

@ = UNIT WEIGHT .OF SOIL, LB/FT3
H = DEPTH, FT

C = COHESION, LB/FTA

$ = ANGLE OF FRICTION IN DEGREES

P, = HORIZONTAL PRES§URE,_LB/FT2

K = EFFICIENCY. FACTOR TO ALLOW FOR ROUGHNESS OF PILE FOR
ROUND BORED FOUNDATIONS 6 APPROXIMATELY 2

~UsiING THIS THEORY. AS A BASIS, HE THEN DEVELOPED EQUATIONS TO
DETERMINE ACTUAL SOIL PRESSURES AND REQUIRED PILE EMBEDMENT FOR
ROUND.AND RECTANGULAR SECTIONS,. CZERNIAK'S EQUATIONS #OR ACTUAL
-SOIL. PRESSURES WERE:

(A) Rounp SecTion

v o
P, = 9.hes £ [ME+3]%,+2 {3%,+ 2} H
(B) RECTANGULAR SECTION

2
_ g Ho £, X £, ,llx
PX =6 T - 4 T + 3 T + 213 T + 2 L}

Py = EARTH PRESSURE AGAINST PILE AT DISTANCE X
FROM RESISTING SURFACE, LB/FT '

HO = LATERAL FORCE PER FOOT OF PILE DIAMETER
APPLIED AT THE RESISTING SURFACE, LB/FT

E = DISTANCE FROM LATERAL LOAD TO RESISTING
SURFACE, FT o

L = peptH OF PiLE, MEASURED FROM THE RESISTING
SURFACE, FT

. X = DISTANCE BETWEEN POINT AT WHICH P, IS TAKEN
AND RESISTING . SURFACE

- USING .THESE EQUATIONS AND THE RECOMMENDED LATERAL SOIL PRESSURES



-TABLE |

RECOMMENDED LATERAL SOIL PRESSURE
IN POUND PER SQ FT PER FOOT DEPTH

CLAss oF MaTeRi1AL VaLuE

_ROCK 4N NATURAL BED=-LIMITED BY THE STRESS IN PILE

MED !UM HARD CALICHE 00
FINE CALICHE WITH SAND LAYERS 00
COMPACT . WELL GRADED GRAVEL 400
HARD DENSE cLAY : 400
COMPACT CCOARSE SAND 350
- COMPACT COARSE AND FINE SAND 300
MEDIUM STIFF CLAY ’ . 300
CoMPACT FINE. SAND 250
ORDINARY SILT 200
SANDY - CLAY 200
ApoBE 200
COMPACT INORGANIC SAND AND SI(LT.MIXTURES 200
SOFT CLAY 100

LLOOSE ORGANIC SAND AND SILT MIXTURES AND MULCH
OR BAY MUD 0



tN TABLE | THéYDESIGN FOR.A PILE CAN BE MADE. THE ACCURACY.OF
SOLUTIONS MADE IN THIS MANNER IS CERTAINLY‘QUESTIONABLé FOR PILES
PLACED IN THE UPPER FIVE OR S1X FEET.OF THE EARTH AS WOULD BE THE
CASE IN FARM BUILDINGS. |T DOES, HOWEVER,. PROVIDE AN ESTIMATE THAT
COULD BE USED.

MaTLock AND REESE. (12) PROPOSED RATIONAL SOLUTIONS IN WHICH THE
NON-L INEAR FORCE-DEFORMATION CHARACTERISTICS OF THE SOIL WERE CON-

SIDERED. THE BASIC EQUATION USED FOR .THE ELASTIC-PILE THEORY WAS:

g;% £ 22 Y=0
Y = LATERAL DEFLECTION IN. INCHES
X = DEPTH BELOW GROUND LINE IN INCHES
Es = sorL mobuLus LB/ IN?
El = FLEXURAL STIFFNESS OF PILE LB-IN2

AND FOR THE RIGID PILE THEORY

P =-Eg Yr - Eg SX

S = SLOPE OF THE PILE
YT = DEFLECTION AT X =0
P = SOIL REACTION PER UNIT OF LENGTH OF

PiLE LB/IN
THEN USING DIMENSIONAL ANALYSIS, NON-DIMENSIONAL PARAMETERS WERE
OBTAINED AND SUBSTITUTED INTO THE ABOVE EQUATIONS. BY USING DIFFERENT

SOIL. MODULUS CONSTANTS IN THE £QUATION Eg = KXV, wHERE

K

1

CONSTANT.OF SOIL MODULUS

N EXPONENT

AND BY USING REPEATED APPLICATIONS OF THE PRECEDING THEORIES, A SAT=-
ISFACTORY SOLUTION CAN- THEN BE OBTAINED {N-THE STRUCTURE=PILE~SQIL

SYSTEM.



THE LATTER OF THE TwO SOLUTIONS WOULD APPEAR TO BE MORE APPROPRIATE
SINCE SO{L MODULUS VARIES NOT ONLY WITH DEPTH, BUT ALSO WITH WIDTH OF
THE POLE, THE MAGNITUDE OF THE APPLIED LOAD, AND THE DEFLECTION. HOWEVER,

AN ACCURATE PREDICTION OF THE SO!L MODULUS VARIATION EX = KX AT RELATIVELY

SHALLOW DEPTHS, WOULD BE HARD TO ACHIEVE. THIS WOULD ALSC VARY
CONSIDERABLY FOR EACH LOCATION A BUILDING WAS TO BE CONSTRUCTED.
NeLson (14) DERIVED AN EQUATION FOR THE DEFLECTION OF AN ELASTIC
POLE UNDER LATERAL LOAD WHEN THE DEFLECTION DUE TO ANCHORAGE YIELD WAS
KNOWN. THE ASSUMPTIONS USED IN HIS DERIVATION WERE:
(1) POLE WAS LOADED BY TILTING MOMENTS IN
VERTICAL PLANE AND ROTATES ABOUT A
FIXED POINT
(2) CONCRETE USED FOR BACKFILLING THE
ANCHORAGE DID NOT CONTRIBUTE TO THE
STIFFNESS OF THE POLE
(3) HORIZONTAL REACTION ON THE POLE DURING
APPLICATION OF TILTING MOMENTS IS
DISTRIBUTED AS A PARABOLA WITH HORIZONTAL

AX1S

UsING THESE ASSUMPTIONS AND THE EQUATION

4
_ DY
P= E| 57&
P = BELOW-GRADE REACTION ON THE POLE
El = FLEXURAL STIFFNESS OF POLE
Y = LATERAL DEFLECTION
X = DEPTH BELOW GROUND L INE

THE EQUATION FOR THE SLOPE «#) OF THE POLE AXIS AT THE GROUND LINE WAS

DEVELOPED. THIS EQUATION 153

C}S:DY:_@__oczPDz 3 |
DX b 2 El 15 (2-36¢) Yy 3
_ D _D

=5 U



8 = HORI|ZONTAL DEFLECTION AT GROUND LINE

D = DISTANCE BETWEEN GROUND. LINE AND POINT OF
ROTATION

D = TOTAL DEPTH OF SET OF THE POLE

H = DISTANCE BETWEEN GROUND LINE AND POINT
OF APPLIED  LOAD

P = LATERAL LOAD

Br. usiNg 0.6 AS A VALUE FOR %, WHICH SEEMED TO BE APPROPRIATE
FROM TEST RESULTS OF VARIOUS OTHER EXPERIMENTERS, HE OBTAINED
REASONABLE RESULTS WHEN COMPARED TO TEST RESULTS OBTAINED BY NELSON
AND H1S ASSOCIATES (15). THESE TESTS WERE, HOWEVER, FOR ONLY ONE
MAJOR TYPE OF SOIL CONDITION. THE MAJOR OBJECTION TO THIS METHOD IS

THAT DEFLECTION AT THE. GROUND LINE HAS TO BE MEASURED OR ESTIMATED.

PROTOTYPE SUPPORT STUDIES

A STUDY OF THE RESISTANCE TO OVERTURNING .OF UTILITY POLES WAS
MADE BY ANDERSON (). HE FOUND THAT THE FAVORED DESIGNS FOR RESISTING
‘TILTING MOMENTS WERE SLIM AND DEEP WITH' THE TOP THIRD OF THE FOUNDATION
INCREASED IN WIDTH AT RIGHT ANGLES TO DIRECTION OF FORCE. THE THEORY
WAS USED THAT UNIT DEFLECTION VARIED WITH DEPTH AND WITH CERTAIN
CHARACTERISTICS OF THE SOIL, WHICH WERE ASSUMED TO VARY LINEARLY WITH
DEPTH. THE NET RESISTANCE OF THE SOIL TO HOR|ZONTAL MOVEMENT WAS
CONSIDERED TO BE. THE bIFFERENCE OF THE PRESSURES ON ITS‘TWO SIDES OR
PASSIVE RESISTANCE LESS ACTIVE PRESSURE. THEN USING GENERAL EQUATIONS
AND TAKING MOMENTS ABOUT AN ASSUMED NEUTRAL AXIiS, IT WAS FOUND THAT
THE ERRORS WERE-ON THE SAFE SIDE AND ACCURACIES WERE ABOUT 5 PER CENT
ASSUMING .SOIL VALUES TO BE ABSOLUTE.

McCeELLAND AND FocHT (13) CONDUCTED AN EXPERIMENT ON A 24 incH



PILE DRIVEN INTO THE GROUND 15 FEET. FROM THESE EXPERIMENTS THEY FOUND
THE SOIL MODULUS TO VARY ALMOST LINEARLY WITH DEPTH IN WHICH THE SOIL
WAS A CONSOLIDATED CLAY.' THEY ALSO FOUND THAT SOIL MODULUS VARIED
WIDELY WITH DEPTH AND PILE DEFLECTION.

THE PREVIOUSLY MENTIONED EXPERIMENTS WERE CARRIED OUT WITH MUCH
LARGER POLES AND DEEPER SETTINGS THAN WOULD BE EXPECTED IN FARM
CONSTRUCTION. THEREFORE, MOST OF THIS DESIGN DATA WOULD NOT APPLY TO
POLE FOOTING DESIGNS OF AGRICULTURAL BUILDINGS SINCE THEéE ARE
RELATIVELY SHALLOW.

A STUDY OF THE LATERAL LOAD EFFECTS ON POLES WAS MADE BY NELSON
{(15) AND ASSOCIATES ON SiX INCH DIAMETER POLES PROJECTED |4 FEET ABOVE
GROUND SURFACE. IT WAS FOUND THAT. THE DEPTH OF SETTING WAS ONE OF
THE. IMPORTANT FACTORS IN STABILITY OF THE POLE ANCHORAGES. By
INCREASING DEPTH 3,1/2>AND 5 FEET IT WAS FOUND THAT MOVEMENT WAS
REDUCED 38 PER CENT AND 30 PER CENT RESPECTIVELY OF THE VALUE AT
2 1/2 FEET. THIS EFFECT WAS FOUND TO BE MOST PRONOUNCED ON DEFLECT:O&
RATES DURING . THE FIRST APPLICATION OF t0ADS. OTHER IMPORTANT FINDINGS
WERE THAT RELATIVELY SMALL INCREASES IN WATER CONTENT OF THE SOIL CAN
CAUSE RADICAL LOSS OF STABILITY IN CLAY SOILS, AND THAT ROTATION
OCCURED ABOUT WELL-DEF INED POINTS WHICH VARIED IN DEPTH FROM 1/2 7o
2/3 OF THE TOTAL DEPTH. THE FOLLOWING METHODS WERE SUGGESTED TO
REDUCE POLE ROTATION:

(l) THE USE. OF CONCRETE AS COMPARED TO TAMPED
EARTH FOR BACKFILLING AROUND THE PILE

(2) INCREASING THE DEPTH OF THE POLE SETTING
(3) .KEEPING SOIL AROUND THE ANCHORAGE DRY

(4) PRECONSOLIDATION OF SOIL AROUND THE ANCHORAGE
TO INCREASE SOfL ELASTIC MODULUS :



FRoM THESE SAME TESTs NeLsonN (I4) FOUND THE FOLLOWING: THAT BY A
COMBINATION - OF PRECONSOLIDATION, THE USE OF COMPLETE CONCRETE
ENCASEMENT, AND A 5 FOOT ANCHORAGE DEPTH, TOTAL ROTATION OF A POLE

10'6

AT. THE GROUND LINE CAN BE AS LOW AS APPROXIMATELY 3 X RAD I ANS

PER FT-LB OF APPLIED TILTING MOMENT. THIS WAS FOR A NOMINAL 5 INCH
TOP PRESSURE CREOSOTED SOUTHERN PINE POLE IN A |2-1INCH DIAMETER
CONCRETE ANCHORAGE., |T WAS ALSO FOUND THAT APPROXIMATELY 3‘PER CENT
OF THIS ROTATION WAS NON-RECOVERABLE BECAUSE OF PLASTIC CONSOLIDATION
OF SOIL, AND THAT APPROXIMATELY 50 PER CENT. WAS CAUSED BY ELASTIC

CONSOLIDATION.,

MobeL - SUPPORT :STUD IES

VAR IOUS EXPERIMENTERS HAVE USED MODEL TESTS TO STUDY LATERAL
LOADING ON -PILES. HOWEVER, MOST OF THE STUDIES WERE NOT CARRIED OUT
IN SUCH A MANNER THAT PHYSICAL SIMILARITY COULD BE OBTAINED.

BECKETT.(3) MADE A STUDY OF LATERALLY LOADED MODEL POLES USING
PRINCIPLES OF SIMILITUDE. IN THESE TESTS USED TO PREDICT THE BEHAVIOR
OF LATERALLY LOADED POLES, IT WAS FOUND THAT THE DEFLECTION OF THE
PROTOTYPE WAS CLOSE TO THAT PREDICTED. BY THE MODEL . iN ALL CASES.

THESE TESTS WERE RUN [N THREE DIFFERENT .SOIL TYPES: . LOOSE SAND, DENSE
SAND, AND SATURATED SANDY CLAY. FROM THESE TESTS THE FOLLOWING
PREDICTION EQUATIONS WERE MADE.

FOorR LOOSE sAND
y=1.824x16°0 (P/D%)
FOR DENSE sAND
y =168 x10°0 e

FOR SATURATED SANDY. CLAY

4 . 9
y=632 D(H¥122* (k1/0)*80°

0.68
12.5(D/H)

55708 1%y )



= LATERAL MOVEMENT

= POLE DIAMETER

= APPLIED LOAD

DEPTH OF EMBEDMENT .

= WEIGHT OF SOjJL PER UNIT VOLUME

X o I T U <<
i

= COEFFICIENT OF PERMEABILITY

--I
il

TIME ELAPSED SINCE'. LOADING
THESE EQUATIONS ARE DIRECTLY APPLICABLE TO ANY SIZE OF POLE PROVIDED
THEY MEET THE REQUIREMENTS OF DIMENSIONAL ANALYSIS USED IN THE TESTS.
THIS WOULD MAKE THESE EQUATIONS GOOD ONLY FOR THE THREE SOIL TYPES
TESTED. |T WAS ALSO FOUND THAT P/D3VVER5US THE LOAGRITHM OF Y/D
PLOTTED ON RECTANGULAR COORDINATE PAPER RESULTED IN A STRAIGHT LINE.
Rice (|9) CONDUCTED MODEL EXPERIMENTS TO MEASURE RIGIDITY OF
SELECTED ANCHORAGE DESIGNS UNDER APPLIED BENDING AND HORIZONTAL LOADS.
THESE TESTS WERE DESIGNED AND OPERATED ACCORDING TO PRINCIPLES OF
SIMILITUDE AND CONDUCTED IN A SAND TANK FILLED WITH DENSE SAND. THE
BASIS OF SELECTION FOR THE ANCHORAGES WAS THAT A HORIZONTAL EXTENSION
ATTACHED TO THE FIXED=END ANCHORAGE BELOW THE GROUND LEVEL WOULD
REDUCE SOiL PRESSURE AND THEREBY INCREAéE THE RIGID!ITY OF THE ANCHORAGE.
EXPERIMENTS WERE CONDUCTED USING HORIZONTAL EXTENSIONS OR WINGS WITH
WING LENGTH TO ANCHORAGE DIAMETER RATIOS OF 2 AND 3. WING DEPTH TO
ANCHORAGE DEPTH RATI0S OF |/3 AND |/2 WERE USED WITH THE WINGS
LOCATED AT THE UPPER PORTION OF THE ANCHORAGES WHERE SOIL PRESSURES

ARE GREATEST UNDER OVERTURNING LOADS, ForR A TypicaL vaLue ofF 20 FoOR

¢

P/'xD3,
P = APPLIED LOAD
¥= SOIL DENSITY

D = ANCHORAGE DIAMETER

IT WAS FOUND THAT THE MOVEMENT WAS REDUCED APPROXIMATELY 20 PER CENT



BY A WING TWICE AS WIDE AS THE ANCHORAGE DIAMETER AND APPROXIMATELY
4O Per cENT BY A.WING .3 TIMES THE ANCHORAGE DIAMETER AS COMPARED TO
AN ANCHORAGE WITHOUT A STABILIZINGVWING NORMAL TO THE MOMENT PLANE.
IT WAS ALSO FOUND THAT A WING IN A PLANE PARALLEL TO THE PLANE OF APPLIED
MOMENT WAS MORE EFFECTIVE THAN A NORMAL WING FOR ANCHORAGES WITH A
DEPTH TO DIAMETER RATIO OF M, WHILE FOR RATIOS OF | AND § A NORMAL

WING WAS FOUND TO BE MORE EFFECTIVE.
Fixep-END SUPPORTS

TQ DATE THERE 1S VERY LITTLE [INFORMATION PUBLISHED ON THE EFFECT
OF FIXED-END SUPPORTS IN LIGHT STRUCTURES.

SaLMoN (21) IN AN ARTICLE ON MOMENT-ROTATION CHARACTERISTICS OF

COLUMN ANCHORAGES STATED THAT THE THREE TYPES OF LIKELY FAILURE OF

COLUMN ANCHORAGES ARE, (1) FAILURE IN SHEAR RESISTANCE, (2) FAILURE
IN MOMENT RESISTANCE, AND (3) FAILURE IN TENSILE RESISTANCE. HE ALSO
STATED THAT SHEAR FA[LURE WAS MOST LIKELY TO OCCUR IN LOW, WIDE
BUILDINGS. A TENSILE OR MOMENT RESISTANCE FAIJLURE 1S MORE LIKELY TO
OCCUR I[N TALLER; NARROWER BUILDINGS.

