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CiAP TER 1 

NOPSIS 

The labour involved in the analysis of Indotorminate 

Structures may be greatly reduced by the use of Electrical 

Analogs, especially In those cases, where the many different 

dimensions have to be investigated. The basis of these 

analogs Is the similarity between the structure and its 

analog, Which often permits the construction of the analog 

without regard to the governing equations. 

Part one of the Dissertation recapitulates the 

Previous relevant w-rk which has been done during past two 

and half decades, on the structural problems of beams*  

trusses)  frames and plates., under static as well as dynamic 

loads, utilising the equivalence between the properties of 

an electrical net work and the elastic properties of the 

structure. 

Second part presents a working model of the Analyser 

for the analysis of multi storeyed building frames. This 

consists of a net work of circuits, in which each member of 

the structure is represented by a group of three resistors. 

Current is fed in to the circuit to simulate the effect of 

load on the structure, and the resultant distribution in the 

net work is recorded by meters. These meter readings multi.` 

plied by an appropriate scale factor gives the magnitude of 

the bending moment in the corresponding parts of the structure, 

Zxperiments have bedn conducted for a three bay and 
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seven storeyed multi storeyed building frame for vertical 
and horizontal leads. Experimental results that are accuw 
rate to within 5.0% of the maximum theoretically calcula-
ted values have been. obtained. 

_ ---0-rv~rw~-rrf~Y. 
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CHAPTER 2 

-XU TRODTTCTT ON' 

The experimental analyst. s of indeterminate structure 

is a useful method which often gives results within the 

limits of accuracy required in practice in a vary short 

timo. Two methods of experimental analysis which generally 

used'aret 

». Mechanical models, may be examined as with a 

shaking table usually with the aid of principles. 

of dynamic simi .itudes  

2. Electrical analogous circuit, which is governed by 

the same equations as govern the structure. 

The analysis of simpler types of rigid rectangular 

frame  work may be under taken quite ^ati sf actori ly by 

employing such methods as those of slope deflection and 

moment distribution. hen, howe rer, it is necessary to 

analyse the usual size of the building frame, these methods 

prove to be impracticable owing to excessive amount of 

computation involved, This difficulty has been overcome 

In the conventional method of design by making use of 

simplyfying assumptions which considerably ease the burden 

of computation, Unfortunately, stresses calculated on the 

basis of this method bear little -elation to those occuring 
in practice, and the designs produced can not beregardod 

as really economic. But by the application of electric 

circuit models we can have a rigorous analysis with a 
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drastic reduction in the amount of time spent in the design 

of intricate structure*  

in the past twenty five years several electrical 

analogies have been devised, which can, be used in the solution 

of pro lems concerning beams, trussos, plates and frames to 

a greater extent. Some of these can easily be used in the 

solution of problems with static loads, while the others 

can be used in the normal mode analysis, and still others 

can be used in the solution of transient problems. 

Me basic idea of the treatment of mechanical systems 

by means of measurements on analogous ,electric&l circuits 

appear in several places in the literature. Tho general scheme 

Is to produce an electrical not work governed by the same set 

of differential or algebric equations as the mechanical 

system, and subject to the same system of constraints, to 

set up the analogy between mechanical and electrical quanti--

ties, with the convenient conversion factors, and then to 

measure electrical quantities in order to obtain the value 
of corresponding mechanical quantities. 

The development of electrical analogy gave such a 

spectacular demonstration of its application to various types 
of structures, that engineers every where have groan to recog 

nize this new tool as some thing very practical and ready for 

immediate u' a for their time consuming problems. 
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CHAPTER 3 

RVXii OF LX TERATURE ~ i urrr~rm ~:.r rr w 

Y meya~rr iiaiwwli~Gi4 

In the year 1934 V. Bush has devised electrical 

net works which are equivalent to pin connected and rigid 

joint structural frames. A special circuit is available for 

the solution of each of the following problems 

31 Pin connected statically - determinate structures 

At each pinned joint of a plane frame work the 

sum of horizontal component of force must vanish, an.d the 

sum of vertical components of force must vanish. In Bush's 

analogy, grant corresponds force. Thus the equilibrium 

conditjans at a joint are represented by .rchoft' s current 

law* "Tie two net works are required,, one for hr,rizontal 

force and one for vertical forces. Horizontal members 

appear only in one net work, and vertical members only in 

other. Since a diagonal member has both horizontal and 

vertical components, it appears in both net works. 

To construct the electrical analog of the pratttruss 

shown in Fig.1 first lay out 12 terminals representing the 

12 Pannel Points. One set of terminals is for horizontal 

forces and the other set is for vertical forces. In the 

horizontal net work connect each pair of terminals, which 
correspond to pennel points$ that are connected by a h.ori-

contal member in the structure. Similarly in the vertical 

not work connect each pair of terminals which correspond 
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rim 
to paned. points that are connected by a vertical realer, 

In both net works connect each pair of terminals which 

correspond to the end of diagonal member, but interpose a 

transformer with its primary collin the h-rizontal net 

work and its secondary coil in the vertical net work,The 

transformer ratio is made equal to the tangent of the angle 

(aLof inclination of diagonal member with the horizontal. 
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Forces are applied by inserting alternating currents 

at the load and support points. There are the terminals 1,4 

and 7 in the vertical net work, since the forces are vertical 

and applied at panel points 1,4 and 7. The currents should 
be proportional to the external forces and should be all in 

phase. If the ratio of external force to the current inserted 
is(r), the force in the horizontal or vertical member is 
e 1al to (r) times the current measured between the appro-

priate terminals. The forcd in a diagonal member is obtained 
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by measuring the current between the corresponding ter-

minals in the vertical or horizontal net work and multi-

plying by (r) Cosec {a) or (r) Sec (cK) $  respectively. 

If there are several loads, then there u .11 be 

several sources alternating current, and each current 

must be adjusted until its magnitude represents to scale 

the corresponding load. If there is no symetry, then a 

separate source must be used to adjust the reactions. All 

the sources must be adjusted so that the currents supplied 

are strictly in phase* If there are horizontal loads, or 

horizontal components of loads, they are handled by sources 

connected to the horizontal net work, 

If the problem is a three dimensional ones, three net 

works are necessary. All panel points appear in each net 

work diagram, although, since there is no need that they 

be placed In their correct geomdtrical relationship, they can 

all appear in a plane for convenience. Connection are made 

an before. A member located in a principal plane- is treated 

as above. When a member is Inclined w,, r: t,. all three axes 
the corresponding electrical connections are inter-related 

by transformer in such a manner as to preserve the correct 

relation-ship between all three components of stress. Two 

transformer being necessary for this purpose. The rest of 

the procedure is self-evident. 

3*03 Ec xi. „brium of Pin-connected frames with Redundant 
.ember. 

If a pin-connected structure has redundant members 
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the force in the members are influenced by their changes 

in length. In a single member the relation between axial 

force P and change of length o is 

D =  p 	 ..,..+. 1 
AR 

To form the analogy, force, as before is taken 
proportional current • P 	ri I 	....... 2 

tad ere rI  is scale factor, change of length of a 
member is taken proportional to voltage drop (V) between 
terminals. 

-- r2 V 	 « ...... 3 
The analogus of equation( 1) Is Ohms s Law 

v =Ia 
Electrical resistance R corresponds to .  compliance 1'A1y 

r2AE  

The circuit is constructed exactly as In the 

statically determinate case except that, h:ereever two 

terminals were connected before the appropriate rest. s. 

tance (given by abve equation) Is Inserted between them* 

Equations from (1) to (4) represents the analogy 

for a single member. The extension to a frame work 
follows from the energy considerations. 

If the potential energy stored in a member is P2L/AE 
If the subscripts h9v,d refer to horizontal, vertical, and 
diagonal members, respectively, the total energy of 
deformation of structure Is 
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The forces in the members will assume such values as 
to make the total energy of deformation a minimum., Hence, 
~  P  E  d P1  0 

 6 

In the electric circuit the power dissipated in an 
element is I2 . The total power dissipation in the horizontal, 
net work will be a minimum, 

C~Ih2 Rh + 5-d Ihd 	 4 	.,...,.., 7 

Where Ihd is the current in the dth diagonal element 
of the horizontal net work. 

Similarly, the total power dissipated in the verticki 
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net work will be minimum$ 

( 	Iv By + - 1 	Rd) 	= 0 ...... 8 
tihere Id is the current in the 4th diagonal element 

of the horizontal net work. 
Now 	rl Ih 7 Ph 

rl lv = I'v 
rl (Ih + lvd) = 'd 
r2i 	Lh 

P2. R  -. 	and. r2 	= 
 r1 	. 

Hence substituting in the equation 7 and 8, adding 
the two equations and cancelling the scale factors, we 
arrive at equation 6. The analogy is then complete. 

3 3EgL1iilrItP1 orig lAr frames 

Consider a member AB of length L acted on by moments 
MA and 14B at the ends A and B, respectively,. Both moments 
are taken positive clock-wise. 

To be in equilibrium under moments and transverse 
force applied only at its ends, a shear force 5 is required 
such that, 

MA+MB +$ t 	0 	 ....... 9 
and 	 1 + 5 L2 	 ....... 10 

	

~I 	~F 
oA-AB =0B, L + 	_1hSL2, 	*...,.e. 11 

	

22 	E1 
where 8a and 9B a'te the rotations of the tangents to the 
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elastic curve at A and B$ respedtively, both positive 

clock-wise. 

AA - &B is the relative transverse displacement 

of the two ends of the member, considered positive for 

clock wise rotation of the line joining the ends of the 

member. The above equations are called slope deflection 

equation. 

In the Bash's analogy, force, moment,, rotation, and 
displacements are all represented by currents. Calling 
rl, r2, r3, r4 the scale factors between current and shear, 
moment$  rotation and displacement, respedtively,we write 

S 	 B = r3 I B 
MA = r2 Iota 	 A = r4 IoA 

MB r2 Imb 	 B = r4 I&% 

()A = r3I4A 

Substituting the above quantities in equaU.orn9,lO 

and 11, we have the electrical' equivalents of the slope 
deflection equations. 

'MA + IMB + (rj L/r2 ) I s  =1 0 	ss•• •fir♦ 1? 