GALAMBOS»(?) IN A RATIONAL DERIVATION FOUND THAT THE BUCKLING
STRENGTH OF A PINNED-BASE RIGID FRAME WAS CONSIDERABLY LOWER THAN THAT
OF AN IDENTICAL F1XED-BASE FRAME. USING HIS DERIVATION HE FOUND THAT
Al FIXED-BASE FRAME COULD CARRY ﬁ.O? TIMES AS MUCH AXIAL LOAD AS A
PINNED~BASE -CONDITION. HOWEVER, FURTHER RESEARCH ON THE MOMENT=
ROTATION CHARACTERISTICS OF COMMON COLUMN FOUNDATIONS |38 NECESSARY
BEFORE MORE ACCURATE ESTIMATES OF BASE RESTRAINT CAN BE MADE.
AVAILABLE «INFORMATION: LND|CATES THAT PRESENTLY USED PiNNED=COLUMN

BASES. GIVE ENOUGH RESTRAINT TO INCREASE THE BUCKLING STRENGTH OF THE



FRAME CONSIDERABLY. IN THIS SAME ARTICLE HE STATED THAT, "PINNED
COLUMN BASES ARE SPECIFIED IN MOST OF THE UNITED STATES BECAUSE THE
CONSTRUCTION OF SUITABLE FOUNDATIONS FOR FIXED-BASES USUALLY INCREASES
THE OVER-ALL cOST.'" HOWEVER, IN-THIS STATEMENT HE IS PROBABLY REFERRING
TO LARGER STRUCTURES THAN WOULD ORDINARILY BE USED ON THE FARM OR FOR
LIGHT INDUSTRIAL PURPOSES,

THE ONLY INFORMATION ON ACTUAL TESTS OF FIXED-END SUPPORTS IN
STRUCTURAL FRAMES FOUND WERE THOSE CONDUCTED BY NeELsoN (16) AND HIs
ASSOCIATES. THESE TESTS WERE CONDUCTED BY THE USE OF MODELS AND
PROTOTYPE STRUCTURES. THE TYPE OF FRAMES TESTED WERE ONE-HINGED
ARCH FRAMES AND THREE-HINGED ARCH FRAMES WHICH WERE FOR COMPARISONS.
THE PROTOTYPE FRAMES WERE GLUE-LAMINATED WOODEN . ARCHES. MODELS USED
WERE ONE-HALF S1ZE WOODEN ARCHES AND ONE-EIGHTH SJZE MODELS USING
MILD STEEL ARCHES. THE STIFFNESS OF MODEL AND PROTOTYPE ONE—-HINGED
FRAMES WITH MOMENT RES(STING ANCHORAGES IN SAND AND CLAY SOILS RANGED
FROM 1.55 10 .85 TIMES AS GREAT AS THE STIFFNESS OF IDENTICAL THREE-
HINGED ARCHES UNDER SHORT-TERM LOADS APPLIED AT THE CROWN. THIS
COMPARED VERY CLOSELY TO THE THEORETICAL STIFFNESS INCREASE OF I.78
FOR A TYPICAL PROTOTYPE WITH IDEAL FIXED-END ANCHORAGES. OTHER
FINDINGS WERE THAT STABILIZING WiINGS ON PROTOTYPE ARCH ANCHORAGES
GAVE 52 PER CENT- LESS MOVEMENT OF THE ANCHORAGE AS COMPARED TO
ANCHORAGES WITHOUT WINGS. THESE WINGS WERE ONE=-THIRD THE ANCHORAGE
DIAMETER. ALSO THE MODELS WERE FOUND TO GIVE RELIABLE AND USEFUL

INFORMATION.
FrRaME PROPERTIES

SINCE THE FRAMES TESTED IN THE PRESENT STUDY. WERE MADE UP OF
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LIGHT GAGE, COLD-FORMED STEEL SECTIONS, |T WAS THOUGHT THAT. INFORMAT|ON
WAS NEEDED WITH RESPECT TO PROPERTIES OF THESE TYPE SECTIONS.

LIGHT GAGE, COLD-FORMED STEEL SECTIONS ARE MADE BY COLD FORMING
SHEET OR STRIP STEEL. IN ROLLS OR BRAKES. THE GENERAL RANGE OF THICKNESS
1s FroM No. 10 Gage (0.1345 In) 1o No. 28 Gace (0.0149 in). However,
OTHER THICKNESSES HAVE - BEEN .USED.

WINTER (23) GAVE THESE THREE REASONS FOR USING .COLD-FORMED
STRUCTURAL SECTIONS -AS COMPARED TO HOT-ROLLED SECTIONS.

(1) WHERE MODERATE LOADS AND. SPANS RENDER THE
THICKER HOT-ROLLED SHAPES UNECONOMICAL

(2) WHERE, REGARDLESS OF THICKNESS, MEMBERS ARE
- WANTED OF CROSS~SECTIONAL CONFIGURATIONS
WHICH CANNOT' ECONOMICALLY BE PRODUCED BY HOT-
ROLL ING .OR-BY WELDING .OF FLAT PLATES
(3) WHERE T |S DESIRED THAT-LOAD~CARRY-1NG MEMBERS
ALSO PROVIDE USEFUL SURFACES, SUCH.AS IN
FLOOR AND WALL PANELS, ROOF. DECKS AND THE LIKE
FROM THE THIRD REASON IT.|S APPARENT THAT.THE COLD-FORMED SECTIONS CAN
. BE DIVIDED  INTO TWO GENERAL CLASSES-~-INDIVIiDUAL STRUCTURAL. SECTIONS
AND DECKS OR PANELS.

FROM EXPERIMENTAL. RESULTS GRIFFIN-(8) CONCLUDED THAT THERE ARE
THREE MODES OF FAILURE I[N COLD-ROLLED SECTIONS DEPENDING .ON THE ACTUAL
PROPORTIONS OF THE MEMBER AND THE STRUCTURAL APPLICATION. THESE
MODES OF FAILURE ARE:

(1) LOCAL INSTABILITY OR PLATE BUCKLING
(2) MATERIAL FAILURE
.(3) LATERAL OR OVER=ALL LNSTABLLITY
HE ALSO STATED THAT.MOST.SECTION SHAPES ARE "SUBJECT.TO TORSIONAL

INSTABILITY DEPENDING .ON THE ACTUAL FORM AND DIMFNSIONS OF. THE SHAPE.

IN-THE DESIGN: OF STRUCTURES-USING.COLD-FORMEP STEEL. SECTIONS,

A}



PROCEDURES MUST BE USED 7O TAKE INTO ACCOUNT THE TENDENCY OF THE THIN
SECTIONS TO BUCKLE UNDER COMPRESSIVE STRESSES LESS THAN THE Y I1ELD
POINT OF STEEL. A NUMBER OF PROCEDURES USED IN.THE DESIGN OF LIGHT

GAGE, COLD~FORMED STEEL STRUCTURES ARE LISTED IN THE LigHT GAGE, CoLp~

Formep STEEL DesigN ManuaL (I1). ONLY A FEW OF THESE CONCERNED WITH

THE SHAPE OF SECTION USED IN THIS STUDY WILL BE MENTIONED.

MOST COLD-FORMED STRUCTURAL MEMBERS ARE FORMED OF SHEET OR STRIP
STEEL IN WHICH THE FLAT-WIDTH TO.THICKNESS. RATIOS OF THE. INDIVIDUAL
COMPONENTS OF THE SECT‘ONS ARE SO LARGE THAT THEY WILL BUCKLE AT
STRESSES BELOW THE YIELD POINT IF SUBJECTED TO COMPRESSIVE SHEARING,
BEND ING, OR BEARING FORCES. THEREFORE, IT 15 NECESSARY TO DESIGN SUCH
MEMBERS SO THAT AT DESIGN LOADS, ADEQUATE SAFETY EXISTS AGAINST FAILURE
BY LOCAL BUCKLING. FOR THE SHAPE OF MEMBERS TO BE USED IN THIS STUDY,
THE LOCAL BUCKLING WOULD PROBABLY TAKE PLACE AS SHOWN IN Figure I.

THE COMPRESSION STRESSES OVER WIDTH W WOULD BE DISTRIBUTED IN A MANNER
AS SHOWN IN FIGURE 2. THIS NON-UNIFORMITY INCREASES WITH LOAD AS CAN
BE OBSERVED IN FIGURE 2 AS THE LOAD 1S INCREASED FROM LOAD | TO LOAD 2.
IT 1S DIFFICULT TO ACCOUNT FOR THIS NON-UNIFORM STRESS DISTRIBUTION IN
DESIGN, SO A CONCEPT CALLED "EFFECTIVE DESIGN WIDTH" IS USED. THE
TOTAL COMPRESSIVE FORCE OVER WIDTH W IS EQUAL. TO THE AREA UNDER THE
STRESS DISTRIBUTION CURVE TIMES THE THICKNESS OF THE ELEMENT. By use
OoF "EFFECTIVE DESIGN WIDTH" THE NON~UNIFORMITY OF THE STRESS DISTRI~-
BUTION OF THE ACTUAL MEMBER |S REPLACED BY ONE OF REDUCED EFFECTIVE

WIDTH B, AND WITH CONSTANT STRESS OF MAGNITUDE Fyax- |F THE EFFECTIVE
WIDTH HAS BEEN CHOSEN SO THAT TWO RECTANGULAR AREAS, Fuax X B/2, SHOWN

BY THE DASHED LINE N FIGURE 2, ARE EQUAL. TO THE AREA UNDER THE ACTUAL

STRESS DISTRIBUTION CURVE, THE TwO ELEMENTS WILL BE EQUIVALENT.



Ficure |. POSSIBLE LOCAL BUCKLING OF TEST SECTION
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FIGURE 2. STRESS DISTRIBUTION IN BUCKLING PORTION
OF SECTION,



IT IS ALSO SHOWN IN FIGURE 2 THAT THE EFFECTIVE WIDTH DECREASES WITH
INCREASING EDGE STRESS. TO DETERMINE THE EFFECTIVE WIDTH THE FOLLOWING

EQUATION IS usep (23).

B_ .o E _ 0.k 51/ E
T Nem [I W/T FMAJ

E = MoDuLUS OF ELASTICITY

—
il

THICKNESS OF SECT!ON
B = EFFECTIVE WIDTH
CHARTS ARE ALSO AVAILABLE FOR DETERMINING .THE EFFECTIVE WIDTH IN THE

LigHT GageE, CoLp-FormeD StTeeL DesiaN Manuar (11).

IF THE EFFECTIVE AREA OF THE COMPRESSION FLANGE OF A BEAM
DECREASES AS THE LOAD INCREASES, THE NEUTRAL AX!S WILL TEND TO MOVE
TOWARD THE. TENSION FLANGE. THIS IN TURN MODIFIES THE EFFECTIVE CROSS
SECTION PROPERTIES SUCH AS AREA, MOMENT OF INERTIA, AND THE SECTION
MODULUS. IN DESIGN WORK THESE CHANGING PROPERTIES MUST BE ACCOUNTED
FOR . FOR TH!S REASON A NUMBER OF THE SECTION PROPERTIES IN THE DES!GN
ManuaL. (1]) ARE GIVEN FOR TWO BASIC STRESSES, Fg = 20,000 psi AND
30,000 psi.

ANOTHER PROBLEM OF MOST LIGHT GAGE, COLD-FORMED STEEL SECTIONS
IS THE LATERAL DEFLECTION OR TWISTING DUE TO APPLYING THE LOADS I[N
THE PLANE. OF THE WEB WHEN THE SECTION LACKS SYMMETRY ABOUT THAT PLANE.
THIS LACK OF. SYMMETRY ABOUT A VERTICAL PLANE OR THE SO~-CALLED SHEAR-
CENTER OF A CHANNEL 1S NEITHER COINCIDENTAL WITH THE CENTRO!D NOR IS
IT LOCATED IN THE PLANE OF THE WEB. THAT POINT IN THE PLANE OF A
BEAM SECTION THROUGH WHICH A TRANSVERSE LOAD MUST ACT IN ORDER TO
PRODUCE BENDING WITHOUT TWISTING IS THE SHEAR~CENTER. IN A CHANNEL
THIS POINT IS LOCATED A DISTANCE, M, BACK OF THE MID-PLANE. OF THE WEB

AS SHOWN IN F1GURE 3. SINCE THE INTERNAL SHEAR FORCE PASSES THROUGH



THE CENTER OF SHEAR AND IF THE EXTERNAL LOAD IS APPLIED [N PLANE OF
THE WEB, IT WiLL PRODUCE A TWISTING MOMENT, QM' THESE TORQUES MUST BE
BALANCED BY SOME EXTERNALLY APPLIED COUNTER-TORQUES OR UNDESIRABLE
TWISTING WiLL RESULT. TO DETERMINE THE DISTANCE, M, THE FOLLOWING

EQUATION IS GIveN {]1).

2
Moo= W
2 W+ H
W = PROJECTION OF FLANGES FROM

INSIDE FACE OF WEB I'N
H = DEPTH OF CHANNEL OR BEAM INCH
THEN TO DETERMINE MAXIMUM PERMISSIBLE SPACING OF WELDS OR OTHER
CONNECTORS JOINING .TWO CHANNELS TO FORM AN |-SECTION FOR FLEXURAL

MEMBERS 1S:

L
Smax = Z’
AND IN NO CASE SHALL THE SPACING EXCEED
2¢ Sw
SLim = ===
M Q

SLIM = MAXIMUM SPACING BETWEEN CONNECTIONS

L = SPAN OF BEAM, IN
Sw = STRENGTH OF CONNECTION IN TENSION, LB
C = VERTICAL DISTANCE BETWEEN THE TWO ROWS
OF CONNECTIONS NEAR OR AT THE TOP AND
BOTTOM FLANGES, N

Q = INTENSITY OF LOAD ON BEAM, LB/LINEAR IN

M = DISTANCE OF SHEAR CENTER FROM MID-PLANE

OF THE WEB, IN .
P=Applied Load

/ﬁ
Center of
Sheor 1M jre—

\

F~—

F— J)

Fiaure 3. ‘FORCES IN THE PLANE OF THE SECTION.



CHAPTER 111
THEORETICAL ANALYSIS
ErFecT oF Loabing CONDITIONS

ANY STRUCTURE SHOULD BE DESIGNED FOR THE MAXIMUM EXPECTED
STRESSES. TO ESTIMATE THE MAXIMUM STRESSES, THE DIFFERENT LOADING
CONDITIONS WHICH MIGHT PRODUCE THESE NEED TO BE INVESTIGATED. [N
THI1S STUDY THE FOLLOWING LOADING CONDITIONS WERE CONSIDERED: VERTI!CAL
LOADS DUE TO SNOW OR 1CE, LOADS DUE TO WIND FORCES, AND GRAIN LOADS.

THE METHODS USED TO CALCULATE THE BENDING MOMENTS AND PERPEN-
DICULAR SHEAR!ING STRESSES DUE TO THE VARIOUS LOADING COND!ITIONS
WERE THE MOMENT-AREA METHOD (18) AND FORMULAS DEVELOPED BY
Kieintoger (10). BEFORE APPLYING THESE METHODS, HOWEVER, ONE. SHOULD
CONSIDER THE ASSUMPTIONS USED IN THE DEVELOPMENT OF THESE METHODS.
THESE ARE AS FOLLOWS: THE MATERIAL BEHAVES ELASTICALLY AND
DEFORMATIONS DUE TO SHEARING FORCES ARE NEGLECTED. KLEINLOGEL'S
FORMULAS ALSO ASSUMED NO ROTATI{ON OR DISPLACEMENT OF FIXED SUPPORTS,
AND NO DISPLACEMENT OF HINGED SUPPORTS OCCUR. KEEPING THESE
ASSUMPTIONS IN MIND, THE NEXT STEP IS TO CONSIDER HOW THE PREVIOUSLY
MENTIONED METHODS WOULD BE APPLIED TO A TYPICAL HINGELESS AND TwO-
HINGED FRAME. FOR THIS PURPOSE CONSIDER THE FOLLOWING FRAME, FIGURE U,
WITH A CONCENTRATED LOAD AT THE PEAK. THIS wOULD REPRESENT AN EXAMPLE

OF A HINGELESS FRAME WITH SUPPORTS A anp E rFiIxED.

21
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IS APPLIED AS FOLLOWS:

THE MOMENT-AREA METHOD

FIGURE 4. EXAMPLE OF HINGELESS FRAME.

ASSUME NO ROTATION OCCURS AT POINTS A AND C AND NO DISPLACEMENT OF

C IN HORIZONTAL . OR X DIRECTIONS DUE TO SYMMETRY OF FRAME AND LOADING.

THEN ASSUMING POINT C FIXED, AND BY THE FREE BODY DIAGRAM OF [IGURE 5,

Fieure 5. FREE BODY DIAGRAM OF FRAME MEMBER

THE FOLLOWING TwO MOMENT-AREA EQUATIONS CAN BE WRITTEN:

IN WHICH

Z§¢5: ANGULAR ROTATION, RADIANS, OF TANGENT TO FRAME
AT.C WITH RESPECT TO TANGENT OF. A

HOR1ZONTAL DISPLACEMENT OF A wiTH RESPECT TO C

AX =
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Yo = VERTICAL DISTANCE FROM A TO POINT ON THE
FRAME wHERE "M" s APPLIED
M = BENDING MOMENT IN ELEMENT DS

DS DIFFERENTIAL ELEMENT ALONG FRAME

1

E = MODULUS OF ELASTICITY

| = MOMENT OF INERTIA
THESE TWO EQUATIONS CAN BE SOLVED SIMULTANEOUSLY FOR M, aND H,. IF
POINTS A AND E ARE ASSUMED TO BE PINNED AS IS THE CASE FOR A TwO-
HINGED FRAME, WE CAN AGAIN CONSIDER THE FREE BODY DIAGRAM EXCEPT IN
THIS CASE M, WOULD EQUAL ZERO AND ONLY ONE MOMENT-AREA EQUATION WOULD

NEED TO BE CONSIDERED, WHICH 1S:

A
szf v, Mos _ ¢
A El

TH1S EQUATION CAN THEN BE SOLVED DIRECTLY FOR HA-

ANALYSIS BY THE USE OF KLEINLOGEL'S FORMULAS CONSISTS ONLY OF
PLACING KNOWN VALUES IN GIVEN FORMULAS AND SOLVING DIRECTLY. AN
EXAMPLE WAS, THEREFORE, NOT CONSIDERED NECESSARY.

THE SIGN CONVENTION USED IN ALL ANALYTICAL AND EXPER{MENTAL
ANALYSIS 1S AS FOLLOWS: POS]TIVE,(+) FOR MOMENTS THAT PLACE THE
{NNER SURFACES OF THE FRAME IN TENSION AND NEGATIVE (—) IF THE
MOMENTS PLACED THE |INNER FACE OF THE FRAME>IN éOMPRESSlON. For
SHEARING FORCES A PCOSITIVE (+) SHEAR{NG FORCE WAS CONSIDERED TO BE ONE
THAT TENDEQ TO SHEAR THE LOWER PORTION OF A VERTICAL MEMBER INWARD AND
NEGATIVE (—) IF I T TENDED TO SHEAR IT OUfWARD. FOR THE SLOPING MEMBERS
OF THE FRAME, A POSITIVE (+) SHEARING FORCE TENDED TO SHEAR THE OUTER
PORTION UPWARD AND NEGATIVE (—) SHEAR TENDED TO SHEAR {T. DOWNWARD.

THE MAXIMUM EXPECTED SNOW LOAD AND WIND LOADS USED WERE OBTAINED

FroM UNiTeED StaTes Navy TecuNicAL PusLtcaTioN, Navpocs Te-Te-3.
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A MAXIMUM SNOW LOAD OF 45 POUNDS PER SQUARE FOOT OF HORIZONTAL PROJECTED
AREA WAS USED WHICH IS ADEQUATE FOR NEARLY ALL PARTS OF THE UNITED
STATES. FOR WIND LOADS, A MAXIMUM WIND SPEED OF 90 MPH WAS USED WHICH
IS ADEQUATE FOR THE ENTIRE UNITED STATES UNDER NORMAL CONDITIONS
EXCEPTING A FEW COASTAL REGIONS. THE VELOCITY PRESSURE WAS FOUND FROM
THE FOLLOWING EQUATION WHICH WAS OBTAINED FROM THE PREVIOUSLY MENTIONED

PUBLICATION.

P = 0.00256 V2
P = FORCE IN.POUNDS PER SQUARE FOOT
V = VELOCITY IN MILES PER HOUR

THE PRESSURE COEFFICIENTS AND. INTERIOR AIR PRESSURES WERE ALSO

OBTAINED FROM THIS PUBLICATION AND ARE LISTED AS FOLLOWS:

ROOF WINDWARD = -.20
ROOF LEEWARD = -.50
WALL. LEEWARD = =-.50
WALL WINDWARD = +.75

THE ROOF COEFFICIENTS ARE FOR THE | TO 3 SLOPE USED IN THIS ANALYSIS.
A NEGATIVE (=) SIGN INDICATES AN OUTWARD FORCE, AND POSITIVE (+) AN
[NWARD FORCE. FOR INTERIOR AIR PRESSURES THE FOLLOWING COEFFICIENTS
WERE CONSIDERED: |F THERE 1S AN OPENING .ON THE WINDWARD SIDE, USE
+0.6P NORMAL TO ALL INTERIOR SURFACES AND -O.4P IF THERE 1S AN OPENING
ON THE LEEWARD SIDE OF THE BUILDING.

GRAIN LOADS WERE ALSO CONSIDERED SINCE STRUCTURES OF THIS TYPE
WOULD LIKELY BE USED FOR STORAGE OF GRAIN. FOR THESE CONDITIONS IT
WAS ASSUMED THAT A RETAINING WALL. WOULD BE PLACED INSIDE THE VERTICAL
MEMBER OF THE FRAME AND SUPPORTED BY. THE FRAME AS A DISTRIBUTED, VARYING

.LOAD. See FiguRrE 6. IT WAS ALSO ASSUMED THAT THE GRAIN LEVEL WAS AT
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THE HAUNCH OF THE FRAME. THE LATERAL PRESSURE AGAINST THE FRAME AT
ANY POINT BELOW THE GRAIN LEVEL WAS FOUND BY USE OF THE FOLLOWING
EQUATION, (2):
L= wy tan?  (45° - %)
2
IN WHICH,
L = UNIT LATERAL PRESSURE, LB/FT®
W = WEIGHT OF MATERIAL, LB/FT3
Y = DEPTH OF MATERIAL, FT

¢:= ANGLE WHOSE TANGENT EQUALS THE COEFFICIENT
OF FRICTION BETWEEN GRANULES OF THE MATERIAL

FOR THESE CALCULATIONS WHEAT WAS USED, WHICH HAS A UNIT WEIGHT OF
g LB/FTS AND AN ANGLE OF REPOSE OF 25 DEGREES.

FOR CALCULATION PURPOSES, THE DEAD LOAD DUE TO THE STRUCTURAL
MATERIAL WAS NEGLECTED SINCE (T PROBABLY WOULD BE SMALL COMPARED TO
THE OTHER .LOADS CONSIDERED. THE THREE LOADING CONDITIONS AND THEIR
APPLICATIONS TO THE FRAME. ALONG WITH FRAME DIMENSIONS ARE SHOWN IN
Fiaure 6.

FOR EVALUATION PURPOSES A UNIT LENGTH, | FT, OF THE BUILDING
wAS USED. TO OBTAIN THE MAXIMUM EXPECTED STRESSES, A COMBINATION OF
THE VARIOUS LOADS WERE CONSIDERED AS SUGGESTED IN THE UNITED STATES
Navy BULLETIN MENTIONED PREVIOUSLY. THE VALUE OF THESE STRESSES PER
UNIT OF BUILDING LENGTH FOR THE TWO TYPES OF FRAMES CONSIDERED ARE
TABULATED IN TaBLE [l. THE BENDING MOMENT AND SHEAR DIAGRAMS FOR THE
THREE MAJOR TYPES OF LOADING ARE PRESENTED IN-FiGUrREs 7, 8, AnD Q.

THE TABULATED VALUES IN TABLE || REVEAL THAT IN NEARLY ALL CASES,
THE BENDING MOMENTS AT THE HAUNCH AND PEAK OF THE FRAME WERE LESS FOR

THE HINGELESS FRAME AS COMPARED TO THE TwO-HINGED FRAME,



T

4 4 4
L .-
n 305"
T
Snow Load

T T
Wind Lood And Bursting Effect
Grain Level
77T 775'17?
Grain Load

FicURe 6. APPLICATION OF LOADS

iy
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Perpendicular Shear
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+372

~403

+439+ © K

LS Riiakal

Perpendiculor Sheor

W +1,032

- ® ®
] +1,947 e

! Bending Moment
HINGELESS FRAME

Fieure 7. SNow Loap, SHEAR -AND BeNDING MOMENT DiAGRAMS



Bending Moment
TWO-HWGED FRAME
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-
-966*&435[ Bending Moment +54\2lp-

HINGELESS FRAME

Fiaure 8. WiIND LOAD AND INTERNAL PRESSURE, SHEAR AND
BEND ING MOMENT Di1AGRAMS
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Fraure 9. GRAIN LoAD, SHEAR AND BENDING MOMENT
D1 AGRAMS



STRESSES DUE TO VARIOUS EXPECTED LOADING CONDITIONS

TABLE 1]

IN HINGELESS AND TWO-HINGED FRAMES

PosiTiON Ma Mg Mc Mp Mg . Ha He Va Ve

Svou Lok HL | +1,976 [-2,097 |- +948 |-2,097 |+1,976 +431 431 | +515 +515

TH 0 |-2,565 |+1,291 |-2,565 | 0 +271 +271 +515 +515

INTY;EiL&g:zSSURE HL -966 +717 -219 +281 5k -1 33 -26h - 187

" {oUTwARD | TH 0 |+1,%00 -183 -58 0 -153 | +3 | -26k -187

' HL | +1,455 2h2 | o43sh | -2ke +1,455 | 4773 | 4173 0 0

Grain Loao "™ | o | -570 | +630 | -570 0 +653 +653 0 0

| Swow Loso AL 43,431 [-2,339 | +1,302 |-2,339 |+3,831 |+1,20k [+1,20k | 515 | 4515

Grain Loao | TH | 0 [-3,135 |+1,921 1-3,133 |  © 92k w92k | 4515 515

"“t/gNgg&E;kng CHL 42,948 wu:]’98i;wwf{if92 -2,198 143,158 | 41,116 41,192 | #h31 1 +ho3

GRA TN LoAD TH 0 1-2,435 |+1,829 | -3,164 0 BT 1 w926 [ 4389 +hp2

et L #1533 1 563 | 58 o999 #2553 | +ON7 | 971 | 490 | w212

_Granfloso | TH 0 | =506 | 4959 ,-2,278 | 0 | 6%l | 797 M+

/2 Wino Loso | L | 41,ho3 1-1,739 | +838 1,996 |42,003 | sgke | heo | 431 | +ho3

SNow Loap TH 0 -1,865 +1,199 1 -2,59% 0 +194 +273 | +380 | +he2
CoWee Loy | eser | w3k 757 -n097 | 38 w193 | a0 s2lz
| Weswwlow | TH | 0 | 662 | w26l -1,39h [ 0 | iz | o« | A e )

CHL
%

NoTEe:

i

HingELESSs FrRAME
VERTICAL FORCE

TH = Two-HiNGED FraAME

M = Benp MoMENT

H = Hori1zoNTAL FoRrce

0¢



|T WAS ALSO.SHOWN THAT OF THE THREE MAIN. TYPES OF LOADING CONSIDERED,
SNOw LOAD PRODUCED THE MAX{IMUM BENDING MOMENTS.

THE REASON THE HAUNCH AND PEAK. OF THE FRAME ARE OF MOST INTEREST
IS THAT AT THESE POINTS, THE FRAME MEMBERS ARE USUALLY FASTENED TOGETHER
BY SOME TYPE OF JOINT. ALSO, MAXIMUM MOMENTS USUALLY OCCUR AT. THE
HAUNCH. - THESE JOINTS COULD THEN BE CONSIDERER POINTS OF LIKELY FAILURE.
IN.-THE CONSTRUCTION OF A LIGHT STRUCTURAL HINGELESS-FRAME, THE SIDE
MEMBERS ARE USUALLY EXTENDED BELOW THE GROUND LEVEL TO. OBTAIN THE
HINGELESS-FRAME CONDITION. FOR THIS REASON, THE. POINTS AT THE GROUND
LEVEL wWOULD PROBABLY BE LESS LIKELY TO FAIL THAN THE HAUNCH OR CROWN
JOINTS. ALso IN A HINGELESS FRAME, THERE WOULD LIKELY BE SOME
DEFORMATION OF SOIL WHICH WOULD TEND TO RELIEVE STRESSES AT THESE
POINTS.

OF THE VARIOUS LOADING CONDITIONS CONSIDERED, T APPEARS THAT
THE SNOW LOAD PLUS GRAIN LOAD WOULD BE THE CONDITION.TC DESIGN . FOR
SINCE IT PRODUCES MAXIMUM BENDING MOMENTS. FOR EXPERIMENTAL PURPOSES,
HOWEVER, THE SNOW LOADING CONDITIONS wWOULD PROBABLY BE ADEQUATE FOR
TESTING PURPOSES SINCE IT DEVELOPED UP TO 90_PER CENT FOR HINGELESS,
AND 82 PER CENT FOR TWO-HINGED OF THE MAXIMUM.STRESSES AT THE HAUNCH
THAT WERE DEVELOPED BY THE LOADING CONDITION WHICH PRODUCED THE
MAXIMUM STRESSES. IT 13 ALSO QUITE EASY TO.SIMULATE THE GRAVITY
LOADS IN THE LABORATORY, WHEREAS GRAIN LOADS wWOULD BE VERY DIFFICULT
TO SIMULATE.

THE SNOW. LOAD USED IN THESE COMPUTATIONS IS QUITE HIGH. HOWEVER,
IF THIS TYPE OF STRUCTURE WERE DESIGNED FOR CONSTRUCTION ANY WHERE IN
THE UNITED STATES, IT WOULD SEEM QQITE REASONABLE TO USE THESE LOADS.

}/F THE STRUCTURE WERE DES!GNED\FOR A CERTAIN AREA, THESE LOADS SHOULD
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THEN BE ADJUSTED FOR THAT AREA.

IT WAS OBSERVED IN THESE COMPUTATIONS THAT THE SHEARING FORCES
NORMAL TO THE STRUCTURAL MEMBERS WERE CONSIDERABLY HIGHER N THE
HINGELESS FRAME. HOWEVER, THE MAGNITUDE DID NOT APPEAR TO BE HIGH

ENOUGH TO BE OF GREAT CONCERN.
THEORETICAL DEFLECTION AND STRESSES

THE PURPOSE OF THE ANALYTICAL INVESTIGATION WAS TO PREDICT AS
ACCURATELY AS POSSIBLE THE DEFLECTIONS AND STRESSES IN THE FRAMES TO
BE TESTED. THEREFORE, CALCULATIONS WERE MADE USING THE ACTUAL
DIMENSIONS AND POINTS OF LOADING OF THE FRAMES TO BE TESTED. THE
METHOD USED FOR THIS ANALYSIS WAS THE MOMENT-AREA METHOD SINCE IT
CAN BE USED TO FIND BOTH STRESSES AND DEFLECTIONS.

[N ORDER TO ACCURATELY PREDICT THESE DEFLECTIONS AND STRESSES,
HOWEVER, ONE MUST ALSO HAVE A REASONABLY ACCURATE VALUE FOR THE
MODULUS OF ELASTICITY AND THE MOMENT OF INERTIA OF THE FRAME SECTION.
THIS IS OFTEN REFERRED TO AS THE El VALUE OR THE STIFFNESS OF A
STRUCTURAL MEMBER. THESE VALUES CAN BE OBTAINED FROM VARIOUS SOURCES.
HOWEVER, IT wAS DEEMED NECESSARY IN THIS CASE TO DETERMINE AN El varLuEe
BY CONDUCTING EXPERIMENTS ON ACTUAL FRAME MEMBERS TO OBTAIN A MORE
RELIABLE VALUE. AN EXPERIMENT WAS THEN SET UP TO OBTAIN THIS VALUE
FOR THE FRAMES TO BE TESTED. THIS EXPERIMENT IS EXPLAINED IN MORE
DETAIL IN CHAPTER V.

THE NEXT STEP WAS TO CALCULATE THE STRESSES AND DEFLECTIONS N
EACH FRAME TYPE AND LOADING CONDITIONS APPLIED TO IT. AS AN EXAMPLE,
THE HINGELESS FRAME WITH GRAVITY LOADING CONDITIONS 1S CONSIDERED.

THE CALCULATIONS ARE SHOWN N FigurRe 10. FOR THESE CALCULATIONS THE
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I. Moment Area Equations Used
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A= [t Mg -0 Ax= [V, 10

Assume P = 1| |b.

2. Equating A¢=0

A¢=E|T[AMds=O

Parts Of Integral

Due to V, = 183.81 f1? ~Ib.
Due to H, = —237.59 12X H,
Due to My = 25.53 ft. X M,
Due to Louds = —36 98_ft2-1b.

At 2= [25.53 M, -~ 237.586 H,+ 146. 06:]

3. Equa’tlng 0

AX = = IYAMds = 0
Parts Of Inlegrol

Due to V, = 2,361.29 ft* - 1b.
Due to H, = —2,630.85 ft* X H,
"Due to M, = 238.06 ft. X M,

Due to Load = —503.70 ft%-Ib.

'g AX = ﬁ [238.06 M, —2,630.85 H,+ I857.59:| .
</ z |
Ma P 4. Solving for H, and M,
A¢ =M, ~931 Hy+ 576 =0
AX = M,- 1i.05 H, + 7.80=0
Hy = LI7I 1b./1b. of Lood

Ma = 5.133 ft.-Ib. /1b. of Load

Figure 10. THEORETICAL STRESSES 1IN HINGELESS FrRAME



CROWN WAS CONSIDERED TO BE FIXED SINCE THE FRAME AND ITS LOADING
CONDITIONS WERE SYMMETRIC ABOUT THAT POINT. THE ONLY VALUES NOT KNOWN
AT POINT A ON THE FRAME WERE H, AND M,. THEREFORE, TWO MOMENT-AREA
EQUATIONS WERE NEEDED TO SOLVE FOR THESE VALUES. WITH THESE VALUES
KNOWN, THE BENDING MOMENTS AND AXIAL LOADS CAN BE EVALUATED AT ANY
POINT . IN THE FRAMES BY THE USE OF EQUATIONS FROM STATICS. THIS WAS
DONE FOR EACH POSITION ON THE FRAME WHERE THE STRESSES WERE TO BE
EXPERIMENTALLY DETERMINED. THE NEXT STEP WAS TO DETERMINE THE
DEFLECTIONS AT THE CROWN AND HAUNCH. THESE CALCULATIONS ARE SHOWN IN
Figure 1. IN THIS CASE AS IN.THE PREVIOUS ONE, THE CROWN WAS ASSUMED
TO BE FIXED. THESE CALCULATIONS WERE ALL CARRIED OUT ASSUMING P TO BE
EQUAL TO ONE POUND OF LOAD. THE WEIGHT OF THE FRAME |TSELF WwAS
NEGLECTED.

ANALYTICAL CALCULATIONS FOR THE TWO-HINGED FRAME WERE CARRIED OUT
IN A SIMILAR MANNER. THE ONLY DIFFERENCE WAS THAT ONLY ONE MOMENT=-AREA
EQUATION WAS NEEDED SINCE THE HORIZONTAL FORCE WAS THE ONLY UNKNOWN AT
POINT A IN THE FRAME.

NEXT, ANALYTICAL CALCULATIONS WERE MADE TO DETERMINE THE EFFECTS
OF SUPPORT MOVEMENT. FOR THE HINGELESS FRAME, PURE ROTATION AND
TRANSLATIONAL SUPPORT MOVEMENT IN A LATERAL DIRECTION WERE CONSIDERED.
-LATERAL SUPPORT MOVEMENT ONLY WAS CONSIDERED FOR THE TWO-HINGED FRAMES.
CALCULATIONS FOR DETERMINING .THE STRESSES IN THE HINGELESS FRAME DUE
TO SUPPORT MOVEMENTS ARE SHOWN IN-FiGURE [2. AGAIN THE CROWN WAS
ASSUMED TO BE FIXED AGAINST ROTATION DUE TO THE SYMMETRY OF THE FRAME
AND LOADING. TO GET THE SYMMETRIC LOAb]NG, BOTH SUPPORTS WERE

CONSIDERED TO MOVE THE SAME AMOUNT BUT IN OPPOSITE DIRECTIO.NS.



, HINGELESS FRAME
DeFLecTiONSs .DUE TO GRAVITY LOADS

|. Assume P = | pPounp
THEN FROM PREVIOUS CALCULATIONS
Ha = 1.171 /LB OF LOAD

My = 5.133 FT-LB/LB OF LOAD

2. DerFLEcTION AT CROWN

A A
Mbs ]
m=/x_ =1 /x Mos
e AT eroJe

PARTs oOF INTEGRAL

Due 10 Vu = |,868.6 FT3-L8
.Due 1o 'Hy = 1,842.6 Fri-is
Due 10 M, = 628.9 FT3-LB
Due 10 Loap = ~H66.0 Fr3-Ls
Ay = lT [189.0 FT—LB] /LB OF LOAD

3. DEFLECTION AT HAUNCH

B
&x:/YBM[.’_5='_ /BYBMDS
¢ T e

ParTs oF. INTEGRAL

Due 10 Vg = 622.5 FT3-LB
Due 10 Hg = -161.8 F13-18
Due To Mg = -242.5 FT3-L8
Due to Loap = =I[55.7 Fr3-L8 ]
Dx :’iT [62.5 FT3—LB] /LB. OF LOAD

Ficure 1l. DEFLECTIONS IN HINGELESS FRAMES.
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HINGELESS FRAME
STREss DUE 70 SuPPORT MOVEMENT

I. EQuUATIONS Usep

no= [AMos Ay =/‘*M9§
¢ EIY ¢ El

FROM PREVIOUS CALCULATIONS

D=L [25.53 My -237.59 H)

Ax =é_ [L238 06 M, -2,630.85 HAJ

2. SUPPORT RoOTATION

ASSUME£5® = -.0l RADIANS
AP = é_ 125.53 My -237.59 Hal =.01
Nx = T—:_ [238 06 M, -2,630. 85 H}

Hy, = El x (2.24) « IOM)
My = El ~ (2.480 x 1073)

| .

J 3.© TRANSLATIONAL MOVEMENT
i

1

'

i

s ASSUMEle = .0l FEET OUTWARD
e b, a¢ =L [25.53 Ma =237.59 H| = ©
F M, 1 T B
e A ox =L [238.06 M, -2,630.85 HA} = .0
- H=Elx(2M07xIOE
Ma.= El x (2.240 x 10

FiGURE 2. STRESSES IN HINGELESS FRAMES
DUE TO SUPPORT MOVEMENT
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DEFLECTIONS WERE FOUND IN-THE SAME MANNER AS FOR THE GRAVITY-
LOADING CONDITIONS. CALCULATIONS .TO DETERMINE. THE STRESSES AND
DEFLECTIONS FOR THE TWO-HINGED FRAME DUE TO LATERAL SUPPORT MOVEMENT
ARE SIMILAR TO THOSE FOR TRANSLATIONAL SUPPORT MOVEMENT OF THE HINGELESS
FRAME. THE ONLY DIFFERENCE IS THAT THERE IS NO BENDING MOMENT AT POINT
A ano E oF THE FRAME.

VALUES OF THE THEORETICALLY.DETERMINED STRESSES AND DEFLECTIONS
FOR EACH FRAME AND LOADING CONDI!TIONS ARE LISTED IN APPENDIX-B ALONG

WITH THE EXPERIMENTALLY DETERMINED STRESSES AND DEFLECTIONS.