18A Ian = (rs L/r3 . I) IMF  + (rl L2/2 r3 1 I) 15 .. 33 
Iii - Inb = (L ) IQ + (r2 L2) IMA +(r L3  )Is ..34 

(r4) 	(2r4 ) () 

Bush's equivalent circuit for member AB Is shown in 
the fig. /, in which four upper terminals represent the 
end A$  and ' the four lo• rcr teriinals represent the end B. 

Positive shear is represented by current 1s  entering at A 
and leaving at B. 
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Positive moment, represented by currents IMA entering at A 

and I entering at B. 

Positive rotation-represented by currents 1GA  entering at A 

and Igrg leaving at B. 

Positive transverse displacement-by currents I a p entering 

at A and I pg leaving B 

so that I 	I a% represents positive relative transverse 

displacement (that is clock wise rotation of the member) 

Six current transformers are used, with ratios T1 ....T6 

given by the six quahities in parentheses in equations l to 
.14 

Then% 	Tl = rl 
r2 2 rl L2 

2.r3 El 
T3 r2 L 

rr F I 

T4 = r3 L/r4 

T5 = r2 L2/2 r,4 El 

Tr. 2 rl L3/3 r4 9 T 

with those transformer ratios, it may be verified readily$  

by applying .Kirchhoff; s current laws that the circuit 

satisfies the equivalent slope deflection equations 12 to 14. 

The nine terminals in Fig. 4 are used for connecting 

the members to adjacent members, 0 being a common terminal. 

Thus if terminals G and O are connected to terminals G' 
and 91A  of an adjacent member, the current I gg Is forced 

to be equal to I6,q , and then the rotation Q, Is made equal 

to the rotation 8 , as required by continuity. 

3„.04 - Consider the four members meeting at a rigid joint. 

The equivalent circuit is shown in the figure 5. 
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The sum of allthe moments acting on the Joint is 

made equal to zero by joining the four cortex pending termi- 

nals at 14. The rotations of all members meeting at the 

joint are made equal by using a 1:1 transformer connection 
at •0. The actual connecting circuit at 0 is shown at the 

right. The transverse displacements of adjoining vertical 

members are made equal by series connections, and the same 

is done for adjoining horizontal members, but the two connec-

tions are not joined, since the displacements are at right 

angles and not necessarily equal. The shear connections depend 

on the distribution of applied loads in complete structure, 

,3,* 	- A problem of wind loads on a nine-panel bent Is shown 
in fig.6. 

In the circuit the sum of the moments at each joint is 

madeequa"i to zero by inter-connection as described previously. 

Rotation of adjoining members are made equal by series connec-

tions in the case of two members, and by transformer connec-

tions in the case of three or four. Where two vertical mom-

hers meet, the transverse displacements are made equal by 

series connection, The transverse displacement of all the 

horizontal members must be zero; so the corresponding circuit 

of members 1-9 Is left open. At each floor level the lateral 

displacements of all vertical members are made equal by trans-

formers connections. The displacements and rotation of the 
lower ends of the first storey columns are assumed to be zero$  
and so the corresponding terminals are left unconnected. The 

applied loads are represented by adjustable source of alter-

nating current, F1,F2  and F3 held strictly in phase© The 

currents which appear at R1,R2,Rg and R4 are proportional to 



2 3 
 

4 	5 

 R, tRz R3 tR4 

Irti 	Hrti 

4 	5 	6 
- 	 • • I 	~ 	• o 	 o e 	t. 

4  F at} 

II 	H
~ 	 { t 

toiT i 	 ~ t9 

,G.6. N/AlE -PANEL BENT UNDER W/ND LOAD AND 

WIND LOAD AND SUSHS EQUIVALENT CIRCU/T, 



the foundation reacti ons.e 
	 1 4  

The sum of the shears in members 12, 15, 18 and 21 is 

made equal to the load. Fl by connecting the five terminals 

together. Similarly, for reaction R l  and the shears In 1, 4,, 7, 

The sum of the shears in U, 14, 17, 20 minus the sumof the 

Shears in 12, 15, 18, 21 is made equal to 2 by connecting the 

all the terminals representing three forces, 

The load F3 and the reactions R2 and '13, are treated 

Similarly, Attention, must be made to algebric signs in making 
connections, 

, t 	Idea: transformers appear In all of Bush's equivalent 

circuits„T .ey may be constructed to the required degree of 

accuracy by using nickel iron alloy cores and closely coupled 

windings. The flux dens ,ty should be low and the primary turns 

sufficient so that the existing current is negligible in 

comparison with the work current. Frequency should be high 

enough to make the size of the transformer small, but not so 

high that currents flowing through distributed capacities will 

be appreciable in comparison with the work current. The care 

should be taken to produce a minimum of leakage reactance. 

In measuring currents in the circuity a lair resistance 

shunt and a vacuum - tube amplifier were used. Great care had 
to be taken to ensure lew resistance connections as the resIs-

lance every«.where in the circuit had to be low. 

The final, results for shear, moments, displacements, and 

rotation had errors ranging from 0 to 30 per cent ¢  but the larger 
percentage errors were always associated with the smaller 
magnitudes, 
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j" brief I(ron - 1944 

The individual. members of mechanical structures have 

in general not one degree of freedom but six (elongation in 

three dimensions and rotation in three), So each elastic 

member in a frame structure is considered as a six wire 
transmission liiie, and a net work of elastic members is 
considered as a similar net work of inter connected six wire 
transmission system subjected to un..balance loading at various 
points along the line. This theory serves as an introduction t& 
further extension of the electrical analogy to general dyna-
rnical systems, in which elastically and In elastically connec-
ted rigid bodies have relative~rotatton and translation with 
respect to each other. 

3.07 - Simple bar as a transmission line. 

An elastic structure is assumed to consist of masses 
concentrated in parts,, and inter -connected by elastic links 
consisting of long thin bars,,, to be called beams. The most 
general elements of the structure are found in these steps 

ie A.I. inter connections between beams are removed, 
leaving a number of isolated but spatially oriented longs thin 
beams and a number of rigid bodies.. 

2. Each beam and the rigid body Is rotated to lie 
along the X axis with these three principal axes oriented 
along the x, y3 z axes. 

3. Since at each end of the beam actually six forces 

act s for the preliminary study it will be assumed that only 
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one force acts at each end of the beam and only one force 

acts on the point mass. 

Fig* 7 represents, 

(a) Mass point and its electrical analogue, 

(b) Elastic bar and its electrical analogue, 

(c) Circuit representation of transmission line„ 

3.08 - Equat .on of a coil 

The currents I will be assumed to represent force F 

and the voltages F will be assumed to represent displacement 

D. The equations of a mass point and an electrical coil will 

be assumed to be, 

~ M p3 E .... 1 
dt F ~dt

r4ji: 	
Mp

2
D 

0 

F 
~ ^  0 

X 

Where p = d/dt 

I =Y L? 
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3.09 r•Equations of transmission line 

The sending and receiving ends of a transmission line 

are denoted by 1 and 2. The currents will correspond to 

forces and the voltages to the d bplacements of the bean. 

First let end 2 of the beam be fixed (Fig. 8a) and a 

displacement Di be applied at end 1. The stored elastic energy 

is 
U = 1/2 	p2 	 .....  3 

L 

and the displacement of end 1 is 
Dl tea' 	F 	 ...4 

a `'~ 	'11 



y
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orF=(Z*O)~i D1 = Y"Di" 	Di 	...*..: 	5 
AE 

It Is also known that the force on end 2 is 

F 

where 	force an end 2 	- 	 ....... 	8 
force on and 1 

he transmission line analogy consists of short circuiting 
end 2 (Fig.8a) and applying a voltage 91 at end x. If the short 
circuit admittance of the lane measured from end I is Yff the 

currents at the two ends of the line are shown in the (Fi g.8a) . 

The second, set of measurements is made by Inter-changing 

the role of two ends as shown In (Fi g.8b) . These measurements 
define Z22, Y82 = (Z22Y.. 1 also D2, F2 and Al = - i, it 
should also be noted that ?; A;, = 1 

It now 'both ends of the beam are subjected to displace-
ments simultaneously, the resultant forces on each end of the 

beam are the sum of the previous cases. (Fig.8c) . 

for the beam 
F' = Y" Di + Az Y22 B2 	) 

e•,.• 
F2 = 	'fg+Y D2 

If now mutual admittances are defined as 

Y 12 = X yam' and y21 	) Yn 	... , ... 8 
the equation of the beam become 

F1 =Y"D1+ ']b2 . 

F2 = y221 D1 + y22 D2 	} 

Similarly for the transmi. ,sion line 

I1=D' E,+X12F2 12 _ Y21 1I + y22 E2 	.. , ..... 1{3 



II 	18 
3.1O- The Un-oriented  Beam 	 C.] 

in generals each end of the beam has six degrees of 

freedom instead of one, namely, 

• 1. Three linear displacements D, 	s % 

2. Three angular displacements Dp, Dq3 Br. 

As the first set of measurements, let end 2 of the 

beam be fixed and end 1 be subjected to linear and -angular 

displacements, The stored elastic energy is 
L 

U ,1/ 	(( )2 + (P r F )2 ( r r I~'7)I~, 2 (p)2 
a ( 	BI 	B2 	C) 

t4hcre D1 = flexural rigidity about axis Y, 
1 	flexural rigidity abut axis Z, 
C 	torsional rigidity. 

.en by differentiating U with respect to each of 
the forces six equations may tr written as, 

Dx  

Dy = 	+ (L3/3 B ) F ' 	 '*(L2/3 B2 r 
DZ = 	 +(L3/3B1)FS + (L2/Bi  Fq 
DP = 	 + (L/C) 
Dq = 	 +(x,3/2 Bi)FZ +=(L/Bl) Fq 

Dr = 

	

	-(L2/282) Fy 	 +(L/132}Fr 

or in terms of matrices 
Di = Z' t, F" or (D1) = (l%,) (F') 	 .•.... 12 

X Y Zj. Pi Q1 R. 
f 1 *Tx ~y 	a 1, Dp l jDql Dr]. 
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Fl = FX F' t .F 	+FP ;pqi. IFLr 
L 	

t 
{ 	fi 	

t 
t 	 y/~ 

~ r 	ww. -1 

L3/381 	 L2/M I 

/ABi 

R 

in the electrical analogy there are now six transmission 

lines and one ground, End 2 of all transmission lines is 

short circuited and voltages F~l, E.y .... are impressed 

on end 1 In succession while all the other end I terminals 

are kept open circuited (Fig.9). The matric equation of the 
transmission line is 

Ei = Zo Y9. 
• C  

t 	~ 	~ 	f 
[zi; 1 : E 1 rt  

xi 	'1 	,Z1 	Pl 

1, = 	1x1 171 	1z1 	1p1 	Iql 	r 

For farther analysis the Inverse equation Is needed 

representing the reaction of beam in yihich both ends are 

rigidly connected to neigbouring beach. the inverse equation 
is, 
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in :. (z') 	D1 = 	YI' D , 	, It =(Zn 	i = Y" 2I 

xi Tl 
14. 