CHAPTER - IV

. EXPERIMENTAL STUDY

ExpPeErRIMENTAL. DESIGN

PRELIMINARY TESTS

FOR THE THEORETICAL ANALYSIS, AN EXPERIMENTALLY DETERMINED VALUE
ofF El wAS USED FOR DETERMINING -THE THEORETICAL STRESSES AND DEFLECTIONS
[N THE FRAMES TO BE TESTED.

FOorR THIS DETERMINATION OF El, A STRAIGHT SECTION OF THE TEST FRAME
WAS USED. |N DETERMINING THE LENGTH OF SECTION TO BE TESTED, THE
FOLLOWING TWO PROBLEMS HAD TO BE CONSIDERED: . {|) MAKE THE SECTION AS
LONG AS POSSIBLE TO OBTAIN HIGH BENDING.MOMENTS AND LOW PERPEND(CULAR-
SHEARING STRESSES, AND (2) USE A SECTION SHORT ENOUGH TO HAVE LATERAL
STABILITY SO THAT LATERAL BRACING WOULD NOT HAVE TO BE USED, WHICH
MIGHT AFFECT THE RESULTS.

THIS EXPERIMENT WAS ALSO SET UP TO DETERMINE ACCURACY AND
RELIABILITY OF ELECTRICAL RESISTANT GAGES FOR DETERMINING STRESSES
AND BENDING MOMENTS IN THE TEST FRAME. FOR THIS PURPOSE STRAIN GAGES
WERE MOUNTED ON EITHER SIDE OF THE TEST SECTION AS SHOWN IN FiGgure 13.
THiS PART OF THE EXPERIMENT ALSO SERVED AS A CHECK FOR THE E| vaLue
THAT. WAS TO BE DETERMINED BY MEASURING .THE DEFLECTIONS [N THE TEST
SECTION.

THE NEXT PROBLEM CONCERNED THE NUMBER OF SECTIONS TO TEST AND THE

38 .
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NUMBER OF CYCLES TO RUN ON EACH TEST SECTION. For THIS EXPERIMENT,
IT APPEARED THAT AS MANY TEST SECTIONS AS POSSIBLE SHOULD BE USED TO
DETERMINE THE AMOUNT OF DIFFERENCE N THE TEST. SECTIONS DUE TO NON-
UNITFORMITY OF THE SECTIONS.

For THIS EXPERIMENT, FOUR TEST SECTIONS WERE USED WITH TWwWO
LOADING CYCLES PER TEST SECTION. EACH LOADING CYCLE CONSISTED OF
A LOADING AND UNLOADING PHASE. USING THIS EXPERIMENTAL SETUP, THE
VARIANCE DUE TO TEST SECTIONS, LOADING CYCLES, AND THE LOADING AND
UNLOAD ING PHASE OF EACH CYCLE COULD BE COMPUTED, WHICH PROVIDED HELPFUL

INFORMATION iN DESIGNING THE FRAME EXPERIMENTS.
FraMe TesTs

FOR THE FRAME EXPERIMENTS, GRAVITY LOADS WERE SIMULATED. THE
DECISION TO USE GRAVITY LOAD WOULD PROBABLY APPEAR OBV IOUS WHEN THE
AMOUNT OF EQUIPMENT AND TIME INVOLVED IN SIMULATING WIND AND GRAIN
LOADS ARE CONSIDERED. FOR THE GRAVITY LOADING CONDITIONS THE LOADS
WERE APPLIED AT POSITIONS ON THE FéAME WHERE THE PURLINS WOULD
ACTUALLY BE PLACED IN CONSTRUCTION.

NEXT, THE PROBLEM OF SELECTING THE POSITIONS ON THE FRAME AT
WHICH DEFLECTION AND STRAIN MEASUREMENTS WERE TO BE MADE WAS
CONSIDERED. FOR DEFLECTION MEASUREMENTS, THE PEAK AND HAUNCH
DEFLECTIONS APPEARED TO BE OF MOST IMPORTANCE AND WERE THEREFORE
USED. THE DECISION WHERE TO MAKE STRAIN MEASURMENTS WAS A MORE
ARB!TRARY ONE SINCE THE MEASUREMENTS COULD NOT BE MADE DIRECTLY AT
THE PEAK OR HAUNCH DUE TO THE FRAME CONSTRUCTION. |IT Is QuUITE

EVIDENT, HOWEVER, THAT THEY NEEDED TO BE AS CLOSE TO THE PEAK AND
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HAUNCH AS POSSIBLE BECAUSE OF THE HIGH BENDING MOMENTS AT THESE POINTS,
THE STRAIN GAGES WERE PLACED |. 1/2 FEET ON EITHER SIDE OF THE HAUNCH
AND PEAK. -THIS WAS TO MOVE THE GAGES FAR ENOUGH AWAY FROM THE JOINT

SO THAT THE JOINT STRUCTURE WOULD NOT EFFECT THE STRAIN READINGS. GAGES
WERE ALSO PLACED ON THE LowﬁR PORTION OF THE SIDE MEMBERS WHICH WAS A
POINT OF HIGH BENDING MOMENT IN THE HINGELESS FRAME. FOR THE HINGELESS
FRAMES, THESE GAGES WERE PLACED 6 INCHES ABOVE THE GROUND LEVEL AND

FOR THE TWO-HINGED FRAMES THEY WERE PLACED | FOOT ABOVE THE GROUND
LEVEL. THE REASON- FOR MOVING THE GAGES UP ON THE TwO~HINGED FRAMES

WAS THAT THE BENDING MOMENT IS THEORETICALLY ZERO AT THE GROUND LEVEL.
THEREFORE, THEY WERE MOVED UP TO A POSITION WHERE ENOUGH STRAIN WOULD
BE PRODUCED TO ALLOW MEASUREMENT WiTH SOME DEGREE OF ACCURACY.

THE NEXT DECISION WAS WHERE THE GAGES SHOULD BE PLACED ON THE
FRAME MEMBERS IN REFERENCE TO THE CROSS-SECTION CONFIGURATION. FOR
THE PRELIMINARY TESTS, A GAGE WAS PLACED ON EACH C-SHAPED SECTION
AND ON OPPOSITE SIDES OF THE MEMBER. THE RESULTS FROM THESE
PRELIMINARY TESTS SHOWED A LARGE VARIANCE RATIO DUE TO THE POSITION
OF THE GAGES. THEREFORE, FOR THE FRAME TEST THE GAGES WERE PLACED
ONE ON EITHER SIDE OF ONE C-SHAPED SECTION AS SHOwWN N FiGuURE |3,

FROM AN EVALUATION OF THE PRELIMINARY TESTS, IT WAS FOUND THAT
THERE WAS A LARGE AMOUNT OF VARIANCE DUE. TO THE TEST SECTIONS WHEN
MEASURING DEFLECTION. THEREFORE, AS MANY FRAMES AS POSSIBLE WERE
TESTED AND FEWER TEST CYCLES RUN. FOR THESE TESTS THERE WERE FOUR
HINGELESS AND FOUR TWO-HINGED FRAMES AVAILABLE AND THEY WERE ALL
TESTED IN ORDER TO DETERMINE VARIATION AMONG THEM AS ACCURATELY AS
POSSIBLE.

THE FOLLOWING TESTS WERE THEN MADE:
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(1) GRAVITY LOADS, FIXED SUPPORTS
(2) SUPPORT ROTATION ONLY
(3) TRANSLATIONAL SUPPORT MOVEMENT ONLY

ForR TWO-HINGED FRAMES
(1) GRAVITY LOADS, PINNED-END SUPPORTS
(2) GRAVITY LOADS, RESTRAINED SUPPORTS

(3) LATERAL SUPPORT MOVEMENT ONLY

EXPERIMENTAL EQUIPMENT

THESE EXPERIMENTS WERE CONDUCTED IN THE AGRICULTURAL ENGINEERING
LiGHT STRUCTURES LABORATORY WHICH HAS A FLOOR EXPECIALLY MADE FOR
CONDUCTING TESTS SUCH AS THESE. THIS FLOOR IS A 5 |/2 INCH THICK
CONCRETE FLOOR WITH STEEL CHANNELS SPACED EVERY TWO FEET APART TO
WHICH BRACKETS OR BRACES CAN BE BOLTED DIRECTLY.

THE FRAMES USED FOR THESE EXPERIMENTS WERE DESIGNED AND
MANUFACTURED BY ArmMcO DrRaiNAgeE AND MeETAL PrODuUCTs, INc. THESE
FRAMES WERE MADE OF O.[0OQ INCH THICK COLD-FORMED STEEL WHICH HAD A
YIELD STRENGTH OF APPROXIMATELY 37,000 Psi. GUSSET PLATES USED AT
THE HAUNCH AND PEAK WERE 3/16 INCH THICK STEEL PLATES WITH A TWO
INCH LEG BENT UP FOR ADDED STIFFNESS. A COMPLETE SKETCH OF THE FRAME
WITH ITS DAMENSIONS IS SHOWN [N FiGgURE 4. BOLTS USED TO ASSEMBLE
THE FRAMES WERE 1/2 INCH, HIGH-STRENGTH STEEL BOLTS.

THE PRELIMINARY EXPERIMENTS TO OBTAIN AN El VALUE OF THE FRAME
SECTION WERE CONDUCTED USING STRAIGHT SECTIONS OF THE FRAME. THESE
SECTIONS WERE SUPPORTED ON EITHER END BY TwWO HEAVILY CONSTRUCTED
H-SHAPED SUPPORTS SPACED |2 FEET APART. TO APPLY THE LOADS, A
HYDRAULIC CYLINDER WAS USED WHICH COULD BE ACTIVATED BY EITHER A

MOTOR DRIVEN PUMP OR BY HIGH PRESSURE INERT GAS ACTING THROUGH

L2
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AN ACCUMULATOR. To APPLY THE LOADS DIRECTLY TO THE FRAME SECTION,
AN INVERTED A-SHAPED BRACKET WAS USED. THIS BRACKET WAS USED TO
DIVIDE LOAD EVENLY BETWEEN TWO POINTS OF APPLICATION AND PLACED THE
PORTION BETWEEN THESE POINTS AT A CONSTANT BENDING MOMENT. TO MEASURE
THE APPL{ED LOAD, A LOAD LINK WAS PLACED BETWEEN THE A-=SHAPED BRACKET
AND HYDRAULIC CYLINDER. THEN TO MEASURE THE STRAIN IN THE LOAD LINK,
WHICH WAS CALIBRATED AGAINST LOAD, A BALDWIN STRAIN INDICATOR WAS
USED. THIS INDICATOR WAS ALSO USED TO MEASURE THE STRAIN PICKED UP BY
THE STRAIN GAGES MOUNTED ON THE TEST SECTIONS. THE STRAIN GAGES USED
WERE /2 INcH, 120 OHM RESISTANCE METAL FOIL GAGES. FOR. THE DEFLECTION
MEASUREMENTS, A DIAL MICROMETER WAS USED.

BRACKETS TO HOLD THE SUPPORT ENDS OF THE HINGELESS FRAMES WERE
MADE OF 5 .iNcH x | 3/U INcH cHANNELS. TO ADD STIFFNESS TO THE BRACKETS,
A 5/16 iNcH x| 1/2 INCH METAL PLATE WAS WELDED IN THE MIDDLE OF EACH
CHANNEL. THIS GAVE THE SUPPORT END OF THE FRAME AN El VALUE
APPROXIMATELY 7.4 TIMES AS LARGE AS FOR THE El VALUE OF THE FRAME
|TSELF. THESE BRACKETS WERE CONSTRUCTED AS SHOWN IN FiGURE 15, AND AN
INSTALLATION OF ONE IS SHOWN IN FIGURE |6. THE BRACKETS WERE SUPPORTED
IN.SUCH A MANNER THAT.THEY COULD BE ADJUSTED LATERALLY IN ANY MANNER
DES{RED BY SIMPLY ADJUSTING .THE BOLTS THAT HELD THEM IN PLACE.

SUPPORT BRACKETS FOR THE TwWO-HINGED FRAMES WERE CONSTRUCTED TO
GIVE A PINNED-END. CONDITION. THESE SAME BRACKETS WERE ALSO CONSTRUCTED
SO THE SUPPORT END COULD BE FIXED IF DESIRED. PROVISIONS FOR LATERAL
SUPPORT MOVEMENT WERE ALSO MADE. CONSTRUCTION DETAILS ARE GIVEN IN
Fiaure 18 AND TYPICAL INSTALLATIONS ARE SHOWN IN FIGUREs 17 A, anp |7 B.
FlgUure 17 A sHOwsS A TYPICAL PINNED CONDITION AND FIGURE |7 B sHows aN

INSTALLATION: - IN WHICH THE END WAS FIXED.
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FIGURE ITA. INSTALLATION OF TWO-HINGED BRACKETS
AS A PINNED END CONDITION.

Figure 17B. INSTALLATION OF TWO-HINGED BRACKETS
WITH END OF SUPPORT FIXED.
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THE BRACKETS USED TO GIVE THE FRAME LATERAL SUPPORT WHILE TESTING
ARE SHOWN IN FiIGURE |9. THIS SUPPORT WOULD BE PROVIDED BY THE FRAME
COVERING AND OTHER LATERAL BRACING IN ACTUAL CONSTRUCTION. THE POSITIONS
AT WHICH THESE BRACKETS WERE PLACED IS SHOWN IN Frgure 20.

To APPLY THE GRAVITY LOADS THREE MATCHED HYDRAULIC CYL!INDERS WERE
USED. THEsE CYLINDERS WERE ACTIVATED BY THE SAME PRESSURE SOURCE USED
FOR THE PRELIMINARY EXPERIMENTS. THE CYLINDER LOADS WERE THEN APPLIED
TO THE FRAMES AS SHOWN IN Figure 20.

MEASUREMENT OF THE LOADS APPLIED TO THE FRAME WAS ACCOMPLISHED
BY USE OF A PRESSURE CELL. THIS PRESSURE CELL WAS MADE FROM TWwO
3 1/2 INCH HIGH PRESSURE PIPE FLANGES. A METAL. PLATE WAS PLACED
BETWEEN THE TwWO FLANGES ON WHICH FOUR STRAIN GAGES WERE MOUNTED.
HYDRAULIC PRESSURE WAS APPLIED TO ONE SIDE OF THE PLATE AND STRAIN
MEASUREMENTS DUE TO BULGING WERE MADE ON - THE OTHER SIDE. A DIAGRAM OF
THE PRESSURE CELL IS SHOWN IN FIGURE 21. TO MEASURE THE ACTUAL FORCE
APPLIED BY THE CYLINDERS, A BarLpwin -Tyre U-| LOAD CELL wAS USED.

STRAIN GAGES USED TO MEASURE STRAIN IN THE FRAMES WERE BALDWIN-
LiMa-HamiLTON CorPORATION (FA-100-12) ETCHED FOIL GAGES. THESE
GAGES HAD A LENGTH OF ONE INCH AND |20 OHMS RESISTANCE. TO MEASURE
DEFLECTION, DIAL MICROMETERS WERE USED.

TO DETERMINE THE POSSIBILITY OF THE FRAME MEMBERS ROTATING
WITH RESPECT TO THE GUSSET PLATE AT THE HAUNCH, A MEASURING SYSTEM
WAS CONSTRUCTED AT THAT POINT. FOR THIS PURPOSE TwO |/8 INCH WELDING
RODS WERE BENT TO THE. PROPER SHAPE AND GLUED DIRECTLY TO THE FRAME
MEMBERS WITH THE FREE ENDS EXTENDING BEYOND THE MEMBERS. THEY WERE
PLACED IN A POSITION SO THAT THEY WOULD ROTATE ABOUT THE CENTER OF THE

BOLT SPACINGS. ROTATION wAS MEASURED WITH A RULER PLACED ON A BOARD
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ATTACHED DIRECTLY. TO THE GUSSET PLATE. BY THIS MEANS ROTATION OF
EITHER MEMBER COULD BE MEASURED WITH RESPECT TO THE GUSSET PLATE.
THIS SETUP 1S SHOwWN IN FIGURE 22.

THE ENTIRE INSTALLATION OF EQUIPMENT READY FOR TESTING 1S SHOWN

IN FiGure 23.

EXPERIMENTAL PROCEDURES

PrELIMINARY TESTS

WHEN TESTING THE FRAME MEMBERS, THE FIRST STEP WAS TO PLACE THE
MEMBERS BETWEEN THE SUPPORTS AND- THEN CLAMP AND BOLT PLATES BETWEEN
THE MEMBER SECTIONS TO KEEP THEM FROM TWISTING UNDER LOAD. NEXT,
THESE MEMBERS WERE PRELOADED WITH A LOAD AS GREAT OR LARGER THAN THE
TEST LOAD, AND THIS LOAD WAS THEN LEFT ON FOR TWO OR THREE MINUTES.
AFTER PRELOADING, ZERO.STRAIN, DEFLECTION, AND LOAD LINK READINGS
WERE TAKEN. LoADS WERE THEN -APPLIED IN APPROXIMATELY SIX EQUAL
INCREMENTS. STRAIN, DEFLECTION, AND LOAD LINK READINGS WERE TAKEN
FOR EACH LOAD INCREMENT. TO .START THE UNLOAD ING CYCLE, A LOAD
GREATER THAN THE LOAD FOR WHICH READINGS WERE TAKEN DURING THE
LOADING CYCLE, WAS APPLIED AND THEN UNLOADED TO APPROXIMATELY THIS
SAME LOAD. UNLOAD ING WAS THEN CARRIED OUT IN THE SAME MANNER AS THE
LOADING CYCLE WITH SiX EQUAL INCREMENTS OF UNLOADING BEING USED.

ALL SUBSEQUENT TESTS WERE CARRIED OUT IN THE SAME MANNER.
Frame TeESTS

To DETERMINE APPLIED LOADS, EACH CYLINDER WAS CALIBRATED IN

TERMS OF APPLIED LOAD AND HYDRAULIC PRESSURE APPLIED. FOR THIS
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FiGUurRE 22. ROTATION MEASUREMENT SETUP.

Fiaure 23.

INSTALLATION OF EQUIPMENT READY FOR TESTING.
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CALIBRATION, EACH CYLINDER WAS ATTACHED TO A LOAD CELL WHICH MEASURED
THE LOAD APPLIED I[N POUNDS. TO MEASURE THE HYDRAULIC PRESSURE, A
PRESSURE CELL WAS USED AND THE STRAIN READING OBTAINED FROM THE CELL
WAS CALIBRATED IN TERMS OF LOAD APPLIED BY THE CYLINDER.

BEFORE ASSEMBLING ANY FRAMES, ALL STRAIN GAGES WERE ATTACHED TO
THE PROPER FRAME MEMBERS, WHICH WERE SELECTED AT RANDOM. THIS WAS
DONE MOSTLY FOR CONVENIENCE AND ALSO TO ALLOW THE STRAIN GAGE
CEMENT TO DRY THOROUGHLY BEFORE USE.

DURING FRAME ASSEMBLY, THE BOLTS FASTENING THE FRAME MEMBERS
TOGETHER WERE TIGHTENED ONLY ENOUGH TO GET A SNUG FIT. WHEN ALL
BRACKETS WERE IN.PLACE AND THE FRAME IN-TEST POSITION, THE BOLTS WERE
TIGHTENED WITH A TORQUE OF |05 FT-LB OR GREATER. THEN AT LEAST THREE
GRAVITY LOADING CYCLES WERE APPLIED AND THE BOLTS AGAIN TIGHTENED TO
TAKE UP ANY SLACK DUE TO JOINT MOVEMENT. ALSO DURING THE PRELOADING
CYCLES, ROTATION MEASUREMENTS OF THE FRAME MEMBERS WI!TH RESPECT TO THE
GUSSET PLATES AT THE HAUNCH WERE NOTED. |F THE ROTATION APPEARED TO
BE OF SIGNIFICANCE, IT WAS RECORDED. NEXT, ZEROC READINGS WERE TAKEN
FOR THE STRAIN GAGES, DIAL MICROMETERS, AND PRESSURE CELL. LoaADS
WERE THEN APPLIED IN EQUAL INCREMENTS UNTIL THE MAXIMUM THEORETICALLY
DETERMINED LOAD WAS REACHED. FOR THE FIRST HINGELESS FRAME TESTED,
AN ATTEMPT WAS MADE TO RUN A LOADING AND UNLOADING.PORTION FOR EACH
cYcLE. HOWEVER, THE UNLOADING RESULTS WERE SO POOR THAT ONLY THE
LOADING PORTION FOR ALL SUBSEQUENT TESTS WERE RUN. AFTER EACH
INCREMENT OF LOAD WAS APPLIED, THE SUPPORTS WERE ADJUSTED TO THE
ORIGINAL POSITIONS BEFORE ANY READINGS WERE TAKEN. THIS WAS TO REDUCE

ANY EFFECT. THAT SUPPORT MOVEMENT MIGHT HAVE ON THE RESULTS.
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AFTER THE GRAVITY LOADS WERE APPLIED, THE SUPPORT MOVEMENT
TESTS WERE CONDUCTED. SUPPORT ROTATION OF THE HINGELESS FRAMES WAS
CARRIED OUT BY ROTATING THE SUPPORTS ABOUT THE POINT WHICH REPRESENTED
THE GROUND LEVEL. To po THIS, THE TOP OF THE SUPPORT WAS HELD IN A
FIXED POSITION AND THE BOTTOM ROTATED INWARD FOR BOTH SUPPORTS AT . THE
SAME TIME. TH1S RbTATION WAS MEASURED BY DIAL MICROMETERS PLACED AT
A KNOWN DISTANCE FROM THE TOP AND RECORDED IN TERMS OF RADIJANS
ROTATION. PER SUPPORT. THE PROCEDURE USED FOR CONDUCTING THESE TESTS
WAS THE SAME AS FOR GRAVITY LOADS, EXCEPT THE LOADING WAS CARRIED OUT
IN INCREMENTS OR ROTATION RATHER THAN INCREMENTS OF APPLIED LOAD.

TRANSLATIONAL SUPPORT MOVEMENT TESTS WERE CONDUCTED BY MOVING
BOTH SUPPORTS OUTWARD SIMULTANEOUSLY. THIS MOVEMENT WAS MEASURED
WITH DIAL MICROMETERS AND RECORDED AS OUTWARD MOVEMENT IN-FEET.OF
MOVEMENT PER .SUPPORT. THESE TESTS WERE THEN CONDUCTED AS THE PREVIOUS
TESTS WITH INCREMENTS OF OUTWARD MOVEMENT,

LATERAL SUPPORT MOVEMENT OF THE TWO-HINGED FRAMES WAS ACHIEVED
BY SIMPLY MOVING BOTH SUPPORTS OUTWARD SIMULTANEOUSLY. THtS MOVEMENT
WAS MEASURED WITH DIAL MICROMETERS AND RECORDED AS FEET.OF LATERAL
MOVEMENT PER SUPPORT.

TESTS FOR DETERMINING .THE EFFECT OF FIXING THE TwO-H!NGED FRAME
SUPPORTS WERE CONDUCTED AS FOLLOWS: . THE SUPPORT WAS ADJUSTED FOR
ZERO ROTATION AND THE TWO DIAL MICROMETERS USED FOR MEASURING ROTATION
ADJUSTED TO THE SAME READINGS. THEN AFTER EACH INCREMENT.OF GRAVITY
LOAD, THE D!AL MICROMETERS WERE AGAIN.ADJUSTED TO HAVE THE SAME
READING BY ADJUSTING A BOLT, FiGUurRE 18,_USED FOR ROTATION ADJUSTMENT.
THUS |F THE ENTIRE SUPPORT MOVED IN.THE DIRECTION-OF APPLIED LOAD,

BOTH DIAL MICROMETERS WOULD BE MOVED  THE SAME AMOUNT AND ROTATION COULD

5k
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STILL BE MEASURED. -THIS CAN BE UNDERSTOOD MORE CLEARLY BY REFERENCE
1o Figures 7 A ano. |7 B.

To TEST THE EFFECT.OF EXTRA FASTENERS HOLDING .THE TWO FRAME
SECTIONS TOGETHER, FOUR ADBDITIONAL FASTENINGS WERE USED IN THE TOP
MEMBERS. THESE FASTENINGS WERE MADE BY.DRILLING EXTRA HOLES IN THE
MEMBERS AND FASTENING THEM TOGETHER WITH |/2 incH BoLTS, Figure I3.
THESE FASTENINGS WERE MADE |/3 OF THE DISTANCE BETWEEN ORIGINAL
FASTENINGS INWARD FROM E£ACH END OF. THE TOP MEMBERS. THIS WAS DONE FOR
ONE TWO-HINGED FRAME ONLY. - TO TEST.THIS EFFECT, TWO GRAVITY LOAD
CYCLES WERE. RUN ON THE FRAME WITH THE EXTRA FASTENINGS.

FOR THE TEST TO DETERMINE THE EFFECT.OF TIME VERSUS DEFLECTION,

_ONE TWO-HINGED FRAME WAS USED. A KNOWN LOAD WAS APPLIED AND HELD
CONSTANT .FOR THE DURATION OF THE TEST. FOR THIS TEST THE ONLY

OBSERVATION USED WAS DEFLECTION TAKEN AT THE PEAK.



CHAPTER V
ANALYSIS OF DATA

To peETERMINE THE El VALUE OF THE FRAME SECTIONS, THE DEFLECTION
READINGS OBTAINED FROM PRELIMINARY TESTS WERE USED. THE VALUE OF
DEFLECTION USED WAS OBTAINED BY A LINEAR REGRESSION ANALYSIS OF THE
DATA FROM EACH CYCLE OF EACH SECTION TESTED. A MEAN VALUE WAS THEN
OBTAINED FROM THESE REGRESSION COEFFICIENTS WHICH WAS USED FOR THE
VALUE OF DEFLECTION. THis vaLue, .0827 incHEs PER 1000 pounDs oF
APPLIED LOAD, TOGETHER WITH A MOMENT-AREA EQUATION WAS THEN USED TO
0BTAIN THE El vaALUE.

REGRESSION ANALYSIS WAS PERFORMED BY THE LEAST SQUARES METHOD.
REGRESSION COEFFICIENTS REFER TO THE SLOPE OF THE LINE REPRESENTING
THE RELATIONSHIP BETWEEN LOAD AND DEFLECTION.

TO INVESTIGATE THE VARIATION IN DEFLECTION THAT COULD BE EXPECTED,
AN INTERVAL WAS FOUND WITHIN WHICH THE MEAN DEFLECTION OF OTHER SAMPLES
COULD BE EXPECTED TO FALL 95 TiMEs ouT oF 100. THIS INTERVAL WAS
1761 10 .1893 iNcHES DEFLECTION PER 000 POUNDS OF APPLIED LOAD.

To SERVE AS A CHECK, THE El VALUE wWAS DETERMINED BY STRAIN DATA.
THE MEAN VALUE OF STRAIN, OBTAINED AS [N THE PRECEEDING ANALYSIS, WAS
25125 x 10’6 IN/IN PER POUND OF APPLIED LéAD. E wAs ESTIMATED TO BE
29.5 x 106 LB/IN2. STRESS WAS THEN FOUND BY MULTIPLYING STRAIN BY E,

WHICH WAS 7.&12 LB/INZ. KNOWING ‘THE VALUE OF BENDING MOMENT, 28.25
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iN-LB/LB OF APPLIED LOAD, THE MOMENT OF INERTIA WAS THEN FOUND TO BE

. ) i .
J1.24 IN BY THE FOLLOWING EQUATION:
| = Mc
Fs
i

MOMENT OF INERTIA, IN

M = BENDING MOMENT, IN-LB
C = DISTANCE TO POINT OF STRAIN
MEASUREMENT FROM NEUTRAL AX!IS, IN
FB = STRESS AT POINT OF MEASUREMENT, LB/IN2

THe El VALUE WAS FOUND BY. MULTIPLYING THE COMPUTED | VALUE BY THE

ASSUMED VALUE ofF E.

'
4 Ay

-

STATISTICAL ANALYSiIS OF VARIANCE, A; PRESENTED BY STEgg‘AND
TorrR1E (22), wAS APPLIED TO THE EXPERIMENTAL DATA. THE ANALYSIS OF
VARIANCE‘TABLES ARE PRESENTED IN ApPenDIX C.

COMPUTER PROGRAMS WERE WRITTEN TO DO A MAJOR PORTION OF THE
DATA ANALYSIS FOR THE FRAME EXPERIMENTS. THESE PROGRAMS WERE WRITTEN
iN FORTRAN,: A '"COMPUTER PROGRAM WHICH VERY NEARLY REPRESENTS
MATHEMATICAL EXPRESSIONS AND ARE LISTED IN APPENDIX A,

DEFLECTION AT THE PEAK WAS OBTAINED BY SUBTRACTING THE AVERAGE
DEFLECTION OF BOTH SUPPORTS, MEASURED PARALLEL TO THE SUPPORTS FROM
THE PEAK DEFLECTION. HAUNCH DEFLECTION WAS OBTAINED BY TAKING THE
AVERAGE DEFLECTION OF BOTH HAUNCHES, MEASURED PERPENDICULAR TO THE
COLUMN MEMBERS.

FROM THE STRAIN READINGS BOTH BENDING MOMENT AND AXIAL LOAD
WERE CALCULATED. A GRAPHICAL REPRESENTATION OF THESE CALCULATIONS IS
SHOWN IN FIGURE 24. THE STRAIN DUE TO AXIAL LOAD AND BENDING MOMENT
WAS THEN MULTIPLIED BY A CONSTANT TO CONVERT THEM TO FT-LB BENDING

MOMENT AND LB OF AX!AL LOAD.



: -« GAge No. | ReaDiNG
STrAIN Due To A
BENDING MoMENT ;
Y
b e M AvERAGE OF READINGS
ZERC READING
Gage No. 2 ReEaApING , STrRAIN DUE TO Ax1aL Loap
-Gage No. 2 | ! Gace No. |

Figure 24. GRAPHICAL $OLUTION OF STRAIN READINGS.

AX1AL LOAD WAS COMPUTED AS FOLLOWS:
P =FE€A
IN WHICH P = Loap, LB
€ = MEASURED STRAIN, IN/IN

E = MODULUS OF ELASTICITY, LB/IN2

A = AREA OF CROSS SECTION, INC

FOR THESE CALCULATIONS, E AND A wERE AssSUMED TO BE 29.5 X 106 LB/IN2
AND . 2.3k IN® RESPECTIVELY. TO COMPUTE BENDING MOMENT, THE AVERAGE
VALUE OF STRAIN PER POUND OF APPLIED LOAD THAT WAS OBTAINED FROM THE
PRELIMINARY. TEST WAS USED. TH!S VALUE WAS THEN DIVIDED INTO THE
BEND ING MOMENT. PRODUCED.FOR EACH POUND OF APPLIED LOAD. THIS VALUE

WAS

BM = 2.3°% FT-LB/LB OF APPLIED LOAD
.25125.MIcRO INCHES .OF STRAIN/LB OF APPLIED LOAD




BM = 9.1708 rFT-18/MICRO INCH OF STRAIN

THE BENDING MOMENT AND AXIAL LOAD WERE COMPUTED FOR EACH POSITION AT
WHICH TWO STRAIN GAGES WERE MOUNTED. T[O REDUCE THE AMOUNT OF DATA,
THE BENDING MOMENTS AND AX!IAL LOADS AT SYMMETRICAL POSITIONS ON THE
FRAME WERE AVERAGED. THIS ALSO HELPED TO AVERAGE OUT EFFECTS DUE TO
UNEVEN LOADING OF THE FRAMES.

A REGRESSION ANALYSIS WAS APPLIED TO EACH SET OF READINGS TAKEN
FOR EACH LOADING CYCLE. FROM THIS ANALYSIS, A VALUE OF A INTERCEPT
ON Y AXIS, AND B, THE REGRESSION COEFFICIENT OR SLOPE OF THE LINE
BEST FITTING THE DATA, WERE OBTAINED. ALSO DURING THIS OPERATION, A
CORRELATION COEFFICIENT WAS COMPUTED, WHICH MEASURES THE DEGREE TO
WHICH VAR!ABLES VARY TOGETHER OR A MEASURE OF THE I[NTENSITY OF
A550CIATION (22). THESE PREVIOUSLY MENTIONED VALUES, ALONG WITH THE
THEORETICAL DETERMINED VALUE OF B FOR EACH SET OF DATA, ARE LISTED
IN APPEND I X B.

To DETERMINE THE PROBABILITY OF OBTAINING A MEAN B VALUE LARGER
OR SMALLER THAN THE THEORETICAL B VALUE, A VALUE OF T, STUDENT'S T,

(22) was coMPuTED. THIS VALUE

7= (X -2)
X
X = SAMPLE MEAN
A = POPULATION MEAN
SX = STANDARD ERROR OF MEAN

WAS THEN USED TO ENTER A TABLE OF T VALUES AND OBTAIN THE PROPER
PROBABILITY. ForR THESE CALCULATIONS,/} WAS ASSUMED TO BE THE

THEORETICAL B vaLuEe.
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CHAPTER VI
RESULTS

PRELIMINARY TESTS

By USE OF THE DEFLECTION DATA FROM THE. PRELIMINARY TESTS, THE
El vaLUE was Founp 1o BE 318.58 !06 IN°-L5. USING THE STRAIN DATA
AND AN ASSUMED VALUE OF E, 29.5 X'!O6 LB/|N2, AN El vavLue orf
337.3! x 106 LB—1N2 WAS OBTAINED. THIS VALUE WAS APPROXIMATELY SIX
"PER CENT LARGER THAN THE VALUE DETERMINED BY DEFLECTION READINGS. FoOR
CALCULATION PURPOSES, THE El VALUE OBTAINED BY. USE OF THE DEFLECTION
DATA WAS USED.

- IN ORDER.TO COMPARE THE EXPERIMENTAL RESULTS WITH OTHER AVAILABLE
DATA, THE | VALUE wAS NEEDED WHICH WAS .FOUND BY DIVIDING THE El vALUE
OBTAINED FROM DEFLECTION DATA BY AN ESTIMATED VALUE oF E, 29.5 x 506

.LB/INB. THis vALUE oF |, 10.8 |NLL WAS APPROXIMATELY 20 PER CENT LESS

THAN THE | vALUE GIVEN IN THE LigHT GaAceE, CoLb-FoORMED STEEL DESIGN

MaNUuAL. TwO REASONS FOR THIS LOW VALUE ARE SUGGESTED. FIRST,
MEASUREMENTS -OF THE SECTIONS .INDICATED A THICKNESS OF APPROXIMATELY
0.104% in, anp THE TABULATED VALUE OF | wAS FOR A THICKNESS oF 0.105 N,
THE SECOND ‘FACTOR WAS THE LATERAL INSTABILITY OR TWISTING OF THE
SECTIONS DUE TO INADEQUATE FASTENINGS HOLD!ING THE C-~SHAPED SECTIONS

TOGETHER. THE LiGHT GaGE, CoLD-FORMED STEEL.DESIGN MANUAL SPECIFIES

THE MAXIMUM PERMISSIBLE LONGITUDINAL SPACING OF THE FASTENINGS FOR
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FLEXURAL MEMBERS AS L/6 WHERE L 1S THE SPAN OF THE MEMBER. TH1S WOULD
REQUIRE A TOTAL OF FIVE FASTENINGS BETWEEN SUPPORTS FOR THE FRAME
MEMBER, AND ONLY FOUR WERE USED FOR THESE EXPER!MENTS. THE REASON FOR
USING ONLY FOUR FASTENINGS WAS TO REPRESENT THE PROTOTYPE FRAME, AS
NEARLY AS POSSIBLE, WHICH HAD SPACES BETWEEN FASTENINGS UP 70 93
INCHES IN LENGTH. OBSERVATIONS DURING THE TEST AT HIGH LOADS SHOWED
THAT . TWISTING OF THE MEMBER SECTIONS WAS VERY APPARENT.

BEND ING MOMENTS FOUND BY ELECTRICAL RESISTANCE STRAIN GAGE
MEASUREMENTS AND THE [ VALUE DETERMINED BY USE OF THE DEFLECTION DATA
WERE FOUND TO BE WITHIN 7 PER CENT OF THE THEORETICALLY DETERMINED
BENDING MOMENTS. - }T WAS ALSO FOUND THAT STRAIN MEASUREMENTS INDICATED
MOVEMENT OF THE CENTROID AWAY FROM THE NEUTRAL AX1S. FOR TwO MEMBERS,
THIS MOVEMENT WAS TOWARD THE TENSION-SIDE OF THE MEMBER, AND FOR THE
OTHER TWO MEMBERS |T WAS TOWARD THE COMPRESSIVE SIDE. THIS MOVEMENT
WAS THOUGHT TO BE ATTRIBUTED TO PLACING THE STRAIN GAGES ON BOTH
SECTIONS OF THE MEMBER, BYT ON OPPOSITE SIDES AS SHOWN IN Figure [3.

A SLIGHTLY DIFFERENT El VALUE FOR ONE SECTION DUE TO MATERIAL OR
MANUFACTURING DIFFERENCES COULD ACCOUNT. FOR THIS EFFECT. TO AvVOID
THIS EFFECT IN THE PROTOTYPE FRAMES, THE STRAIN GAGES WERE MOUNTED

ON EITHER SIDE OF ONE SECTION OF THE MEMBER FOR ALL. SUBSEQUENT TESTS.

STATISTICAL ANALYSIS OF THE DEFLECTION DATA INDICATED A LARGE
AMOUNT . OF VARIATION DUE TO DIFFERENCES AMONG FRAME MEMBERS. FOR THE
STRAIN DATA, THE LARGEST AMOUNT OF VARIATION WAS DUE TO. THE POSITION
OF THE STRAIN GAGES. THIS EMPHASIZES THE IMPORTANCE OF CORRECTLY
POSITIONING THE STRAIN GAGES. [HE ANALYSIS OF VARIANCE TABLES FOR

THE DEFLECTION AND STRAIN GAGE READINGS ARE LISTED IN Appenpix C.
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FraMe TeEsTs

DEFLECTION RESULTS

RESULTS FROM THE GRAVITY LOADING .-TESTS ON BOTH THE HINGELESS AND
TWO-HINGED FRAMES INDICATED THAT THE FRAMES WERE, [N MOST CASES,
CONSIDERABLY MORE FLEXIBLE THAN CALCULATED WITH THE EXPERIMENTALLY
DETERMINED El VALUE. THE MEASURED PEAK DEFLECTION OF THE HINGELESS
FRAMES WAS 33.&5 PER CENT GREATER THAN THE CALCULATED VALUE AND l3.85
PER CENT GREATER FOR THE TWO-HINGED FRAME. AT THE HAUNCH THE DEFLECTION
was 21.40 PER CENT GREATER THAN CALCULATED FOR HINGELESS FRAMES AND
| .84 PER CENT GREATER FOR THE TWO-HINGED FRAME.