Z1 	pi 	q1 	rl 

x1 U. 

2/L2, 
Z 12B 1/L3 	U6 i 	2 	,. 1/L 	 1/L 
p1 0 C/t 

41 1./L2 	"dB 1/L 
- 	4 l'l L _IVVV _____ 

In the electrical analogy •tom represents the self' and 
mutual admitances of end 1 terminals meisured iih 3 le all 

other end I. and end 2 terminals are short circuited (?ig..9b),. 

The relation between the forces at the two ends of 

the beam are, 

F 
92 ; 	FyI 
F 	i 	 ~Pz 1 
Fp2 	 -Fpi 

Fq2 = 	 -L FZ1 	`ql 
F 	V 	LFy1 	 _ r1 

In terms of mattIces these may be written as 

X2 'Y2 Z2 P2 q2 F2 

F2 	F 2 F72 Fz2 FP2 Fc2 Fr2Q 
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X2 
Y2 

>2 	z2 
P2 

q2 

x2 

It should he noted that horizontal and vertical 

unit vectors of )?' belong to different ends of the beam, 

For the second set of measurements, end I of the beat 
is fixed and displacements are applied on end 2,. In the 

elastic energy U, Equation (11), the parameter r is now 
represented by ' r3 giving 132 = Z'22 F2 where 

x2 Y2 z2 p2 q2 2 

	

Y2 	t 3B2 	
t2/ 4 

 

	

z2 ` z2 	 L3/3B 	- ,2%B 1 	2  

	

P2 	 L,C 

q2 4 	 L2/2B1 	1 

	

2 	L2/2B2 	 L/$2 

The inverse equation is F2 . (Y1 D2 = Y22 D2 

X2 Y2 Z2 P2 q2 

x2 EA/L, 
_6B2/L21 

	

Y22 = Z2 	 12B1~3 6BI/O2 

	

P2 	 /L 
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q2 	 6B ./L2 	4B j/L 
12 x F . 	-6B2-/-L2 
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The forces on end 1 are A z F2  w z Y22  D2 

whh a re ). = ( > i ) "`l and i s found from 	by changing 

the sign of L. 

X2 Y2 Z2 P2 q2 2 

jg 

3.11 Compound net works 

In analogy to the matric representation of any of 

Numbers by one bold face letter, a similar representation of 

diagrams will be used in which one arrow will represent 

six currents, one mesh will represent six meshes, etc. Such 

diagrams will be drawn with heavy lines. A compound net work 

must be so designed, as to give the correct relations bettreen 

the various matrices, just as the conventional net work gives 

the correct relations between the scalars. 

Fig. 10 the representation of a complicated net work 

by simple "Compound's net work and Fig. 11 represents ?4atric 

equations of a long thin beam. 
4 
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3.12. N4atrie a uations of un-oriented beam 

When the both the ends are subjected to dis-

placements simultaneously, the resultant forces are the 
sum of the previous cases. That is for the beam 

Ff = y' D1 + ) Y D2, 

F2 ` X'"Y" D, + ' 22 D2 

If flow mutual admittance matrices are defined as 

y 

 

)y22 and Y21 	a Yn 
. », 19 

Y2 2 p2 % 1,2 
1 

y1' 	zi 

q 

Y2 

Y2l Z2 

p 

q2 

11 1 

2/L 

• xs ,''L~  
2B2/L 

The equations of the beam and transmission line 
become, 



F2 =Y21 D + T22ri 1 	2 

I' 	" 91 + Y12 D2 

I - fl E1 , Y22
E2 
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.*.... 20 

While solving these equations it should be noted 
that if gard are given, all other matrices may be found 
by the following formulae: 

!! 	x 	 x 
1X() 

	

-1 	Y12 = (!1)t. 
0 	Z, = (~' .) Z' , 

)
1 . 1 

,...... 21 

	

Also Y'11 = (' 	 . 	annd' 	= 	(y22)t 

3.13, Equ .valent circuit of a structure 

To represent a whole rigid structure it should be 
assumed that the equivoient circuit of each beam lies in space 

along the whole length of the beam. Thereby the compound 

electrical net work has the same configuration as the elastic 

net work. tae steps are as follows: 

1* Assume all intor-connections of the beam as removed, 
2, Calculate for each beam in its actual spatial positic 

the admittance coefficients. 
3. Sot up the equivalent circuit of each beam with 

all terminals opem.circuited w Assume the circuit to lie along 
the beam, 

4. The inter.-connections of beams is equivalent to 

inter-connecting the corresponding terminals of the lines 
(Fig ,1 '). 

5. If the end of a beam is fixed against a wail, all 

the corresponding terminals are shorted to the ground. 
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3 	- In this analogy the problem is formulated in finite 

difference terms and the solution of the difference equation 

is carried out on electric ,, analogy computer. 

Problems involving deflections under constant load, 

transient vibrations or normal loads can be solved in this 

way. 

3.15 Tflectric.al Analogy for Bending of Beams 
•.arr~rn..rrw+w.rr~r.+.~■~~n■ ur.u■r~ra~ ~.—~ 

The differential equati .,)n for the bending of a bea'1 
is 

1 

where W is the deflection 
q the load intensity 

for a uniform beam r I is constant, and the finite difference 
equivalent of Equation (1) may easily be derived. 

11 	1 	 d~ .. 2 n+2 - 4 	n+~. + 6 	4 	+ Vii` ~n- 	~n-~. 	n"2 = 	
I 

An electrical ladder net work can be constructed 

in which .rchhoff's current law for nth node is identical 
with Equation (2).. This net work requires the use of nega-
tive impedances which is serious disadvantage for the solution 
of normal mode and transient - vibration problems. 

A less direct analogy Will be used. If the slope 
and shear are defined as 

ax and Q -_k x (E I O) 	 *..... 4 
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then Equation (1) becomes 	 w fv 

+ 	= 	qs. i i i i•► 
bx 

When E l n t constant, it is simpler to write the 

finite difference equations corresponding to Equations ( ), (4), 

and (5) separately than to write the finite -- difference eque- 

tions corresponding to Fquation(I). 

The equivalent finite difference equations are, 

respectively. 

9 n+112  = +I-  in 
....,►. 

cX 

Q n  . = (0 n+3/2 9n  ) 	
+ (% 
	) Ern  

Ax 	 - 	 L --. 	... nx 

oX 

The subscript n+ refers to the mid-point between 

Xn  and Xn+i, the points at which the deflection is defined. 

Equations (7) and (8) may be regarded as expression 
of Kirchhoff" s current laws in an electrical net work. 

The circuit in the Fig. 13 satisfies all three of 

those equations if w and Q are regarded as voltages. 

Equation (6) expresses the relationship between the 

primary and secondary voltages of a transformer where the 

turns ratio is A.  Equation (7) is Kirchhoff's law for the 
sum of the currents entering the node 8n,*. 'ate impedance 

the branch connecting % and , , 3/2  is (AX . The 
(n+1, 
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current flowing in the secondary of the transformer is the 
turns ratio times the current in the primary, i*e.y Q, , 

Equation (8) is Kirchhoff I s law for the sum of current 
entering the node W. The bending moment is the current flowing 

14 Ela 	....,..... 9 
a x2 

In the slope circuit, multiplied by A as shiwni For static-

loading proble-as, the i pedences 7 may be purely resistive, 

while for transient and normal node problems they must be 

Inductive, 

3.16 Uyha ie Analogy for Constant thickness plate 

The differential equation for the deflection of a 

constant thickness plate is 

a.. f... + 2 	W 1 	~..W."..= 	....... 10 
ax4 	x12 a y4 	D 

where t i. s the flexural rigidity of the plate. 

E.quatIon (10) can be written in the following for 

+ 	a) a c 	c a xa 	} a 	c.? :. + 	a'" } W, ... 	. 
+ a T 	(x2 	ate) a y D 

The equation for a uniform bean is 

bX L(x2)ax 

i 
For the beam analogy it was sh-iw,m that the operatora/X2 is 
represented by the itnpedences in 9 circuit connecting neigh-. 
bouring nodes. For the plate, a/72 + a/.~2 is represented by 
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of the 'quation (1) is shown in fi g,14. by definition th© 

Slope in the x direction is 

on =w 

The additional impedences zny oriented prallel to 

the y axis represents the term e y2 consequently a two 

dimensional grid of impedences connects nodes in the 0. circuit. 

The socand term of Equation (1) Is represented by a 

secnd net work entirely similar to that in fig0ii. It has two 

dimens onal grid of impedences connecting nodes in the ' 8y 

circuit. The primaries of its transformers which are oriented 

parallel to yy axis are joined at the nodes of the wwctreu ,t 

with the x transformers so that a two dimensional grid bf 

transformer primary winding is formed, 'Thus the complete 

analogy consists of three separate two dimensional grids in 

Which the voltages to the ground are, respectively. 

W-F Q = aT and 0y 	a 
ax 	ay 

The coupling between these three net works is by 

means of the magnetic fields of the transformers only. Plan 

views of these not works are shown in Fig,. 15. .. , 

1?  Dynamic Ana1oy for variable thickness yy}r~1~l te. 
~..~..~~F 	 l~.ii~r~ 

The equations given for the 'ending moments by 

Tirioshenke are 
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M.x 	s 	D 	at 
(a + 	r a, .,..;.. 	13 

) ay 

M~ 	= 	ID 	( ) 	 14 

MYX 	` •1) 	(1~"v) a. "" 	D 	C 1 	V ) !i_ ... 	15 

The shears are given by 

Qn = 	+ 'a 14yx 

' 	a 14V 
+ 

~... ~... 
	f ♦ ~r a * ~. s 	17 

a~  ax 

The static equilibrium of the plate requires that 

+ _„ 	 Y 

combining Equations (13) through (18) , where D need not 

be constant, the equation of the plate may be written as 

a
a 

D t 	v a.., _ 
)•/~yC)1 ax 	ay ax 

+ -a - alay D I 	+ V aQx 	t l v a . 

	

aY 	aX 
a 	 q 

♦ 4 . 0 * R  19 

The only teri that cannot be represented by the 

net work in Fig.;' are those involving 

V aQy and v a e_ 

The other terms can be represented by the net work with 
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Z 	©x2. 	

M D -v 

D 
	

Zyx D(lv)  

The terms v.( a8~y1 à.) and v. (a (/ ) represents a mutual 
coupling 'between the Ox and P. circuits. By super imposing the 
not works in Fig,iS. it X111 be seen that the 7, and Zy branches 
are at the same geometrical points. A mutual admittance between 

the two branches is required where, 

y'x - VP 
nx oy 

This mutual admittance requires, en essentially perfect 
transformer for Its realisation, bringing to three the number 
of such transformers required per cell., In practice it ,1.s 
expedient to convert this mutual admittance to a mutual Im-
pedence with accompanying nods,fications in Z. and Zy.The 
Impedances required are 

zx 
D 

ZY = i _,....~. .w D 

Zm W' v tXty 

ZZy. = l_ A Y2 ..~ 
 D 

..,!. 	 X.~..... 
1-v D 

Fig.16 shws the net work for a variable thickness plate. 
In this net work the current in the slope circuits are 
proportional to the moments, and the currents in the i-r circuit 



Qx 
Ax 

are proportional to shears. 

Current is Z = 
ax 

Current in ?~. = 
AY 

Current In Zxy j, 

Current in" Zy 
oat 

Current in the x- branch of w.. circuit 

Current in the y- branch of v-circuit 
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We see that all of the quantities of physical interest 

are available In electrical analogy. 

The 'variable thickness plate analogy can he easily 

extended to include anisotropic plates„ For such a plate 

four constants instead, of two are needed to define the 

elastic properties of the material. In terms of these four 

constants the equation of the plate may be written ast 

aOX + t 	9'y... ° a/a 	D ~' 4} 
ia4 	/ y 	Dy a 	 l ~ a , 	'2 D a 	q 

a 	ax. J 	aX 	ax 

This equation Is entirely similar inform to ..... 	20 
Equation (19)„ Referring t -, FIg.(15) we see that self. admittance 
Of the - Z branches are 11, /(nx2) and Dy/(a J2 ) respectively, 
that . the self adid ttanc of Px~, and ZY, branches are 2D7/(A72) 
and 2 Dxy/( x2), respectively, and that the mutual admittance 
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between the 7x  and Zy  branches is 1)1/ (Ax Ay) 

11ethod of ApplYinBounda1Y Conditions 

3 £3 Two boundary conditions must be applied along each 

edge of.,elastic plate. A general result of application of 

the principle of virtual work is that along any edge one 

condition fro-n each of the following two groups must apply: 

w_0 	_,. .-_-___--•. (a) 

Qx  + a Min  

Group2 

 

D Mx  = Io  O.--W--- (d) 

where Mt. = twisting moment 

n is the co-ordinate normal to the edge and t is the co-

ordinate parallel to the edge. 

The combination of (a), (c) gives the boundary 
condition of damped edges, while combination (a), (d), with 

O = o refers to a simply supported edge. For an edge that 
is in sufficiently damped a linear combination of (c) and (i) 

can be applied in addition to (a). The boundary condition of 

a e6 or elastically supported edge are given by the 
combination of (b) and (d). 

The quantities involved in group 1 are represented 

by currents and voltages in deflection net work, while the 

quantities in group 2 are analogous to the currents and 



voltages in the slope circuit.  

For the discussion of boundary conditions the net 

work impedences must be, regarded as distributed elements. For 

example# along an edge whore ox is zero, all impedences in 11, 

circuit should be grounded at the points where they, cross the 

edge. A part of an impedence element is retained proportionally 

to the portion of its length interior to theplate. The trans

former primaries of the deflection circuit should similarly 

con Ldered as distributed coils and grounded at the point where 

the coil crosses the edge. The part of the winding extending 

beyond the edge cannot be omitted.. 

If the edge Ix is damped, the constraints require that 

w ► and Q and 0 are zero. These conditions can be imposed 

on the net work by grounding the deflection and slope not works 
where they cross the boundary. 

If the edge x Is , simply supported the 
mathematical boundary conditi ns are. 

21 
y2 

Thereforet 	a 	= o and 	Z , 	 = o ay 	 a~ 
In the constant thickness plate analogy,) the current 

Zx is proportional to 'b w . Consequently a ZX 'ranch that 
x2  

crosses a simply supported edge Is left open. The W and 8 

circuits are grounded when they cross the simply supported 
edge. , 
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319 OW In the electrical circuit force and moment are simu. 

lated by current, and deflection and slope by voltage drop. 

The analogy is based on the fact that castig ano' s theorem 

and the principle of learnt work have their counter-parts in cer- 

tam electrical not works, The theory ' s developed for the 

two dimensional and three dimensional truss, and two dim.en-

si.onal rigid frames and truss fra,ie combinations, including 

stru.sses with secondary stresses., 

32O Electrical "ergo Theore'is 

Principle of learnt pourers- In a circuit of resistors 
I Pr• 	~+Yir1~ Irtrr 	rl+rwtil~wrl rr wiiYrYiri 

and ideal transformers that is supplied with given external 

alternating currents a single frequency and phase angle, each 

internal current i s a minimutu subject to the requirements of 

currents continuity* This is analogous to the principle of 

learnt work, which states that each internal force and 

moment in a structure i.s a !inimurn, subject to the requirements 

of equilibrium: 

Casts iiano's theorem for electrical ci7rcu.ts* In the 

circuit previously doscribed, P denotes the power dissipated 

in the circuit; C is a supplied current, considered + ire 

when leaving' the circuit; and V denotes the voltage (measured 

below ground) of the point at which the C leaves the circuit- 

ac 

quation ( i.) is analogous to cartigl.ano's theorem for 
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structures which state that 8 

(3) 

where Wd, = is the work of deformation 

F and M are applied force and bending moment. 

8 and g are the deflection and slope, respectively 
measured at the point of application of F and 14. 

The absence of the factor -- in Equation 2 and 3 arises 

from the fact that electrical power equals the product of 
current and voltage, whereas the work of deformation is equal 
to one half the product of force and (deflecti-n) or of moment 
and slope. 

Therefore the following parameters may be considered 

analogous 	Force 	__ - - -- -- current 
!4o-ent -----------  current 
Deflection-_-----__------ voltage 
Slope 	--~~--_------- voltage 
work 	-.-------.One half the powe 

3,21 pin connected Truss 

Two dimensional ease- 

B 1 is a two dimensional truss mem&)er, its' analog 
consists of X and Y branch connected by ideal transformer as 
sh'ern in Pg (Vb). The arbitrary oriented cartesien axes are 
indicated, as well as the angle of inclination' A, the latter 
being measured from the X axis to the direction of member B.H. 
The reference direction for p is that in which Y-axis is 
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rotated 900  from the x- axis.  

The force in branch B -His designated as F, and is 

considered + ve if tensile. The alternating currents in the 

electrical branches are d6signated as Fx and Fy  respectively 

and are at the same frequency and phase, the transformer turns 

ratio being such that these currents are In the same ratio as 

the X and Y components of force F, measured in the branch 

direction chosen for the currents. To achieve this the fo1  lowing 

must be satisfied: 

_X 	tans 
iYy 

in which N, and N are the number of turns in x- and y 

windings of the transforier, respectively. The resultant current 

whose rectangular components are F1  and 'y  is designated as F, 

since it is analogous to branch force. This res.ltsnt is not 

explicit in the analog. 

The analog of entire truss of which branch B-T! is a 

member consists of a separate x and y net work each consisting 

of one branch for each truss member„ the branches being connec- 

ted in the same way as the truss members. The separate net 

works are inter-connected magnetically through transformer cores. 

The x and y components of external forces, includin J both loads 

and reactions are simulated by appropriately supplied x and y 

currents, at the frequency and phase. 

To compare the equations of equilibrium and current 

c)ntinuity, the sun of the force, applied to joint 13 in the 

truss and the currents lea V 1ng joint B in the analog are 
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equated to zero. In the former case, 

Fl + F Cos 8 	= 0 	......... 	(5a) x 
and 

F + F Sin 8 	= 4, 	........ 	'5bi 

in which F1 and FI are respectively, the resultant X 

and Y components of all the forces applied to joint B by 

branches other than member B H and by the external forces, which 

include with loads and reactions. In the electrical case, 

eg Cation 5 will be satisfied if V a is the total current, other 

than F1. leaving joint B in the x net work, and can he conposed 

of branch currents and supplied currents. A similar result is 

obtained for F' , 

The force and current summations at joint R are similar 

to those at joint B, except that all the terms are perfixed by 

a - ve sign. 

die work of deformation of each n br nch is g, as the 

work of deformation is the electrical power, the branch 

resistance B in Fig. (17b) equals the compliance L, in ihich 

case the potter for thebranch equals 

p = (p2  + F3) R = 	L 	......... (6) 

If its imagined that the x- and y - deflection of joints 
of a typical truss are computed by a conventional use of 

Castigll ano' s theore , the corresponding computation for the 

analog, would '--e similar, ut with applied x or y current 

substit,ited for the load, and with deflection replaced by vol-

tage. Hence the x- and y - coiponents of deflection at any 
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joint must be simulated by the corresponding voltages;  measured 

below a datum corresponding to points of zero deflection, In 

the x- and y- net works, 

This leads to two interesting conclusions.. First it is 
unnecessary to maintain at predetermined values the currents 
corresponding to reaction • components,whether the reactions are 

redundant or not; if electrical joints at which the corresponding 
deflection component i s zero are grounded, the currents leaving 

the joints must correspond to appropriate components of re-

action force applied to the truss by its supports„ Only the 

currents corresponding to load components, therefore iiust be 

held at predetermined values. 