POSSIBLE EXPLANATIONS FOR THE DIFFERENCES BETWEEN THE THEORETICAL
AND EXPERIMENTAL DEFLECTION VALUES ARE BASED ON THE ASSUMPTIONS MADE
IN THE THEORETICAL ANALYSIS. THE FIRST ASSUMPTION THAT THE MATERIAL
BEHAVES ELASTICALLY AND OBEYS HOOKE's LAw APPEARED TO BE IN GOOD
AGREEMENT WITH THE EXPERIMENTAL BEHAVIOR SINCE THE DEFLECTION OF THE
FRAME VERSUS LOAD OF THE FRAME APPEARED TO BE A LINEAR RELATIONSHIP.
THIS WAS REVEALED BY THE HIGH CORRELATION COEFFICIENTS FOR DEFLECTION
IN INCHES VERSUS TOTAL APPLIED LOAD IN POUNDS. FOR SUCH CYCLES OF
LOADING, THESE CORRELATION COEFFICIENTS WERE ALL ABOVE 0.92U, anp
83 PER CENT OF THEM -weRE ABoveE 0.990. DeviaTionNs oF THE EXPERIMENTAL
POINTS FROM A STRAIGHT LINE APPEARED TO BE RANDOM OVER THE ENTIRE
REGRESSION LINE AS CAN BE OBSERVED IN'FIGURE 25. THESE HIGH
CORRELATION COEFFICIENTS ALSO HELP RULE OUT THE POSSIBILITY OF
SLIPPAGE AT.THE BOLTED JOINTS. SLIPPAGE WOULD PROBABLY HAVE BEEN
INITIATED AT SOME PARTICULAR LOAD AND wOULD BE EVIDENCED BY AN ABRUBT

CHANGE IN SLOPE OF THE REGRESSION LINE CAUSING POOR CORRELATION.
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FiGURE 25. DEFLECTION AT PEAK VERSUS LOADING OF FRAME.
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THE NEXT ASSUMPTION WAS THAT DEFORMATIONS DUE TO SHEARING
_FORCES ARE SMALL. SHEAR STRAIN WOULD ADD LITTLE TO THE FRAME
DEFORMATION SINCE THE FRAME MEMBERS WERE LONG COMPARED TO THEIR CROSS~-
SECTION DIMENSIONS, SHEAR STRAIN COULD ACCOUNT FOR SOME OF THE
CALCULATED DEFLECTION DEVIATION BETWEEN EXPERIMENTAL AND CALCULATED
RESULTS IN THE HINGELESS FRAME BECAUSE OF THE LARGER:PERPENDICULAR
SHEARING FORCES, AS COMPARED TO THE TWO-HINGED FRAME IN THE SHEAR
D IAGRAMS OF FIGURES 7, 8, anp 9.

THE NEXT POSSIBLE CAUSE FOR THE LARGE DEFLECTIONS WAS THE
TWISTING OF THE MEMBER SECTIONS. THIS TWISTING WAS VERY NOTICEABLE
AT HIGH GRAVITY LOADS AND AT PORTiONS OF THE FRAME WHICH EXPERIENCED
HIGH BENDING MOMENTS., - THE PORTIONS OF THE FRAME BETWEEN THE HAUNCH
AND THE FASTENINGS APPROXIMATELY ONE-HALF THE DISTANCE BETWEEN HAUNCH
AND PEAK APPEARED TO HAVE THE LARGEST AMOUNT OF TWISTING. AT THIS
POSITION, .THE SECTIONS TW|STED FROM THEIR ORIGINAL SPACING OF
3/16 INCH TO APPROXIMATELY |/2 INCH OR MORE ON THE TENSION SIDE OF
THE MEMBER WHILE THE SPACING WAS COMPLETELY CLOSED ON THE COMPRESSION
SIDE. ToO TEST THE EFFECT OF ADDITIONAL FASTENINGS BETWEEN THE FRAME
SECTIONS, FOUR EXTRA FASTENINGS WERE INSTALLED IN ONE TWO-HINGED FRAME.
THESE FASTENINGS WERE PLACED |/3 oF THE DISTANCE BETWEEN ORIGINAL
FASTENINGS INWARD FROM BOTH ENDS OF THE FRAME TOP MEMBERS. GRAVITY
LOADING TESTS OF THE FRAME WITH THESE EXTRA FASTENINGS INDICATED
DEFLECTION AT THE PEAK.TO BE O.67 PER CENT GREATER THAN CALCULATED
AND 9.67 PER CENT LESS AT THE HAUNCH. FROM THESE RESULTS, IT.WOULD
APPEAR THAT MOST OF THE DIFFERENCE BETWEEN THEORETICAL AND EXPERIMENTAL
DEFLECTIONS COULD BE ACCOUNTED FOR BY THE TWISTING OR LATERAL

INSTABILITY OF THE MEMBER SECTIONS. ONLY TWO LOADING CYCLES WERE RUN
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ON ONE FRAME FOR THIS EXPERIMENT ON FASTENER SPACING. HOWEVER,
APPROXIMATELY THE SAME VALUES WERE OBTAINED FOR BOTH CYCLES.

TH1S SAME EFFECT WOULD LIKELY ACCOUNT FOR THE LARGER PERCENTAGE
DIFFERENCES BETWEEN THE fHEORETICAL AND EXPERIMENTAL DEFLECTION ON
VALUES OF HINGELESS FRAMES AS COMPARED TO THE TWO-HINGED FRAMES. A
LARGE PORTION OF TH!S COULD POSSIBLY BE ATTRIBUTED TO THE LOWER
PORTION OF EACH COLUMN MEMBER. THIS-PORTION HAD A SPAN OF
APPROXIMATELY [ INCHES BETWEEN FASTENINGS, AND EXPERIENCED HIGH
BEND iNG MOMENTS UNDER GRAVITY LOADS, FIGURE 7. FOR THE TWO-HINGED
FRAME, THIS PORTION DEVELOPED COMPARATIVELY SMALL BENDING MOMENTS
AS THE BENDING MOMENTS APPROACHED ZERO AT THE LOWER END OF THIS
MEMBER .

SUPPORT ROTATION OF THE HINGELESS FRAMES PRODUCED 27.5] PER
CENT LESS DEFLECTION AT THE PEAK AND 32.18 PER CENT LESS DEFLECTION
AT THE HAUNCH THAN THE CALCULATED VALUES. SINCE THE EXPERIMENTAL
VALUES FOR BOTH DEFLECTIONS AND BENDING MOMENTS, AS DETERMINED BY
STRAIN, WERE LESS THAN THE CALCULATED VALUES IN ALL CASES, ROTATION
OF THE SUPPORTS MAY NOT HAVE BEEN AS LARGE AS MEASURED. THIS COULD
BE DUE TO THE SUPPORT BENDING BETWEEN THE POINTS OF ROTATION MEASURE-
MENT. HOWEVER, IT DOES NOT SEEM LIKELY THAT SUPPORT BENDING WOULD
CAUSE DIFFERENCES AS GREAT AS THOSE OBTAINED SINCE THE SUPPORTS WERE
OVER SEVEN TIMES AS STIFF AS THE FRAME MEMBER.

ANOTHER POSSIBLE CAUSE FOR THE LOW DEFLECTION AND BENDING
MOMENT VALUES IS LOCAL BUCKLING OF THE FRAME MEMBERS JUST ABOVE THE
FRAME SUPPORTS. THIS COULD BE CAUSED BY THE HIGH BENDING MOMENTS AT
THIS POSITION WHICH WERE APPROXIMATELY.FOUR TIMES GREATER THAN AT

ANY OTHER POSITION IN' THE FRAME.
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FOR TRANSLATIONAL MOVEMENT . OF THE HINGELESS FRAME SUPPORTS, THE
DEFLECTION AT THE PEAK WAS 28.06 PER CENT GREATER THAN EXPECTED AND
18.52 PER CENT LESS AT THE HAUNCH THAN EXPECTED. SINCE THE DEFLECTION
AT THE PEAK WAS GREATER THAN CALCULATED, IT INDICATES THAT FULL
SUPPORT .MOVEMENT WAS LIKELY OBTAINED. .-HOWEVER, THE DEFLECTION OF THE
SUPPORT WAS PROBABLY OF THE SAME MAGNITUDE AS FOR THE SUPPORT
ROTATION EXPERIMENTS SINCE APPROXIMATELY THE SAME BENDING MOMENTS
WERE GENERATED AT. THE SUPPORTS.

THE DEFLECTION .DUE TO LATERAL SUPPORT.MOVEMENT OF THE TwO-
HINGED FRAME WAS 26,07 PER CENT LESS THAN CALCULATED FOR DEFLECTION
AT THE PEAK, AND O0.53 PER CENT GREATER AT. THE HAUNCH.

A LARGE PORTION OF THE DIFFERENCE BETWEEN THE EXPERIMENTAL AND
THEORETICAL RESULTS FOR THE SUPPORT.MOVEMENT. MAY BE DUE TO FRICTION
BETWEEN THE SUPPORT BRACKETS AND THE FRAME. FRICTION DUE TO THE
WEIGHT OF THE FRAME RESTING ON' THE BRACKETS WOULD BE CONSTANT AND,
THEREFORE, HAVE THE SAME EFFECT FOR EACH INCREMENT OF LOADING OR
SUPPORT MOVEMENT. HOWEVER, IF THE FRICTION WAS GREAT ENOUGH SO THAT
SEVERAL LOADING .OR SUPPORT MOVEMENT INCREMENTS WERE REQUIRED TO OVER-
COME IT, THE RESULTS COULD BE EFFECTED APPRECIABLY. THE TESTS
CONDUCTED ON THE FIRST FRAME WERE MADE USING A LOADING AND UNLOAD ING
PORTION FOR EACH LOADING CYCLE. RESULTS FROM THESE TESTS INDICATED
TWO REGRESSION LINES WITH APPROXIMATELY THE SAME SLOPE BUT
CONSIDERABLE DISTANCE BETWEEN INTERCEPTS. |T WAS NOTED ALSO THAT ONE
OR POSSIBLY TWO.UNLOADING INCREMENTS WERE APPLIED BEFORE THE DATA
AGAIN FOLLOWED A STRAIGHT LINE REPRESENTING DEFLECTION VERSUS .LOAD.
THESE RESULTS WERE THOUGHT TO BE ATTRIBUTED TO THE FRICTION ACTING

IN THE ENTIRE TESTING .SYSTEM.



TO ELIMINATE AS MUCH FRICTION ERROR AS POSSIBLE, ONLY LOADING CYCLES
WERE USED FOR ALL SUBSEQUENT TESTS.

To TEST THE EFFECT OF END RESTRAINT FROM THE BRACKETS FOR
ATTACHING THE TWO-HINGED FRAME TO A FOUNDATION, SIX LOADING CYCLE
TESTS ON THREE DIFFERENT FRAMES WERE MADE. THE RESULTS OBTAINED
WERE M.O3 PER CENT LESS DEFLECTION AT THE PEAK AND M.?M PER CENT
LESS DEFLECTION AT THE HAUNCH AS COMPARED TO THE DEFLECTIONS FOR THE
PINNED-END CONDITION, THESE VALUES ARE APPLICABLE ONLY FOR THE TYPE
BRACKETS USED IN THIS TEST, HOWEVER, THE BRACKETS USED wWOULD PROBABLY
BE A TYPICAL REPRESENTATION OF OTHER TYPES USED. THiIS DIFFERENCE
WAS QUITE SMALL COMPARED TO OTHER ERRORS. THEREFORE, THE ASSUMPTION
CF PINNED-END CONDITIONS 1S VALID FOR THESE TESTS. STATISTICAL
ANALYS|S COMPARING THE DEFLECTIONS OF THE PINNED AND FiIXED-END SUPPORTS
SHOWED HIGH VARITANCE RATIOS AS CAN BE NOTED IN AppPenpix C.

IN REGARD TO SLIPPAGE OF THE BOLTED JOINTS AT THE HAUNCHES, IT
WAS FOUND I[N ALL CASES THAT SOME INIT!AL JOINT MOVEMENT OCCURRED
DURING THE PRELOADING CYCLES. TH1S AVERAGE ROTATION DUE TO SLIPPAGE
BETWEEN THE TOP MEMBER OF THE FRAME AND THE HAUNCH GUSSET PLATE WAS
APPROXIMATELY 0.0lOM RAD IANS MEASURED AT. THE CENTER OF THE BOLT
SPACINGS, THE ROTATION OF THE COLUMN WITH RESPECT.TO THE GUSSET PLATE
WAS FOUND TO BE VERY SMALL AND. NEGL!GIBLE IN MOST CASES. IT wAS
FOUND THAT PROPERLY TORQUING THE BOLTS CONNECTING THE FRAME MEMBERS
AND GUSSET PLATES AFTER THE PRELOADING CYCLES ELIMINATED SLIPPAGE
DURING .THE LOADING TESTS. IN ACTUAL CONSTRUCTION, LOOSENING OF THE
BOLTS DURING . INITIAL LOADING COULD . HAVE AN APPRECIABLE EFFECT.ON THE

STRUCTURE., IT Is NOTED THAT FRAME PARTS WERE MADE IN AN ENGINEERING
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LABORATORY WHICH DID NOT HAVE PRECISION EQUIPMENT FOR LOCATING THE
BOLT HOLES AS WOULD BE USED IN PLANT FABRICATION. THIS MISALIGNMENT
COULD POSSIBLY ACCOUNT FOR MOST OF THE SLIPPAGE THAT.OCCURED.

T wAS NOTED WHEN CONDUCTING THESE TESTS THAT THE DEFLECTION AT
THE PEAK CONTINUED TO INCREASE WITH TIME UNDER A SUSTAINED MAXIMUM
LoAD. TO INVESTIGATE THE EFFECT OF TIME ON THE DEFLECTION AT THE
PEAK, A TWO-HINGED FRAME WAS LOADED AND DEFLECTION READINGS TAKEN AT
VARIOUS TIME INTERVALS. THE TOTAL LOAD APPLIED TO THE FRAME WAS
3,317 LB. THE RESULTS FROM THESE TESTS CAN BE OBSERVED IN FiGURE 26.
THE TOTAL DEFLECTION INCREASE DURING 068 MinuTES was 0.307 IN. WHEN
THE LOAD WAS RELEASED, THE PEAK DEFLECTION, AFTER 48 HOURS, HAD
RETURNED TO wiITHIN O.130 IN OF THE ORIGINAL STARTING VALUE, INDICATING
THAT U2 PER CENT OF THE TIME-DEPENDENT DEFLECTION WAS PERMANENT SET.
THIS LAG IN DEFLECTION WiTH TIME COULD POSSIBLY BE BEST EXPLAINED BY
HYSTERESIS EFFECTS, THE LAGGING OF A PHYSICAL EFFECT.ON A BODY
BEHIND ITS CAUSE. I[N THE CASE OF AN ELASTIC MATERIAL AS USED IN
THESE TESTS, THE HYSTERESIS EFFECT.WOULD BE THE ELASTIC AFTER EFFECT
WHICH IS DUE TO THE THERMOELASTIC PROPERTIES OF THE MATERIAL.

THE DEFLECTION WHICH TOOK PLACE IN 868 MINUTES, WHICH AMOUNTS
TO |5 PER CENT OF THE TOTAL DEFLECTION, COULD HAVE A SIGNIFICANT
EFFECT ON THE RESULTS FROM PROLONGED TESTS. FOR THE PRESENT TESTS,
THE TIME FOR EACH LOADING CYCLE WAS APPROXIMATELY U5 MInNuTES;
THEREFORE, THE TIME EFFECT WAS SMALL. |F THE RESULTS OBTAINED FROM
THESE EXPERIMENTS WERE TO BE APPLIED TO LONG-TERM LOADING CONDITIONS,
THEY SHOULD BE CORRECTED FOR TIME-DEPENDENT DEFLECTION.

COMPARISON OF THE DEFLECTIONS OF THE HINGELESS AND TWO-HINGED

FRAMES, REVEALED THAT THE HINGELESS FRAME HAD ZM PER CENT .LESS
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DEFLECTION AT. THE PEAK AND 23 PER CENT.LESS DEFLECTION AT. THE HAUNCH
As COMPARED TO DEFLECTION OF THE TWO-HINGED FRAME., THESE EXPERIMENTAL
RESULTS ARE CONSIDERABLY LESS THAN'THE THEORETICAL DIFFERENCE OF 35
PER CENT FOR BOTH POSITIONS,

ANALYSIS OF VARIANCE FOR BOTH THE PEAK DEFLECTION AND HAUNCH
DATA SHOWED HIGH VARIANCE RATIOS DUE TO DIFFERENCES BETWEEN THE END
CONDITIONS. THIS ANALYSIS OF VARIANCE FOR THE HAUNCH DEFLECTION
DATA SHOWED HIGH VARIANCE RATIOS DUE TO BOTH LOADING CYCLES AND
INTERACTION BETWEEN LOADING .CYCLES AND END COND!TIONS. TJO DETERMINE
THE VARIANCE RATIOS DUE TO THE HINGELESS AND TwO-HINGED FRAMES, A
RANDOM{ZED COMPLETE-BLOCK DESIGN ANALYSIS OF VARIANCE.WAS USED AS
PRESENTED BY STEEL AND TORRIE (22). FOR THIS ANALYSIS, EACH CYCLE
WAS TREATED AS A COMPLETE RANDOMIZED .BLOCK. -THE VARIANCE RATIOS
DUE TO DIFFERENCES BETWEEN FRAMES HAD A SIGNIFICANCE LEVEL ABOVE 90

.PER CENT IN ALL BUT ONE CASE.

STRAIN RESULTS

THE RESULTS FROM THE STRAIN READINGS WERE USED TO CALCULATE
BOTH AXIAL. LOADS AND BENDING MOMENTS. As cAN BE OBSERVED IN FIGURE
2”, THE AMOUNT. OF STRAIN DUE TO AXIAL LOADING .WAS VERY SMALL. AS
COMPARED TO THE STRAIN DUE TO BENDING. THEREFORE, A SMALL ERROR IN
EITHER OF THEVTWO READINGS USED TO MAKE THESE CALCULATIONS COULD
CAUSE CONSIDERABLE ERROR IN COMPUTATION OF THE AX!AL LOAD OF THE
MEMBER . THIS WAS FOUND TO BE THE CASE IN MOST INSTANCES SINCE THE
DIFFERENCE BETWEEN THE EXPERIMENTAL  AND THEORETICAL VALUES RANGED

FrRoM 86.61 PER CENT GREATER T0 06.7! PER CENT LESS THAN THE

THEORETICAL VALUES. ANOTHER FACTOR 1S THE DIFFERENT BEHAVIORS OF



THE SECTION FLANGES IN COMPRESSION AND TENSION., ALSO, REDISTRIBUTION
OF THE STRESSES DUE TO TWISTING AND LATERAL INSTABILITY OF THE MEMBER
SECTIONS POSSIBLY HAD SOME EFFECT. OTHER FACTORS BELIEVED TO
CONTRIBUTE TO THESE ERRORS WERE FRICTION OF THE FRAME SLIDING -ON THE
SUPPORT BRACKETS AND VARIATION OF TEMPERATURE DURING TESTING WHICH
COULD NOT BE CONTROLLED. THE DATA FOR AXIAL LOAD ARE LISTED IN
ApPENDIX B. ALSO, A PLOT OF AXIAL LOADING VERSUS LOADING OF THE
FRAME 15 SHOWN IN FIGURE 27. THIS DATA WERE FROM A GRAVITY-LOADING
CYCLE WHICH HAD AN EXCEPTIONALLY H|GH CORRELATION COEFFICIENT.