Second, considering the interpretation of the 

voltage drops in Fig. (17,b),, the drops across the resistors 

in the direction BH are V. L, and F , L which correspond to 

the respective components of deflection associated with branch 

elongation. Since the total drop from B to i in each electrical 
branch must equal the corresponding components of total branch 

deflection, the transformer voltage drops rust equal the 

approocI ►ate components of branch deflection caused by rotation* 

In the special case In which truss branch is parallel 

to x-axis, the corresponding transformers and y. branch in 

the analog are omitted, the .xw branch being shorted part Its 

transformer terminals. This assures that the analog of the y. 

component of branch force is zero. A similar arrangement is 

used if the branch is parallel to y-axis. 



Iti 

32  = Consider the truss of Fig.. (18) which is indeterminate 

to the second degree, F11..6 aird F3_6 are suitable choices for 

redundants. In the analog$  the horizontal bars appear only in 

the x-net work, and the vertical branches only in the y -net 
work, The Inclined bars appear in both the net works, the 

appropriate x- and y- net works are connectd by transformers), 

the separate winding of which are represented symbolically by 

circles, and the mutual care by a doted line In a manner similar 
to that used by Mr. Hush. For !ranches 1.5 and 2.4 the value of 

Nx/Ny  is 1 and for branches 2-6 and 3-5 Is +1 by use of 

equation 4, A resistance corresponding to branch compliance is 

placed in each electrical branch. 

To simulate the .constraints imposed on the truss by 

its supports, joint 6 is earthed in x and y- net works, and joint 
4 in y-net work. Appropriate alternating currents at the same 
frequency and phase are with drawn from joint 2 to simulate the 

load components. 

In the special case in which the load in y is vertical 

the analog can be simplified by the consideration of s n.etry, 

and the analog of only right half of the tri,ss need be consi-

dered, as shown in fig. (13.c). The resistance in the branch 2-5 

must be equal twice the associated, compliance, while the currentz, 

equals the half the corresponding branch force, since the member 

was cut in half by the plane of syrne try. 

3.23 Three DImensiona1 Case 

The analog of a typical three dirnentional branch 

B1 Is shown in Fig.(19). The transformers relate F. and F2  to 
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P, keeping the currents in the same ratio as x -, y- and 
z- components of the branch force. Alternately these transfor. 

'ners could be replaced by transformers relating FY  and FX  to 

Fz, or Fz  and F1  to F. in any cases  for transformers relating 
x- and y- currents, y and z currents, and Z- and x- currents 
respectively, the transformer turns requirements are 

N. 
Nz 	I Nx 	n  

in which 1, ^1 and n are divecti 4n Cosines = of branch H, 
In the special case in w:-h the branch is perpendicular to one 

of the coordinate axes, the electrical branch corresponding to 

that branch is omitted, and only one transformer is ne'ded. if 

the branch is paraliol to one of the coordinate axes$  the 

electrical branches corresponding to the other axes are omitted$  

and no transformers are requ i red* 

The connections of the vari:-)us electrical branches 
to form a complete analog, and the selections of grounds and 

withdrawal of load currents,, are governed by the same procedure 

as In the two-dimensional case. The resistances equal the 

compliances LAAR), theresistor and transformer voltage drops 

corresponding to appropriate components of deflection caused 

by branch elongati-in and rotation respectively,, 

3.24. ,,xia10e; of the Rigid frame 

This presentation Udll be Limited to rigid frames 

and truss frame co ibinnations in which all loads and members 

are in one plane. The general sche-ie of the analogs is to 

replace force and no"nent by current and to arrange electrical 
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circuits so that the equations of equilibrium and twice the 

cork of deformation are replaced by the equations of current 

continuity and power dissipation respectively. 
ri 

The typical. member BR of lengthof L 1.5  shown in 
Fig., .(20a), The parameters being F,the axial force applied 

to point B by to member BR, and considered positive when 

tensile; 3, the resultant shear applied to B by loads and by 

adjoining members, and considered +ve when it tends to rotate 

BA in the direction of +ve slope, (which is the direction in 

w h .ch y- coordinate is 900  removed from x coordinate), and 

M 	and M 	are the resultant moments cont dared positive 
in the +ve direction of slope„ Denoting by F and +' the 
,components of resultant force applied to B by the loads and 

members other than BR, and noting that the resultant is also 
the resultant of S and •- F, 

ins . IF ------- 	(9a) 

` = is  - MP -- 	(9b) 

Moment summation yields 
tIBB + TIAB + S L = 0 	--- 	(10) 

The x-. and y- net works of an electrical analog 

for the forces are shown in Fig..(20) current loa riing a joint 

is analogous to a force component applied to the.  corresponding 
structural joint. Ideal transformers are used to fix the ratio 
of the currents, the required turns ratio being, for axial 



face Nx 	m a and for shear force ~Nx 	m 	.. 
7 	 7 

The equations of current continuity at joint B and 

H simtilate EgUatien 9 of force summat on. If the tensile and 
shear work is appreciable, it can be simulated by inserting 

suitable resistors in the branches. By analogy with tensile case 

the shear resistance may be written oct', in which G is the 
TT 

shear modulus, and 	is the ratio of shear stress at the 

centroidal plane to the average shear stress S/A. It can be 
shown-by Castigitano' s theorems that the branch voltage 

drops simulate the corresponding components of total branch 

defection. The resistor voi.tag+ drops in the tension and 

direct shear branches simulate deflection components caused 

by direct tension and direct shear, respectively„ 

The moment relationships can be obtained, the analog 

indicated in Fig. (►c) with transformer turns ratio equal 
to '..l ' he SL - current can be obtained by the Indicated 

transformer tie- in with the x- shear branch ) the turns 
ratio being, 

9M . i • i. +F . w +F 	(b.) 

u 

f 	i n which the units for t are arbitrary currents le ar n g 

B and H simulate moments applied to the corresponding 

structural joints. The equation of current continuity is 

identical to Equation 10 for moment equilibriumf while the 
power dissipation is 

P 	p IM2 H + MBH SL + (3 )2 	►....,... 	(12) 
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in which P Is resistance analogous to bending compliance. 

The work of bending a straight bean is 

"b 	Z 

In which 148 - is the moment at a distance 5 from the joint 

B, Substituting for GIs its value in terms of 14BB'  S and Sv  

and integrating, it is found that twice the work of deforma- 

'lion equals the power dissipation if 

P 	 .****so 	(14) 

BY Castigllano's theorems, it can be shown that the 

voltage drop from B to if in Fig, Clc) represents the change 

of slope between B and if caused by bending. Also,# the voltage 

drop from B to 0 represents 1 tines the bending deflection 

of if from the line tangential to the beam at B, in the direction 

of 'we shear; and correspondingly for the voltage, drop from 

if to,  Os 

To construct the analog for aft entire rigid frame, 

points B and H for all branches are inter-connected according 

to the configuration of the structure, a separate not work 

being required for n.. force, y - force, and moments, Electrical 

Joints corresponding to zero x.- and y,. deflections or slope are 

grounded, and alternating currents of same frequency and phase 

are with drawn to simulate the applied force components and 

moments. 

3.26 Some srecial members 

The general method of approach is to simulate the 
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W.T, Russell and R.HH. Mac Neal 1953 

This analogy is suitable for the solution of 

static load problems, vibration problems and transient load 

problems of beams. 

3.2? Derivation of concentrated load ana1o~y 

The usual assumptions made in deriving the 

differential equations of a beam will be made here. Inaddition 

it will, be assumed that the distributed loads acting on the 

beam can be replaced by concentrated loads acting at a 

finite number of stations. At each station a jump in the 

shear will occur due to concentrated loads. 

Consider a segment,_ . of beamp unloaded between a 

pair, of stat .'ns, with end forces and displacements. The 

segment of length r is assumed to be in a condition of equi. 

iibDium under the action of bending moments and shears 

applied at its ends. 	, 

Then the shear at any point 

x = Va = Vb 
	 ...... 	 1 

and the bending moment at any point 

Mx =Mb + (r-x) Vh 	....... 	2 

'fie following equaUns give the deflection of 

beam any point N a, and the differences in slopes at the two 

ends. 

w Aa = era + \aOa + I tix 	(X a-x) dx ..... 	3 
c 
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conditions of moment equilibrium and the bending work of 

deformation. By Castigliano's theorems, voltage drop between 

the joints which represent the ends of the member is analogous 

to the change of slope. 

(1) Beam sub~eoted to uniformlspaced loads 

• q is the number of equal spaces between the loads. 

If the load Q exists at B it may be added to S. The work 

associated with Q alone Is not correctly simulated, but this 

work has a derivative only with respect to Q, and is therefore 

of no interest in the djfferentiatio-s associated with Casti-

guano's theorem and the principle of least power. The analog 

may be reduced to the case f a uniformly distributed load Q', 

by letting tie number of loads equal infinity (Fig.21). 

(2) Analog of a straight member With v 

In this case the beam is loaded at the end points, 

with a moment of inertia if I varying linearly from IB at B to 

Ix at H. The resistances are a'.way a positive irrespective 

of the relative magnitudes of IB and IH (Fig. 22). 

a=Lag. 	 ..... 15 	(a) 

C = . . + 	•1-1 	 ( c ) 
-!-1 loges 

and 
P= 	l'f 	 (d) 

(I- Ts) 

Where I = IF 
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w ? a = tb -. )►b Ob + 	t (x- ) a) dx 	...... 	4 

='Ix  ,_._. dx 	 ..... , 	5 
El 

Subtract equation number 3 from equati in 4 

'"b " wa 	)  a Oa + ,a) ' 	_. 	 6 
(x-)a) dx 

The deflections of the extended tangents from points 
A and B it x= a are from Fig. (2'~) 

Za 	w 
+ )'a  `+ct 
	 . 8 • . 0 	 7 

 

~ X b Gb  , . . • •  g 

Hence by substitution in to equation (6) 
Zb " Za 	j.~x (x— Act.) dx 	 s*••0 	 9 

JrC 
Zb  

Insert thevalue of t'ix given by equation (2) in to 
this equation 

Y 	 Y 

Zb Za = = Fib 	x - a d. + Vb (x-» ~e x-r) dX ... 10 
o 	o 

If a is so chosen that x= A a is at the centre of 
gravity of 1/11 diagra~z9 the first integral of the equation 
V1O) vanishes and in the sec-.nd integral (x-y) may be replaced 
by (x-/\a). This choice of Xa has the effect of uncoupling 
the equations for deflection and slope. 

Zb - Za = Vb J (x_xp)2 fl 	 .... ]. . 
O 

Hence Zb - Za is equal to shear multiplied by the 
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mo ent of inertia of 1/Ej about the C.G.  of 1/E' diagram - 

Similarly the difference in slopes at the two ends 
is obtained by substituting the value of Mx from equation () 
in to equation (5) 

r 
0b -9a 

f 
(Mb+'fib . ~>b ++j a-x)d~... 	.2 

o 

Since x = a in the C. G. of i/ 

i3 	4 J 
lfl;x 	 12 

where M0 = Mb + Vb A b 

M© is the bending moment at the centre of gravity of 1/El. 

The equations which are essential to the development 

of the electrical "circuit are summarised an follows: 

v& = vb . 

M0 = Mb + X b Vb 

Na = Ma + X a Va 

Za wa+ X a 
a 

Zb = Wb + A ) % 

Zb Za Vb RV 

a 
r 

where 'RM - 	r dx 
0 Ri 
r 	2 

Rv J -3 d 
0 

•.r•#2.14 

*.,«.414 

r•..aC, L4 

•oM..d.14 

rrr•. fo14 

..... g.14 
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In the electrical analogy displacement quantities 

(deflection and slopes) will be represented by voltages 

to ground and force quantities (shear and B.)!) will he 

represented by currents. 

Fig (24a) shows the in put and out put connections 

while the (24.b) shows the complete analogous circuit and the 

places where each equation is satisfied. The properties of 

ideal transformers are used in this circuit. For example the 

current flowing in the lower winding of the transformer at the 

right is equal to Vblb Since the turns ratio of the transformer 

is X b:i, the current flowing in the upper winding is equal 

to Vb 	b. This current adds to give Mb to give I o3 thus 

satisfying the equation (24b). Since the voltage across the 

upper winding is equal to &b, the voltage across the lower 

winding is equal to Ab 9b1 and this voltage subtracted from 

ITb  gives Zb. 

equations (14.c) and (14.d) are similarly satisfied by 

the transformer at the left. Equations (14.f) and (14.g) 

applied to the circuit are an expression of ohm's law for 

resistors whose resistances are respectively, 'R and l 

Equation (14.a) is satisfied because no branches occur in the 

circuit connecting Ala  and Wh-0 

When several such circuits are connected together they 

form the analogy for a conplete beam. 

Concentrated loads are represented by currents inserted 

in to the deflection circuit at the points of inter-section 
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Currents representing concentrated moment loads also may 

be inserted into the slope circuits at these points. 

The two transformers on either side of the nth 
node may be replaced by a simple transformer with a lapped 

winding as shown in the fig. (26b). The bending moments at 

the ends of each segment no larger can be measured. However! 

140 the bending moment at the centre of gravity of h EX diagram 
for each segment should provide sufficient information. 

in the static stress analogy flexibility is represented 

by the electrical resistance and strain energy is analogous to 

electrical power, In vibration problems with distributed mass 

loads the same fora of the circuit is used butt the resistors 

are replaced by inductors having same numerical values, 
capacitors# having numerical values equal to the mass of each 

• section, are connected between the nodes of deflection circuit 
and the ground. 

29 Anaquiv ~} SL ~ t form  

This circuit sh-)wn in the fig (26) may be derived by 
setting A a = r and substituting l4x = 14a -r x V'b in equation 3. 

Then orb - 'a + r ~ea + Ma 1/r 

r 
vb (' X (r..x) d 

	

J[ 	El 
0 

Definew. 	 r 
R = ]Jr r-x 1 	--- dX 

0 
r 

	

R2 = 1,/'r (~ 	d. 
J 
0  

r 

f .r'x d. 
o 1 
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r 	 .. 	' 

R 	.. h,,/r2 	f x . 	d 	...... c. 16 
3©El 	X 

`henW+rb  --era  =r{( a +Ma  RI) + 	1' B3 	..... 	17 

From equation (2) Ma  = Mb  + rvb 	. , . , . 18 

If equation (2) is substituted into equation(5) and. 

is eliminated by equation (18) t'ien the equation for the 

difference in the slopes at the twQ ends of the segment is, 

8b Qa 	M B1  +Mb  B2 	 ....a. 19 

Prom the electrical circuit equation (19) is obtained 

by suiiun.thg up the voltage drops across R1 and R.0 Equation 

17) by adding 0a  to the voltage drops across R1s  and R 

and multiplying bytransformer turns ratio. Jquation (is) is 

satisfied by the currants at the junction of Rl  and R2. 

The negative resistance R3  can be replaced by realisable 

circuit containing a transformer as shown in fig a (26) ,. The 

circuit of the figure%#a is more practical as it requires only 

bne transformer compared to circuit ( b). However, it is 

believed that circuit in Fig.(26b) i„rill be useful in developing 

a more accurate analogy for thinplates, and for thin multi 

cell shells where distributed twisting moment act on the 

sides of ,  idalised beams. 

G.W. Riess and B.d. Swain 1954 

3,►3O - This anal--gy utilises the equivalence between stored 

energy in a net work of resistors and capacitors and strain 
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energy in a structure for the solution of indeterminate 

structural problems. The method makes use of a small number 

of cheap and easily Obtainable parts. 

3,3l - i• fat nLatiQaL,.~theory 

he potential distribution along a sting of resistors 
connected in series when currents are introduced at several 

points is analogous to the bending moment, diagram due to loads 

applied at similar points on a straight been. - 

Consider a beam which is in equilibrium under the 

action of several transverse load; and reactions, w, ww, 

acting at distances z1, 	---__- x fro'. the left 

end of the beam. Then since the bean is In equilibrium ibrium 

E W W 0 	 .I►MMW.I+F~ 4 1) 

The second equation may be written as 

ML MR 
where W = vertical f&rce as reaction 

= Sending tiorent evaluated by consideration 

Of the loads and reacthns to the left of the section. 
T 

MR = Bending moment evaluated by consideration 

of loads and reactions to the right of a 
section 

At a section x 

ML = MR = wl (x. x1) + q2 (x-x2) -r - ---t wk (x-xk) 
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FIG-z7 ANgLO Gy BETWEEN VOLTAGE 

A, ND BENDING MOMENT. 

Applying Kirchhoff' s law; 
0 	 ~.... _....... (5) 

52 
where there are K loads applied ed to the left of the 

section x• 

Consider now a sizing of resistors into_ hich several 

currents ilt 3.2 -----igl are fed at a points there the total 

resistance from the left end to each node is rj, r2----rx, 

also shown in the figure (27) . 
ii 

x 	1 xxk 

,_. 

at each node, and taking currents entering the st ng of 
resistors as +Ve, the total current at each section is given 
by the sum of the currents ii, i 2---•- to the left of that 

section. 

At a point here the total resistance from the left end 

is r and there are currents fed Into the resistor    string to 

the left of the section under consideration, the voltage V 

may be obtained by the i drops in each section. 
r 

If the beam is loaded or supported at the left end, the 
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r '• 

distance ri  will be both zero, If In addition the left end 

i $ damped there will be a fixed moment which I s represented 

in the analog by the potential V0  theyoltage V is given by 

•* (r3 - r2) (ii + i2) 

(r4 r3) (ii +12 + i3) 

	

(r-x'k) (3.i  + 1k-i  - 1k) 	 __---- (6) 

This reduces to 

	

V = ii  (r-r1) + I. (,r-r.} + 	+ ik  ('r--rk) -(?) 

Also at a section VL = 1R  

It will be seen that equations (5) (7) and (8) are 
analogous to equations 1, (4) and (3) respectively. the 
behaviour of circuit is therefore 'analogous to that of beam, 
resistance being analogous to length and current to transverse 

load, it should be noted that correct scale factors are 

ma .ntained in the analog. 

3 	- This simple circuit Is therefore all thatis required 

to solve bending problems of statically determinate beams. But 

if the solution of statically indeterminate problems Is to be 

atte, pted, then an analogy to the elastic properties of the 

bean must be Introduced. The theorem of caatigliano states 

that in a structure where there is a .initial strain, the 
redundants have such a magnitude that the rate of change of 
strain energy with respect to each of the redundants id equal 
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tothe corresronding deflection of that redundant. If the 

corresponding deflection Is zero=  the theoron may be stated in 

another Lamil.ar form by saying that the total strain energy 

Is a minimu . 

Now the strain energy of bending of an element of 

beam is given by the expression 

	

4U 	 d 

	

U 	 s 

This is anai,ogo to the expression for the electrical 

energy stored. in a capacitance which is, 
. P. 

U = C V 
where M is represented by V, and ds ' is represented 

by 

It has been shown above that an analogy Of voltage to 

bending moment may be obtained by the ,l,e  , of resistors. By 

combining this with the analogy of stored energy in a capaitance 

to strain energy in a boan element, a circuit can be obtained In 

tick currents representing the redundants are adjusted until the 

stored energy is mini: um, thus solving the corresponding sta-
tically in eterdinate structural problem. It should be 

noted that the assumptions made in the derivation of this 

analogy are the same as those usually made in the solution of 

statically Indeterminate problems, naMely the ; ernoulli 

assumption for flexure, and that of the shear strain energy 

may be neglected. 
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G. Sy a ..l 

3.33 - The members of a rigid frame work are represented 

by resistance net works, the resistance value being selected 

to confirm to the stiffness ratios, and the carry over. fac-

tors of the structural members.if the currents representing 

the fixed end moients are fed in at the joints then the 

distribution of current in the net work will represent the 

distribution of moment in the actual frame work, 

The calculation of net work resistance is based 

on the c.)ncept of stiffness K and carry over factor C.. 

The following fouuulae apply quite generally including 

the cases of non-.uni.fori bei':s and/or semi rigid joints. 

(Either T or 1T or any equivalent 3 terminal net work 
can be used(Fig. 28). 

For a T not works  

RA 1/KA :Z 
I"CA r3 

1- C 
B 	CE 

whereas for a TT net works  

rA = l 	I 	; 'r- 1..,.. 

= 	1  
CA .A 	C3KB 
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Naturally all resistance- values may be multiplied 

by an arbitrary constant. 

For a beam of constant section and rigid cross 

section 

CA  = CB  = 1/2 	and KA  = 	= Kt hence 

R. RB = R 

rA =r$ =r= 2 i!j 

'3 c_Construction of analogue 

The analogue set up for a two bay building is show; 
in Fig., (29), the extension to any other structure is straight 

forward* 

Six of the seven c is of mutt -»c -ail meter are used 

to measure the sure of the currents corresponding to column end 

moments (See Ci  to ) . The polarity of those near At  E, and C 

is opposite to those near D, Bi  and F. if the columns are of 

the sane length, then all coils till have same number of turns; 

If they are different, either the number of turns of the coil 

is adjusted or shunt resistances are connected across the 

coils effected. The seventh coil is used to "bias" the meter 

if a sway load is acting In the structure. 