RELATIVELY HIGH.LINEAR CORRELATION COEFFICIENTS WERE OBTAINED
FOR BENDING MOMENTS IN FT-LB VERSUS LOAD AND SUPPORT MOVEMENTS,
RESPECTIVELY OF THE FRAMES. FOR APPROXIMATELY (5 PER CENT OF THE
LOADING CYCLES, THESE COEFFICIENTS WERE ABOVE 0.99, WHICH INDICATES
A GOOD FIT OF THE DATA TO THE REGRESSION LINE., THIS CAN BE OBSERVED
in Fioure 28.

FOR THE HINGELESS FRAME WITH GRAVITY LOADING,. THERE wAs 31.63
PER CENT MORE BENDING MOMENT DEVELOPED AT POSITION 44 NEAR THE PEAK
THAN EXPECTED. TH!S HIGH VALUE OF BENDING MOMENTS CORRESPONDS TO A
HIGH VALUE OF DEFLECTION FOR THE SAME TESTING CONDITIONS. A POSSIBLE
CAUSE FOR THESE HIGH VALUES COULD BE EITHER A SMALL AMOUNT. OF
SLIPPAGE OR MORE ELASTIC DEFORMATION AT THE HAUNCH JOINT PLATES THAN
IN THE FRAME MEMBERS. SLIPPAGE AT. THE HAUNCH JOINT WAS NOT DETECTED

BY THE ROTATION MEASURING -EQUIPMENT EXCEPT IN TWO OR THREE CASES IJ

WHICH 1T.WAS SMALL. HOWEVER, DURING HIGH GRAVITY LOADS ROTATION OF THE

TOP FRAME MEMBER WAS APPROXIMATELY 0.0017 RADIANS MEASURED AT THE
CENTER OF THE BOLT GROUP CONNECTING THE TOP MEMBER AND GUSSET PLATE,

THIS ROTATION RETURNED BACK TO ZERO WHEN THE LOAD WAS RELEASED,
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THEREFORE, IT WAS THOUGHTTO BE ELASTIC AND COULD HAVE POSSIBLY
CONTRIBUTED TO THE HIGH BENDING MOMENTS AT PosITIoN 4l. Benping
MOMENTS AT POSITIONS 22 AND 33 NEAR THE HAUNCH WERE SOMZ PER CENT
AND 14,96 PER CENT LARGER THAN EXPECTED. FOR POSITION [h, THE
BEND ING MOMENTS WERE 2.7l PER CENT SMALLER THAN EXPECTED. THIS
WAS POSSIBLY DUE TO THE SUPPORT END ‘OF THE FRAME ROTATING OR
DEFLECTING BETWEEN ROTATION MEASURING DIAL MICROMETERS. A sMaLL
AMOUNT OF ROTATION HERE WOULD HAVE DECREASED THE BENDING MOMENTS
AT POSITION || AND INCREASED THE BENDING MOMENTS AT POSITIONS 22,
33, aNp 44, This 1s N CONFORMITY WITH THE EXPERIMENTAL RESULTS.
ANOTHER FACT WHICH HELPS TO VERIFY THIS IS THAT FOR THE TWO-HINGED
FRAME UNDER GRAVITY LOAD, BENDING MOMENTS WERE DEVELOPED WHICH WERE
CLOSE TO CALCULATED VALUES AS SHOWN IN APPENDIX B. THEREFORE, IF
THE BEND{NG MOMENTS CAN.BE PREDICTED FOR ONE FRAME TYPE, THEY SHOULD
BE PREDICTABLE FOR OTHER FRAME TYPES ALSO UNLESS SOME ASSUMPTION USED
IN THE THEORETICAL ANALYSIS WAS |NCORRECT.

FOR THE TWO-HINGED FRAME, THE END CONDITIONS WERE ASSUMED TO
BE PINNED. THIS CONDITION WAS NOT DIFFICULT TO ACHIEVE IN THE
LABORATORY. HOWEVER, THE HINGELESS FRAME SUPPORTS WERE ASSUMED TO
BE PERFECTLY RIGID FOR THE THEORETICAL ANALYSIS. THIS CONDITION 1S
HARDER TO ACHIEVE SINCE ONLY A SMALL AMOUNT OF MOVEMENT CAN CAUSE
CONSIDERABLE EFFECT. ON THE FRAME STRESSES. USING DATA FOR THIS
EXPERIMENT, IT WAS FOUND THAT THE BENDING MOMENT AT POSITION |/
wAs 0.42 rr-LB/LB OF APPL{ED LOAD LESS THAN EXPECTED. FROM THE SUPPORT
ROTATION EXPERIMENT, IT WAS FOUND 407,112 FT=LB OF BENDING MOMENTS
WERE PRODUCED PER RADIAN OF SUPPORT ROTATION. THEREFORE, ONLY [.0O3

X [0_6 RADIANS OF SUPPORT MOVEMENT COULD ACCOUNT. FOR THE ERROR IN THE



BEND ING MOMENT AT POSITION || DUE TO ONE POUND OF LOAD APPLIED TO
THE FRAME. THIS WOULD MEAN A MOVEMENT oF 49.4h4 x 10“6 IN OF MOVEMENT
AT THE BOTTOM OF THE FRAME SUPPORT ASSUMING THE TOP OF THE FRAME
SUPPORT REMAINED RIGID. [F. A LoAD OF 3,000 POUNDS wAS APPLIED TO
THE FRAME, O.148 INCHES OF MOVEMENT AT ONE SUPPORT WOULD ACCOUNT FOR
THE ERROR. [T IS NOT LIKELY.THAT THIS MUCH ERROR COULD HAVE OCCURRED
SINCE THE DIAL MICROMETERS USED TO MEASURE SUPPORT MOVEMENT COULD BE
READ ACCURATELY TO ONE THOUSANDTH OF AN INCH AND THE SUPPORTS WERE
ADJUSTED BY THESE DIAL MICROMETERS AFTER EACH LOADING [NCREMENT.
ALTHOUGH THE SUPPORT MOMENT WOULD NOT LIKELY ACCOUNT FOR ALL THE
ERRORS BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS, IT APPEARS TO
ACCOUNT FOR A PORTION OF IT. THE BENDING MOMENT RESULTS OF THE
SUPPORT MOVEMENT EXPERIMENTS INDICATED LARGE VARIANCES FROM THE
THEORETICAL VALUES IN NEARLY ALL CASES. THESE DIFFERENCES, AS IN THE
PREVIOUS CASES, WERE ATTRIBUTED TO ERRORS IN SUPPORT ROTATION
MEASUREMENT AND FRICTION OF THE FRAME SLIDING ON THE SUPPORT BRACKETS.
OBSERVATIONS OF STRAIN MEASURED IN MICROINCHES PLOTTED AGAINST
TOTAL LOAD APPLIED TO THE FRAME IN.POUNDS INDICATED A DEVIATION FROM
A STRAIGHT LINE AT APPROXIMATELY 400 TO U50 MICROINCHES OF STRAIN.
THiS EFFECT SHOWN IN FIGURE 29 WAS NOTED IN ALL OF SEVEN DIFFERENT
STRAIN VERSUS LOADING DIAGRAMS PLOTTED. [T COULD BE EXPLAINED BY

. BUCKLING EFFECTS. |T DOES NOT APPEAR TO BE DUE TO LOCAL BUCKLING,

HOWEVER, SINCE THE (, CRITICAL BUCKLING STRESS GIVEN AS (23)

T 2

= T T -2 (We

WHERE K. = COEFFICIENT DEPENDING ON END SUPPORTS
E = MODULUS OF ELASTICITY
N~ = PoissioN's RATIO

T.= PLATE THICKNESS

7
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W = WIDTH OF PLATE

GIVES A VALUE MUCH HIGHER THAN THE VALUE AT WHICH THE DEVIATIONS
OCCURRED IN THE EXPERIMENTAL RESULTS. ANOTHER POSSIBLE CAUSE COULD
HAVE BEEN .PLASTIC DEFORMATION AT SOME POINT.IN THE FRAME WHICH WOULD
RELIEVE THE STRESSES IN OTHER PORTIONS OF THE FRAME. THIS VERY
LIKELY COULD HAVE OCCURRED SINCE PLASTIC DEFORMATION WAS OBSERVED IN
THE TIME VERSUS DEFLECTION TESTS.

COMPARING THE BENDING MOMENTS DEVELOPED IN THE TWO-HINGED AND
HINGELESS FRAMES, THE FOLLOWING RESULTS WERE FOUND. -FOR Posleo& 22,

EXPERIMENTAL RESULTS SHOWED [9.05 PER CENT LESS BENDING MOMENT IN

THE HINGELESS FRAME AS COMPARED TO 25°5M PER CENT LESS FOR THEORETICAL

RESULTS. AT POSITION 33, THE HINGELESS FRAME HAD ||.27 PER CENT LESS
As coMPARED To 10.68 PER CENT FOR THEORETICAL RESULTS; AND POSITION
44} sHowep 22.02 PER CENT LESS FOR THE HINGELESS FRAME AS COMPARED TO
36.13 PER CENT FOR THEORETICAL RESULTS. ALL THE ABOVE PERCENTAGES
ARE BASED ON RESULTS FROM THE TWC-HINGED FRAME. ALTHOUGH‘THE
EXPER IMENTAL RESULTS SHOWED LESS DIFFERENCE AT POSITIONS 22 AND 4
THAN THEORETICALLY CALCULATED, THESE DIFFERENCES OF [9.05 PER CENT
ANpD 22.02 PER CENT RESPECTIVELY COULD HAVE CONSIDERABLE INELUENCE
IN FRAME DESIGNS. AT POSITION 33, THE BENDING MOMENTS I[N BOTH THE
HINGELESS AND TWO-HINGED FRAMES WERE HIGHER THAN AT. ANY OTHER POINT
MEASURED AND ALSO WERE HIGHER THAN EXPECTED IN.BOTH CASES.,
STATISTICAL ANALYS!|S OF VARIANéE AS PRESENTED I[N THE ANALYSIS
OF VARIANCE TABLES IN APPENDIX C SHOW LARGE VARIANCE RATIOS DUE T§
END CONDITIONS AS COMPARED TO RANDOM ERRORS. THIS INDICATED DEFINITE
DIFFERENCES BETWEEN BEND ING MOMENTS AT POSITIONS 22, 33, Anp 44 in

THE TWO-HINGED AND HINGELESS FRAMES,

17



PosiTioN || wAS NOT CONSIDERED SINCE THE DIFFERENCE BETWEEN THE

BEND ING MOMENTS N THE HINGELESS AND TwO-HINGED FRAMES WAS SO GREAT.
ANALYSIS OF VARIANCE TO DETERMINE VARIANCE RATIOS .DUE TO FRAMES IN
THE HINGELESS AND TWO-HINGED FRAMES WAS OBTAINED - IN-THE SAME. MANNER
AS FOR THE DEFLECTION DATA, THE RATIOS OF VARIANCE DUE TO THE
DIFFERENCES I[N FRAMES WERE ALL FOUND TO HAVE LEVELS OF SIGNIFICANCE

ABOVE 62.7.



CHAPTER V11

SUMMARY AND CONCLUSfONS

SUMMARY

THIS 5TUDY WAS CONDUCTED T0 EVALUATE THE STIFFNESS OF
GEOMETRICALLY SIMILAR HINGELESS AND TWO=HINGED LIGHT GAGE, COLD=
FORMED STEEL FRAMES. ALSO THE SECONDARY STRESSES DEVELOPED DUE TO
SUPPORT MOVEMENT WERE INVESTIGATED. THI3 WAS DONE EXPERIMENTALLY
FOR BOTH CASES. THE ANALYTICAL RESULTS WERE OBTAINED BY USE OF THE
MOMENT=AREA METHOD, To COMPARE THE STIFFNESS OF THE GEOMETRICALLY
SIMILAR HINGELESS AND TwO=HINGED FRAMES,; FOUR FRAMES OF EACH TYPE
WERE TESTED. THESE TESTS WERE CONDUCTED SIMULATING GRAVITY LOADS
WHICH WERE APPLIED HYDRAULICALLY. TO STUDY THE EFFECT OF SUPPORT
MOVEMENT, ROTATIONAL SUPPORT MOVEMENT AND TRANSLATIONAL SUPPORT
MOVEMENT OF THE HINGELESS FRAME AND LATERAL SUPPORT MOVEMENT OF THE

TWO=-HINGED FRAMES WERE STUDIED.
CONCLUSIONS

THE CONCLUSIONS DRAWN FROM THIS STUDY ARE AS FOLLOWS:

. Tue El VALUE OF THE FRAME MEMBERS WAS FOUND To BE 19.l4
PER CENT LESS THAN THE EXPECTED VALUE, . WHICH WAS BASED ON THE
CALCULATED VALUE.

2. PEAK DEFLECTIONS FOR THE HINGELESS AND TWO-HINGED FRAMES

WERE FOUND TO BE 33.45 PER CENT AND 21.42 PER CENT RESPECTIVELY

19



80

GREATER THAN THE EXPECTED VALUES FOR WHICH THE PERCENTAGES WERE -
BASED. THE APPARENT REASON FOR THE LACK IN STIFFNESS WAS TWISTJN@
OF THE FRAME MEMBER SECTIONS DUE TO INADEQUATE FASTENINGS WHICH
HELD THE TwO C-SHAPED SECTIONS TOGETHER.

3. THE USE OF FOUR EXTRA FASTENINGS, WHICH CONSISTED OF A
3/16 IN PLATE BOLTED BETWEEN THE Two C-SHAPED SECTIONS MAKING up
THE FRAME MEMBERS WITH TwO /2 IN BOLTS SPACED U4 IN APART
PERPENDICULAR TO THE FRAME MEMBER, WAS FOUND TO REDUCE THE DEFLECTION
AT THE PEAK FOR A TWO-HINGED FRAME 10,18 PER CENT.

L. RESTRAINING THE TWO-HINGED SUPPORTS WAS FOUND TO REDUCE
DEFLECTION AT THE PEAK 4.03 PER CENT AS COMPARED TO THE PEAK DE-
_FLECTION FOR THE PINNED-END SUPPORT CONDITION,

5. DEFLECTIONS FOR THE HINGELESS FRAMES WERE FOUND To BE 2k
PER CENT LESS AT THE PEAK AND 23 PER CENT LESS AT THE HAUNCH AS
COMPARED TO DEFLECTIONS FOR THE TwO=-HINGED FRAMES. ANALYTICAL
CALCULATIONS INDICATED 35 PER CENT LESS DEFLECTION AT BOTH THE PEAK
AND HAUNCH AS COMPARED TO THE TWO-HINGED FRAME DEFLECTION VALUES.

6. DEFLECTIONS AT THE PEAK FOR THE HINGELESS FRAMES, DUE TO
SUPPORT MOVEMENTS, WERE 2].5] PER CENT LESS FOR SUPPORT ROTATION AND
28.06 PER CENT GREATER FOR TRANSLATIONAL SUPPORT MOVEMENT AS COMPARED
TO THE THEORETICAL VALUES. FOR LATERAL SUPPORT MOVEMENT OF THE TwO-
HINGED FRAMES, THE DEFLECTION AT THE PEAK WAS 26.07 PER CENT LESS AS
COMPARED TO THE THEORETICAL VALUE.

{. AXIAL LOADS IN THE FRAME MEMBERS AS DETERMINED BY ELECTRICAL
RESISTANCE STRAIN GAGES WERE FOUND TO VARY FROM 86.70 PER CENT GREATER

TO 86.71 PER CENT SMALLER THAN THEORETICAL VALUES.
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8. BENDING MOMENTS DETERMINED BY USE OF ELECTRICAL RESISTANCE
STRAIN GAGES WERE FOUND TO BE WITHIN | PER CENT OF THE VALUES
DETERMINED THEORETICALLY.

9. BENDING MOMENTS FOR THE HINGELESS FRAMES 6 IN ABOVE THE
SUPPORTS WERE 27.70 PER CENT LESS AS COMPARED TO THE THEORETICAL
VALUE FOR GRAVITY LOADING INDICATING POSSIBLE YIELDING OF THE SUPPORTS.

0. HIGHEST BENDING MOMENTS DUE TO GRAVITY LOADS WERE ENCOUNT-
ERED AT POSITION 33, THE POSITION JUST ABOVE THE HAUNCH JOINT, IN BOTH
THE HINGELESS AND TWO-HINGED FRAMES,

I'l.  EXPERIMENTALLY DETERMINED BENDING MOMENTS CORRESPONDED

]
MUCH MORE CLOSELY TO THEORETICAL VALUES FOR THE TWO-HINGED FRAME
WiTH THE LARGEST DIFFERENCE BEING [5.73 PER CENT GREATER AS
COMPARED TO THE LARGEST DIFFERENCE OF 31.63 PER CENT FOR THE HINGELESS
FRAME .

[2. DBENDING MOMENTS DUE TO SUPPORT MOVEMENTS WERE FOUND TO VARY
CONSIDERABLY FROM THEORETICAL VALUES WITH THE DIFFERENCES BETWEEN
EXPER IMENTAL AND THEORETICAL VALUES RANGING FROM 42 .48 PER CENT LARGER.
70 32.86 PER CENT LESS AS COMPARED TO THEORETICAL VALUES. FRICTléN
BETWEEN THE FRAMES AND SUPPCRT BRACKETS AND YIELDING OF THE SUPPCRTS
WERE BELIEVED TO BE RESPONSIBLE FOR LARGE PORTIONS OF THESE DIFFERENCES.

I3. ASSUMING THE SUPPORTS OF A HINGELESS FRAME TO YIELD OUTWARD
AT THE GROUND LEVEL |/8 IN AND TO ROTATE ABOUT A POINT 2/3 OF THE
TOTAL DEPTH OF THE SUPPORT, THE FOLLOWING BEND{NG MOMENTS FROM
EXPERIMENTAL RESULTS WOULD BE PRODUCED: POSITION |1, (—1,836 FT-1B),
PosITION 22, {(-456 FT-LB) PosiTion 33, (-132 FT-LB) AND POSATION
B, (+678. F1-LB). THE EFFECT THESE BENDING MOMENTS WOULD HAVE ON A

FRAME GRAVITY LOADED BY A 3,000 LB LOAD ARE: POSITON |/, 56 PER CENT
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LESS; POSITION 22, |0 PER CENT GREATER; POSITION 33, 2.6 PER CENT
GREATER AND POSITION ﬁh, 2] PER CENT GREATER. THEREFORE, WHEN
DESIGNING HINGELESS FRAMES, POSSIBLE SUPPORT YIELDING SHOULD BE TAKEN
INTC CONSIDERATION,

4. ANALYTICAL ANALYSIS SHOWED BENDING MOMENTS IN THE TwO-
HINGED FRAMES TO BE GREATER FOR ALL LOADING CONDITONS EXCEPTING GRAIN

LOAD AND GRAIN LOAD PLUS SNOW LOAD LOADING CONDITIONS.
SUGGESTIONS FOR FURTHER STUDIES

I. A MORE DETAILED STUDY SHOULD BE MADE OF THE EFFECTS ON
STIFFNESS OF THE FRAMES DUE TO EXTRA FASTENINGS BETWEEN THE FRAME
MEMBER SECTIONS.