(For columns of different length the sway check 
equation is, 

V =  P + U 14ADL+ M13A ♦ M, A + 14-RD + MCPC ` 
ADS  

If the -multi coil meter shows a sway unbalance, this 
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can be corrected by feeding currents through approximate 

resistances Rsl to R56 from two sources S . and 3,. to the 

current feed points. The potentials of the two sources are 

adjusted by equal currents in opposite directions relative to 
ground potentials until the meter registers balance. 

Since in the actual structure the sway - corrections 

are not equally distributed if the second monents of area and/or 

the lengths of the cola-ms differ, the correction currents 

have to be distributed accordingly by modifying the sway supply 

resistors CAs), In inverse proportion to the appropriate I/ 

values*. 

G. rower and 3. 1Tn Der Neer. 195? 

The analogue system consists of resistor net works and 

feed back amplifiers. The bending mo .ents, shear force trans-

lations, and rotations resulting from a static load are repro- 

seated by potentials and currents,. The Influence of change in 

loads  flexural rigidity of members, or shape of the structure 

in the distribution of pending no-ients may readily be derived 

from the model experiments. This requires simply resulting of 

necessary potentiometers and measuring the new potential. 

distribution, 

3 ,36 The generalprinciple  of ana ocue. 

A continuous boa iiay be considered to an assembly 

of separate rigid bodies connected by elastic joints. A 

continuous load may also be split up in to concentrated loads. 

This principle is applied to the electric circuit model of a 

beam. 
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The deflected beam shown in Fig. (30 ) is divided 

into 9 equal sections of length 2L and two sections of length L . 

Stations spaced 1 apart are numbered consecutively O,1__-- 20. 

These numbers will serve as locational. indices to various 

quantities considered. 

A load V is acting upon the beau as well as reactive 

moments 14, and reactive forces V. The local flexural rigidity 

is denoted by the sy"ibai K. The position of deflected beam 

is determined by the vertical displacement V. of the mark n 

with respect to unloaded state. The slope of the deflected 

curve is denoted by mn. The sign convention is indicated in 

figure (31). ie slope of the beam and vertical. displacements 

are drawn to an exaggerated scale but both are assumed to 

be sm al.. 

The following relations hold InFig. (20a) 

Vo ~' Vn + V 0 0 (la) 

zo - Mo = Voni - " zo (2O)r)1 (2a) 

- ( 	/4 12) (Vn+2 - u + 	' -2) (?a) 

of 'which the first two descri'-1e the oquibriui condition and . 

last are deflections of boas In ter' s of difference equations$ 

in the latter the distance between two elastic joints Is 121 

except at the edges where the length of the rigid part is 1. 

In this case bending moments due to horizontal loads are 

neglected. The net work analogue is drawn in Fig. (30b)„ Two 

horizontal, rows of resistors are shown,which are inter-  

Connected by vertical resistors R. The horizontal rows are 
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sub divided into S resistors 2r and 2 resistors r at the 
edges, and are tapped between adjacent resistors. The top 

row potentials are indicated by M', the bottom row poten-

tials by V', the current drawn from the top row by V', the 

current flowing in the b 7ttom row,, from left tdri ght by mt. 

R is chosen to be large compared to r and automatically V' 
is always large compared to "i'. The potential distributi n 

M' is almost independent of rest of work and may be computed 

or if the vertical resistors were replaced by open circuit. 

Nore over the potentials v' am negligirle compared to M' 

and so the current flows in vertical resistors are set com-

plet:ly by the top row potentials, Taking these considerations 

into account and applying Kirchhoff' s laws to the electrical 

net work we get, with fairly good accuracy, 

V!0 + V t  n + v'0 	= 	0 	(lb) 

Mt  zo OR P4t c  = VIa  nay - V' 2r (20-n)r 	(2b) 

M t n = - (R7 /2r) (V' 	+ 2 ii + vt n1  ')) 	(3b) 

The relations hetwenn the mechanical quantities 

are of a nature similar to those between the electrical . 
quantities, rhe net work analogue will give equivalent 

results provided the model law is satisfied and boundary 

Rn/2r = K/ 412 	 (4) 

conditions correspond to those present in the beam. 

Alternating cur-ants are to be applied rather than 

direct currents, because it is amore convenient to 	a-c 
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3.37 Analog of a cantilever beam with built in su=orts 
rr~wrrrr 	 r.rrr.rr +.~.~. .r rr ~r..rr ■ i nr r m.■rrw•~r■~~■r 

In the figure (32a) a cantilever beam is shown 
which is loaded by a force V. and which Is clamped at the left t 
edge. The damping condition i s given by the angle and the 
vertical displacement at the supporting side. 

The analog is drawn in Fig. (32b) . A nu .ber of boun-
dary conditions have to be satisfied. 

First equilibrium is considered. A matching of the 
vertical forces is achieved in the analog by keeping the total 
of all currents drawn fro -q the top row zero.. This is done by 
drawing an appropriate current froi the supporting end of top 
row by means of feed back control,. Assuring that the steady 
state of flow of currents is established then the equilibrium 
of to tints Is achieved autor atie ally. This equilibrium state 
Is achieved in the following way: The proscribed potention 
Z42c,'~ i s co'npared with the value 	of the top row by neans 
of a difference device with large in put impudences` The out-
put signal of latter is fed to a large gain a plifior with both 
positive and negative out puts,. The positive Out put signal is 
fed back to the supporting edge of top row via a resistor R 
which is large compared to r. Now if 1iza Is larger than 
then a current Is flowing into the left edge of top row, which 
increases ~a! the potential difference between 1120 and 1120 
will be reduced to zero with an accuracy depending on the 
gain„ From the negative out put signal of the amplifier the 
reactive force Vo5 on the adjacenent element is derived. 
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in order to determine the position of beam two 

boundary conditions have to be satisfied* corresponding to 

the angle and vertical location of Gia-npod edge. the first 

one is introduced by a current of prescribed magnitude. 
entering bottom row at the supporting end. In the steady state 
the total of all currents entering the bottom row should be 
equal to zero, This is done bydrawing a current f roan the 
supported end by means of a second feed back control. 'hen the 
potential Vo is stabilised at the prescribed value Vo in a 
similar way as in the case of equilibrium Vg* and ho are 

compared in a difference device the out put of which is connec-
ted to a large -- gain plifier with both positive and nega-
tive out, put. The negative part in fed back to the un-suppor. 
ted end of the bottom row Via a resistor R. As in the equiii. 
brium case the difference between 1T and Vo is reduced to zero. 

`or . zontai forces and displacements may also be In 
corporated into the Analog by the following way. As the defog- 
:cations of a rod as a result of longitudinal stresses are 
usually negligible, the translations h in the horizontal di-
rections are the sane anywhere In the beam. This corresponds 
to a short circuit. The matching of horizontal force H is 
achieved automatically by the introduction of another short 
circuit, from which the currents H~ may be dram. 

The analog of Fig (32b) has two sets of six terminals 
of which the in puts are narked by triangles pointing inwards 
and out puts by triangles pointing outwards. The quantities 
belonging to the bear are indicated by the usual syrabols and 
those of adjacent elements are distinguished by a star. 
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The analog treated above is valid only if the left leg 

is clamped. When the right edge is clamped, the symetri c al 
counterpart is required. The transfer of forces and moments 
is always in the direction fro', the free end to the suppor-
ted side and the transfer of deflection in he opposite 
direction. 

W, Analog of a statically determinate rigid - o 

The joint has four branches. The lower branch is fixed 
in this case the forces and moments acting upon the un-
supported part of the structure are to be transferred to the 
fixed member and the deflection of latter in the opposite 
sway, The following relations have to be satisfied: 

Ha + Hl 	+ H3 	_ 	0 (5)  

V.0 ~Vl +V2 +y3 	= 	0 (6)  

-M0 Ml +M9 -M3 	0 

ho =hl =h2 =h (8)  

vo l= V2=v3 (9)  

= - m2 - - m3 (10)  

The electric circuit iodel (Fig..33) contains four sets 
of te.r°ninals which. ,iay be connected to the corresponding 
terminals 	eh.-A of the beams or column. The various terminals 
art distinguished by the usual symbols. 

The matching of horizontal forces is achieved simply 
by connecting all the terminals H. -Tho sae applies to 
vertical forces. The matching of moments asks for a summing 
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invertor in the case A.C. is empléyed. The horizontal displace-

ments are equalised by connecting all terminals h. The sane 
applies to vertical displacements. The transfer of angular 
rotation m©  is accompli shed by means of short circuits and a 
phase invertor shown in figure (32b). 

If, ,instead of the lower branch, another part of the 

joint is fixed some odif icati ins of signs are indispensable. 

3,39 Analog of a statically_ indeterminate joint. 

There are however situations iniwhieh the reactions 

between two adjacent parts ;f the system are coupled to the 
deflections, Such a coupling is present when for instance, an 
additional attach ent is made In a statically indeterminate 

atructur In order to solve this another elelent is to be 

introduced into 1e system of analogs, which will be called 

statically indeterminate joint. This element must satisfy the 

continuity of structure at the additional connection. 

The electric analog of the element (Fig.34) has two 

sets of terminals, denoted by the usual symbols of which the 
primed ones belong to the left set. These terminals fit into 

those of the adjacent r lements. The vertical displacement of 

the left element r' is compaved with v at the other side by 
means f a difference device with large in put i? pedances$  and 

the out put signal is fed to a large gain a-plifier with both 

positive and negative out put. Via a large resistor• R the 

negative out put is fed back to V1  and the positive out put 

to V-- Now suppose that v' is larger than v, then a force is 
exerted upon the adjacent ele-.aent on the left hand side and an 
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equally large force in the opposite directions upon the 
neighbouring right element which will can ti. the original 
difference between v' and v. - Independently horizontal conti-

nuity is obtained in the same way* 

In the matching of angles the currents m' and 
m are fed to a difference device. This out put is connected 
to a large gain amplifier with negative Sut put only, which is 
connected to It' and M straight Sway. Otherwise the principle 
is same.  