2. A STUDY SHOULD ALSO BE MADE WITH THE FRAMES ERECTED
OUTDOORS AS THEY WOULD BE IN ACTUAL CONSTRUCTION. THIS COULD ALSO
INCLUDE ERECTION OF THE HINGELESS FRAMES IN TWO OR MORE VARIED SOIL
TYPES TO STUDY THE EFFECT OF SOIL RESISTANCE AND SUPPORT MOVEMENT

ON THE ST[FFNESS OF THE FRAMES.
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APPENDIX A

FORTRAN :PROGRAMS USED TO ANALYZE
EXPERIMENTAL DATA



¢ 0000
C 0000
C 0000

10
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TABLE A,

FORTRAN PROGRAM USED ‘TO ANALYZE STRAIN

AND DEFLECTION DATA

PROJECT 633

RESULTS FROM RIGID FRAMES
JAMES FRIESEN OKLA STATE UNIV
DIMENSION Y(8)s»SY(8)sSYY(8)s
SXY(B)9Q(4)+G(8)92Z(5)
READsC»C13sADDsADD1»TDOPsTDESK
READsNsN1sAX» TAX9BMs TBMsK IND
READsAA»ABsACsAD AE 9 AF

NE=1

P=N+N1

$X=0

SXX=0

D051J=1»s8

Y(Jr=0

SY{(J)=0

SYY(J)=0

SXy(J)=0

DO175I=1sN.
READsUSZ (1) 9Z(2)92(3)2Z{4)s

.Z(5)»CODE

BC=U<ADD

X=BC*C

SX=5X+X

SXX=SXX+ (X*X)

GO TO(110,80)sK
TP=TDP*X

TE=TDE*X

Wl=AB-Z (1)
W2=AC-Z1(2)
W3=AD-Z(3)

W&=Z (4)-AE
W5=Z(5)=AF
Y(1)=W1-(W2+W3) /2.0
Y{2)=(W4a+W5) /2.
PUNCHsCODE»Y{1) s TPsY(2)9TEsX
GO0 TO 155
TEBM=TBM#*X
TEAX=TAX*X
D0126L=5+7s2
G(L)=e0010=(Z(L=4)+Z(L~3)) /240
YL)=G(L)*AX
IFtY(7))1285130,128
CA=2.

GO TO 131

CA=1le ’
Y(3)=(Y(5)+Y(T7))/CA
DO141L=6+892

140
141
142
143
144
145
146
150
150
155
160

165

170
175
180
181
182
185
190
191
200
205
210
215
220
234
236
237
238
239
240
241
242
243
245
250
255
260
262
263
264
265
270
275
280
285

O CO0OUDROODOVVOCOOOOODCO0OOOOTCOOOCO0OO00OROOOO000 00

GIL)=Z(L=5)~(Z(L=5}+Z(L~4)})/2,
Y(L)=G(L)*BM

IF(Y(8) 114351459143
CB=2. .

GO TO 146

CB=1.
Y(4)={Y(6)+Y(8))/CB
PUNCHsCODE»Y(3) s TEAXsY(4)
TEBMsX

CONTINUE

DO175L=194s1
SY(L)=sY{L)+Y(L)
SYY(L)=SYY(L)+(Y(LI®Y(L))
SXY{L)I=SXY(L)+(Y(L)*X)
IF(N1)2055205+181

GO TO (1829205) sNE

NE=2

C=C1

N=N1

ADD=ADD1

GO TO 52

Q(1)=TDP

Q{2)=TDE

Q(3)=TAX

Q{4)=TBM
DEMON=SXX=-{SX*SX) /P
IF(K~1)28592409237

KK=1

KKK=2

GO TO 243

KK=3

KKK=4

GO TO 243
DO275M=KK KKK 1
TOP=SXY(M)~(SY(M)*SX) /P
B=TOP/DEMON

A= (SY(M)/P)=B*(SX/P)
BOT=SYY(M)=(SY(M)*%SY(M))/P
IF(BOT)2659263265
RR=99999999

GO TO 270
RR=(B}#*(TOP/BOT)

W=Q (M)
PUNCHsAsBsWsRRsMsKIND
GO TO 10 '

END
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TABLE A. 11

FORTRAN. PROGRAM: USED' TO. CALCULATE. STANDARD DEV [ATION
OF THE MEAN. AND' STUDENT'S T VALUES

- C 0000
C 0000
C 0000

5
10
11
12
13
15

20
25"

30
31
35
40
45
50
55
60
65
70
71
72
75

C0O000O00O0O0O000000DO0OCOO00

PROJECT 633

OKLAHOMA STATE UNIVERSITY
JAMES FRIESEN
READ s N9oKODE

DF=N-1

M=N=1

S$B=040

SBB=0.0

DO30L=1sN>s1
READsAsBsWsRRsJsKIND
SB=SB+B
SBB=SBB+(B*B)

P=N
TOP=SBB~(SB*SB) /P
SXX=TOP/DF

SX=SQRTF {SXX)
SXXB=SXX/P
SXB=SQRTF(SXXB)
XB=SB/P

Tl=(XB=W)/SX
T2=(XB=W)/5XB

NA=1

NB=2
PUNCHsXB2SXsT1sMsNAsKODE
END '

Bl



APPENDIX B

EXPERIMENTAL AND THEORETICAL

RESULTS
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ExXPLANAT ION

89

oF CoDING ScHEME

AND TaBLE CONTENTS

Cope:
ExampLE:

Il

N
[ S [—1

i

Ol
0z =

Mo
no
|

= w
= &
il il

TYyPE OF

I =
22 =

32 =
p =

MEAN VALUE:¥*
CYCLE OF LOADING.

THEORETICcAL VALUES:¥

*NoTE.
MEASUREMENTS
DEFLECTION =
Axi1aL Loap =
BeEND ING MOMENT =
LOAD ING
GRAVITY =

THE CODING SCHEME FOR TaBLes B.Il, B.Il, ano B.I1]

I POSITION ON FRAME AT WHICH

MEASUREMENTS WERE MADE.

DEFLECTION AT PEAK
DEFLECTION AT HAUNCH

1, 22, 33, 44, ano 55 =

STRAIN MEASUREMENTS
POSITIONS ARE SHOWN
Figure 20.

AND
I'N

FRAME LOADING

GRAVITY LOADING

SUPPORT ROTATION OF
HINGELESS FRAME
TRANSLATIONAL SUPPORT
MOVEMENT OF HINGELESS FRAME
LATERAL SUPPORT MOVEMENT OF
TWO-HINGED FRAME

FRAME

HINGELESS FRAME

TWO-HINGED -FRAME

TWO-HINGED FRAME WITH END FIXED
TWO-HINGED FRAME WITH EXTRA
FASTENINGS BETWEENVMEMBER SECTIONS

THE ARITHMETIC MEAN OF THE REGRESSION VALUES FOR EACH

THE THEORETICAL VALUE DETERMINED ANALYTICALLY.
THE ABOVE VALUES ARE GIVEN AS:

IN/UNIT OF LOADING

LB/UNIT OF LOADING

FT-LB/UNIT OF LOADING

LB TOTAL APPLIED TO FRAME
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SUPPORT ROTATION = RADIANS AT EACH SUPPORT
TRANSLATIONAL MOVEMENTS = FT AT EACH SUPPORT
LATERAL MOVEMENT .= FT. AT EACH SUPPORT

PERCENT DIFFERENCE: THE - PERCENT DIFFERENCE BETWEEN THE MEAN VALUE
AND -THEORETICAL VALUE BASED ON' THE THEORETICAL VALUE.

STANDARD DEVIATION OF THE MeEAN: THE STANDARD DEVIATION FOR THE MEAN
VALUE OF THE REGRESSION VALUES FOR EACH CYCLE OF LOADING.

ProBaBILITY: THE PROBABILITY OF THE EXPERIMENTAL VALUE NOT HAVING
THE SAME VALUE AS THE THEORETICAL VALUE.



CobpE

11101
113301
112201
221101

321101
22llio]

2110}
111102

113302
112202
221102
321102
224k o2
h21102

TABLE B. |

DEFLECTION .RESULTS AT THE PEAK
AND HAUNCH

MEAN
VaLue

45, 600x1072

10.948

42987
59.929x 1072
57.310x 10"
6.6833
e
. X
3.4066
13.3217
lg.?BixIO"g
0. x 107
2.38&6
15.771x1072

THEORET!CAL
VALUES

3. 170x1072
8.5500
59.300
52.640x 1072

52.640x1077
9.0400

52.640x107

[1.300x1072
L. 1810

- 19.640

17.460x1072
17.460x1072
2.3920

17.560x1075

PERCENT
DIFFERENCE

+33.4

.+g .02
-27.51
+13.35
+ 9,82
-26;27
iZl:M;
-18.52
-32.18
+ .84
- 2.90
+ 0.53
- 9.67

STANDARD
DeviaTiON
OF THE MEAN

1.3999x 107D
16591
.78014

. 13800x1072
. 36381
.24296x107

ProB-
ABILITY

100
100
100
100

100
100

<60
100

100

100
95.9
99.3
< 60

90.5
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L1122
112233
| 12255
113311
113322
11333
1[33u§

3355
221111

221122
221133
22||Eu
224411
22hlp2

S
321111

321122
32113
3211&2

TABLE B. I

"RESULTS OF AXIAL FORCES IN

. FRAME - MEMBERS

MeAN THEORETICAL
VAaLuE VALUES
71433 .50000
53304 .50000
56571 . 70890
. 18362 . 70890
.35220 .50000
-9359.6 0
30311 0
-30607 -52324
-40881 - -5232k4
2383k 0
_:u68.g 0
1750. 0
-Leok .2 -5611.3
-8977.8 -5611.3
h67.77 0
.52219 50000
L6045 .50000
48265 -.27695
—é08833 -. 27695
-693.59 0
383029 g
RN -7.9801
-4458.6 -%;9801
.53830 .50000
50943 .50000
51681 .27695

-. 03681 -.27695

PerceNT
DIFFERENCE

+42.87
+ 6.6l
~20.20
-4 19
=29.56

-4y .51
-21.87

-17.95
+59.99

+ U )
+22.34
+4.27
-68.11

+425.19
+5$77é
+ .
+ l.£8
+86.61
-86.71

STANDARD
‘DEVIATION
OF THE MEAN

25903
. 16683
.19227
.
'.o§822
19340
14666
e
13278
1481.3

W22
825.77
782.72

.0372
1. 1222

.05591
.03926
1033.8
376.88
1285.0

1618,
.02461
. 06638
.03423
L1430

Pros-
ABILITY

o
oN ¢

N0 COIINONOND COND COCOND ONOND | A~

O« o v e e e e e e e . . .
— O~ —Ul oI ONPOD O N ONONOLw — Ol

o
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12233
l224h
12255
113311
I 13322
1333
l!33h§

113355
221111

221122
22113

221142
224l
22hlop
2244 2
2244)

32111
321122
32113

32;|u3

TABLE B, 11

RESULTS OF BENDING MOMENTS

IN FRAME MEMBERS

MeE AN THEORETICAL
VaLue VALUES
1.0958 1.5158
-1.4705 -1.3949
-1.6692 -1.4520
.1.08£M 82610
.38862 .55598
-koyii2 -523520
-117802 -1532§o
= 5939 - 550601
118%8& 129887
-305553 -401760
- 38643 - 46362
-4792.3 -7138.0
L7761 3352.2
2§596 25398
- 28168 - 33763
-.23303 -.2353
-1.8165 -1.%73
-1.8812 -1.6256
I.394L 1.2935
1223.6 ,8Mo.9§
7261.6 §205.
10127 350.4
12152 11832
. 15257 .2353
-1.8650 -1.%73
-1.9023 -1.6256

1.3937 1.2935

PERCENT

DIFFERENCE OF THE MEAN

-27.71
+ Z.ME
+14.,96
+31.63
-30.07
=22.24
-23.25
- 0.59
-20.68
-23.95
-17.11
-32.86
+12.48
-11.70
-16.57
- 0.9

- 3.0

+15.77
+ 7.¢0
+45.5]
+ 0.7

+21.2

+.2.71
-35.18
- 0.45
+17.02
+ 705

STANDARD
DEVIATION

.o387§
.0209
. 02584
.03164
.03062
5093 .4
2474 .0
1974.6
2769.2
3116.5
1255.2
599-9
668.17
372.32
-1162.0
.00hY2
.00633
02112
01483
13
2h2. 41
586.01
.00251
.01051
. 00905

.00959
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ProB-
ABILITY

. 100
99.6
100
|00
100
100
100
<40
100
100
100

2
99.8
99.5
100
100
100
100
98. |
{60
100
70.0 -
100
76.8
100
100



APPENDIX C

ANALYSIS OF VARIANCE TABLES
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-SOURCE

TOTAL

FRAME MEMBERS
cYycLe .
LOADING

ERROR

SOURCE

TOTAL

FRAME MEMBERS
GAGE POSITION
CYCLE

LOAD ING

ERROR

TABLE. C. 1

ANALYSIS OF VARIANCE .IN:PREL [MINARY
TESTS DUE TO DEFLECTION

- DecGreEs
FREEDOM

15
3

SuM OF
SQUARES

.00101 194
.00096158
.00000812
. 000004 84

. 0000536k

MEAN VARIANCE
SQUARE RATIO

.00032053 59.756

.00000812 1.5138
.000004 84 .9023
. 000005364

TABLE C. 11

ANALYSIS OF VARIANCE IN.PRELIMINARY
TESTS DUE TO STRAIN GAGE READINGS

DEGREES
FREEDOM

31
3
|
1
y

25

SuM oF
SQUARES

.00537082
0004054 |
. 000k [ 760
.00003916
.00000015

. 0045085

MEAN VARIANCE
SQUARE RATIO

00013514 749l
. 000k 1760 2.3156
.00003916 2171
.00000015 .00083

.00018034

SI1GN.

-LEVEL

100

73.0

SI1GN.
LEVEL

83.2
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TABLE C. 11!

ANALYSIS -OF VARTANCE DUE TO

DeEGrREES
FREEDOM

‘SOURCE

COMBINATION OF
HiNGELESS AND
Two-HINGED

TREATMENT.TOTAL 23
END CONDITION

LOAD CYCLE
INTERACTION

ERROR J

oMy N —

HINGELESS

TOTAL |
FRAME
CYCLE
ERROR

N N —

Two-HINGED

TOTAL -1
FRAME -

CYCLE

ERROR

NN —

.DEFLECTION AT THE PEAK

SuM OF MEAN VAR I ANCE
SQUARES SQUARE RATIO
‘13.9765x10‘8
,12.3229x10'812 3229x10"8 L3k
1243x|0'8 O6215x10‘ o§219
2293x10'8 76&65xlo'8 382
5. 965xlO' 8609x10’
2. 5860xlO"g
.7488x107Y .23960 .4.02
I u801xl0'§ . 74005 12.4
.3571x107° L0595
56.693
20.506 6.8%5 .97
17.360 .8.680 2.50

20.827 3.471
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“SIGN.

LeveL

9.5
55.9

B3



SOURCE

COMBINATION OF
HINGELESS AND
Two=-HINGED

TREATMENT TOTAL 23

END CONDITION
LOAD CYCLE
INTERACT | ON
ERROR

HINGELESS

TOTAL
FRAME
CYCLE
ERROR

Two~HINGED

TOTAL
FRAME
cYcLE
ERROR

TABLE C. IV

ANALYS|S .OF VARIANCE DUE TO
DEFLECTION AT THE HAUNCH

DEGREES Sum of MEaN VAR IANCE
FREEDOM SQUARES SQUARE RATIO
,|.129M7x10'8

1 .989M5x|0'8.989h5x10'8 293.7797

2 .09179x10'8.ohg895x10" 13.627

2 .0l823x 10-8. 02 1:5x104% 7.16

18 .O6O63x10'8.003368x10‘

H 258.684

3 74.888 24.963 b8

2 148.006 74.003 2.4

6 35-790 5.965

[ 3.594

3 2.252 7504 8.67

2 823 15 L.76

6 - 519 0865

SIGN.
LEvEL

100
100
995

97



TABLE C.V

ANALYSIS OF VARITANCE DUE. TO BENDING

MOMENTS AT POSITION 22

SOURCE DeGRrREES SuM oF
FREEDOM SQUARES
COMBINATION OF
HINGELESS AND
Two-HINGED

TREATMENT TOTAL 23 .78186
END CONDITION I 71843
LOAD CYCLE 2 .0201 |
INTERACTION 2 .00767
ERROR 18 .03565
HINGELESS
TOTAL I 05813
FRAME 3 .01256
CYCLE 2 .02630
ERROR 6 .01927
Two-HINGED
TOTAL I .00530
FRAME 3 .00206
CYCLE 2 00148
ERROR 6 .00176

MEAN
SQUARE

71843
.01002
.0038

.00198

.00k 17

01315
.00321

.00103
.0007k4
.00029

VARIANCE
RATIO

362.84
5.076
1.939

SIGN.
LEVEL

62.7
91.9

QoNO
O O
CNO
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TABLE C.VI

ANALYSIS OF VARIANCE DUE TO BENDING
MOMENTS AT POSITION 33

SourceE DeEGREES SuM oF MEAN VAR I ANCE SIGN.
FREEDOM SQUARES SQUARE RATIO LEVEL

COMBINATION.OF
HINGELESS AND
Two-HINGED

TREATMENT  TOTAL 23 R
END CONDITION | .26969 .26969 bh b3 100
LOAD CYCLE 2 02781 .01390 2.29 85.0
INTERACT | ON 2 .09860 .0l4930 8.13 99.6
ERROR 18 . 10934 .00607
HINGELESS
TOTAL L .08812 ; .
FRAME 3 L0271 .00905 1.87 :
CYCLE 2 03191 .01596 3.30 éS.g
ERROR 6 .02905 . 0043k
Two-HINGED
TOTAL Il .05889
FRAME 3 L0252k .008k4 | 1.8l 73.2
cYcLE 2 .00575 .00288 .62
ERROR 6 .02790 . 00465



TABLE C.VII

ANALYSIS OF VARIANCE DUE TO BENDING
MOMENTS AT POSITION 4l

SOURCE

COMBINATION OF
HINGELESS AND
Two~-HINGED

TREATMENT TOTAL 23
END CONDITION |
LOAD CYCLE 2
INTERACTION 2
ERROR _ 18

HINGELESS

TOTAL |
FRAME
CYCLE
ERROR

o\ —

Two-HINGED

TOTAL |
FRAME
CYCLE
ERROR

DEGREES
FREEDOM

Sum oF
SQUARES

L7267
5655
.00019
.00580

15521

13218
.10330
.00236
.02652

.02904
02194
.0036]
.00349

MEAN
SQUARE

5655

. 000095
.00290
.00862

it

Nelolhive

.00731
,oozéé
.00058

VAR I ANCE
RATIO

65.60
.34

{19

12.60
3.21

|00

.SIGN.

LEVEL

(00

98. 1

QONO
O
MU



TABLE. C.VII

ANALYSIS OF VARIANCE DUE TO PINNED AND RESTRAINED
SUPPORTS OF TWO-HINGED FRAMES

SOURCE DEGREES SuM oF "MEAN VARIANCE ~SIGN.
FREEDOM SQUARES SQUARE RATIO LEVEL

DEFLECTION AT

THE PEAK

PINNED VS.

RESTRA | NED | 17.978x1072 17.978x1072>  4.65 95.2
PINNED +

RESTRAINED 16 61.849x10-5 3.866x10-5

DEFLECTION AT
THE -HAUNCH

PINNED VS. - 2.936x10-5> 2.938x10-5  9.73 99.3.

RESTRAINED
PINNED + 16 4.825x1075  .302x107D
RESTRAINED
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