3.40 Analog of a curved beam 

The curved beam of Fig. (35) is c1romped at the 

left edge and a vertical force Vlp and a horizontal force H. p? 

are exerted at (L., Yp) . The total length L, of the girder 

is measured along its curvature, is crided into sections 2 1 

• and I or before. The sections are projected on the x and y 

axes. The d Elections of the an-supported end are governed by 

the relations. 
L 

Vcr " 2t~ W J NIK20 "" ) ds 	1 (x 90 x) 2 1 -( 

L 

h© -h20 = 	 a..9o) ds 	.~; ~9 14n (Y2p- 'x)21 
o K 	 . odd ." 

L 

m2a -'~a = ( ~1 ds 	tg Mn 21 	 C 7 
J K  o  

in which ds is the element of beam and M is bending moment 
due to the combined action of the vertical and horizontal, 
forces. 
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The analog of Fig, (35)b is built up from already 

known e'ements ; a beam I in horizontal position clamped at the 

left edge, and a separate built in column 	2. The sections 

of the both members am non uniform and the resistances are 

proportional to the projection of the sections land 2 1 of the 

actual beam on the x- and y - axes. The vertical force v 	is 

exerted, on the hear only, rpsult-i.ng in a B.14, Mt, Similarly 

a moment Nan  results fro'n the action of V 2p on the built in 
support. The deflection of the curved beam are caused by the 

combined effect of Mlm and Mzn. Now the dashod connections are 

introduced between both the cle'ents, containing resistors Fn 

corresponding to local flexural rigidity K,n of the curved beam.* 

BY repeating the inter-  connections at all sections the total 
1 . M.14n  = 'M + 142l  influences the deflection of both bottom 

rows and the relations (11)-- (13), are satisfied.. The top ro i 

only, contain .infer° iatien about the partial bonding rno-ient, 

being either 1 . or M2,; the bottom rows gives the complete 

deflections. 

If the shape of the curved beam has a maximum car. r.t. 

x or y axis, It should be cut then and both parts should be 

treated as separate curved beams, connected by a rigid joint. 

3.41 Generalisation of three digensiena.. case 

The additional problems a-riving in case of three 

dimensions have to ko with double bending and tension. 

Dluble bending may be seen as simultaneous, independent 
bending of the beam in the planes of principal, arcs of the 
cress sec: ti -n. Tni s phenanena, may be treated in exactly the 
s.::mo way as in section 3.37. 
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Torsion problems may be treated in the same fashion' 

on bending and an analogous net work applies to it. 

Ihen the complete electric circuit model of a straight 
beam exists# and is made up of four separate, similar net works, 
two of which represent the bending action, are the torrlan, and 
the last one the compression of the beam. 

As a match of fact the Joints will be somewhat more 
complicated than in the two dimensional case, but the same 
principles hold. 

Dr. T.W. Bray 1957 

Using the equivalence bet*reen the slope deflection 

equations of a bean, and the equations of an electric circuit, 
containing a group of three resistors, the electrical not works 
for beams, trusses and frames, have been devised. 

~- Consider a beam, the ends of which have been rotated 
undo'' load through angles 8A and Q 	and are maintained inequi•- 
librium by fixing moments 1 AB and BA 

Relation between the moments and rotation is 

'K 3 = M'AB 	2-- 	(2 GA+9B) 	 (1) 

14BA M9 B , -- 	(2 E + OA 	(2) 
L 	• 

In the circuit shown (Fig 36) the ends A and B are 
maintained at voltages 	and lrB and currents i' and i#BA 
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AR n FED into the circuit as shown. As a result current i 
and 'BA flow towards the nodes A and B. These two type 

of currents will be referred to as feed and net work currents 

respectively. It can be shown that, 

iAB = its 	t (2 VA_VB) 

i$A t'BA - 	(2 VB -VA 	 ..... (4)  hR 

To establish an analogy between the a1 astic and 
electrical systems# the quantities must be proportional to 

each others that is 

1A13 +P MAB 

iAB 
	

1' BA = - P'~ 	(5) 

VA =+q 9A 

where p and q are arbitrary constants. When the 
beam is continuous over a simple support, (Fig. 37). 

The conditions are expressed by the equation 

	

MBA + 1 BC 	- 0 

OBA = %C 

If the expressions given in the equation 5 are 
substituted into these equations the result is 

1BA 1tBC 	= 0 	) ... (7)  

	

"BA =V8 	) 
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In this analogy the feed current corresponds  

voltages to rotation and resistance to 'G/ggl ratio,. 

As it is seen from the Equation No.5, that +eve 

signs occur in all the quantities concerning A and -ire signs 

occur in case of B, It is necessary to attach alternate +re 

and - ve signs to the nodes of the net work. 

The angle slope of beam over supports can be found 
out by ieasurt ng Voltages at As  B and C 

B, 
q = R , 	y 

L 
Dividing these voltages by the scale factor q and by their 

respective node sins we obtain the corresponding angles Of 

rotation. 

3, 	- if one end of the bear Is built in so that no rotation 

is allowed , the co sponding point in the net work should be 
at zero potential. 

(b) 	In continuous beans:  cantilever part is statically 

determinate one,, It has no effective stiffness and hence no 

resistors are needed to represent it in the model. 

(a) 	If one of the support sinks by an amount o under 
loads  the feed current at the load point should include the 
amount of moment caused due to sinking ot supports.. 

3 ,,. Alternate way ot=dealing with settlement 

Here the feed currents are due to applied loads only, 

the allowance for settlement is made by raising the corresponding 
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potential points by an amount V = 36 q 

L 
Consider the beam shown in Fig. (38a) when the beam 

sinks by an amount 	the fixing moments are given by, 

14 AB M 14* AB  - 	( 2 AA + OB + 
L
I o) -_-_ 	(8 ) 

Froi the diagra n of electric circuit the corres-
p-nding currents are 

2BA _ i' 	.. 1/B (2 VAVB .. v) 	.,_- 	(10) 

iBA i' BA -» 1/B. ( 2 uB VA + v) 	-_-- (11 

'taus a complete analogy is obtained if in addition 
to the usual, conditions of terminal voltage v are made pro ► 
porti onal to the quantity 34  

11 

vq 3A 
L 

3.46 	.a1 load 
~.~ ~+M~Y~~.`~~ ri4 4~a1' 

The above Equations (8) and (9) are only applicable 
when the axial load on the member is negligible. When this is 
not so, the equations have the modified for 

CIA= 14' AB 	C2'~A +C , OB +(CZ +G2)°/'2 "( "3) L 
'1BA =I#BA- 	(C10A +Q +(C1 +C)A/2I-W(14) 

where c ' 	.(2 ocCos.2°K" i ) «..tan 

02_ ~;~sxi aC~~) 
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and 

P ka the axi e.11oad. 

the current equations are 

1AB = i 't  AB 	1./ (1/a + 1/b) VA  - 1/a 	1/'b u' # A (15) 

BA  = i'BA 	1,R 1/a + 1/b) y$  - 1/a VA  + 1/b'1)(16) 

where 	2/Cl  , b = , 2 . , and 15 = C+ C2 q 
2-Cl 	U 	L  

Since the axial loads are iot in1tia11y*knownf 
however a method of successive approximation must be applied, 

the procedure being as follows:  

a*  Ignore the axial load )  set the model to determine 

the moments in the usual way and from the values calculate the 

approximate axial loads. 

b* Modify net work resistances to allow for these loads 

and from the new current distribution redetermine moments and 

axial loads. Repeat this process until , the required accuracy 

is obtained. The results usually converge fairly rapidly. 

3.46 Member of non uniform section 

When considering the deformation of a beam, of non-

uniform section$  as in the Fig (40), 

It is necessary to introduce three parameters involving 

the geometry of the beam, these being 'defined as follows, 
L 

°< = 10 1 X  2 	dx  ; 	== X0 	. x 	d 
0t Q 
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L 

and r 	 (L 

where 	

X)2 	g 
L~  

where 14 I.s the second moment of area of the section 
of the beam at smote standard reference point$ such as at 

the centre of span. It can be shown that 

	

C2 Q + C].®B + ( C1+C2) . 	(1'?) 

11BA = 14' BA 

	

	I OA + C3 %% + (C1 	) 	.~ (18) 
L 

there C 	°c 	; c 	_~.... ; C "' 	P 1 c r 	2 ocr-• 2 3 

In he equivalent electric circuit the resistances of 

the group will be represented by aR, bR and cR where R= P/q 

L 

nna1ygis of the circuit yields thb equations 

(19) 

	

L1R( U + ) 1"B - 1/a VA + 	ate ) --.., (20) 

Then for the system to be analogous 

a -- ." 	: b = 	_ C 

u= C +C1 	q 	#V 	C3# 	1 ) q .. j—_ 

C2 - Cl  C3 _ C2  L 

347 Roma ,giiJ.ar frjrne _work 

In case of rectangular frame work construct the net 

ork, th resistors R being proportional to L/1 so that the 
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dis-►pos1tion of node points corresponds to the position of 

joints in structure. Supply currents to the net work propor– 

tional to thevalues of f.e.ms. and measure the currents in various 

links of the net works  and convert then to fix.` foments by 

using the proper scale factor. 

In order to include the effect of sway the circuit nest 

be iodified by providing a fourth resistor for each column and 

a shear circuit for each storey. This circuit has got two 

functions: 

1, To simulate the effect of sway in the storey, 

2. To provide means of measuring the amount of horizontal 

shear in the storey. 

ELECTRICAL C/ cwr FORA TWOBAY 
FRAME 

FIG— 41. 

r+#AR CIRCU/T 

The shear circuit (Fig 41) consists essdntialiy of a 

string of resistors r, s and t, supplied with current by a 

Batt 	B, through a potentiometer F. The junctions between 
I', s is earthed and miliianeters are inserted in the leads to 
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terminals a and b. Since r and s are equal resistances the 

voltage induced at ,.a> and tb )by the current flo'aing from the 
battery must be equal in magnitude and opposite in sign, 
the actual voltage depends on the setting of the potentio.. 

motor+ 
The voltage + v applied to the end resistors of 

any group is equivalent to a relative displacement 0 between. 

the ends of corresponding column, whereas 

v= q 30 
L 

the shear circuit applies the same voliage + V to all column 
groups of a given storey, it gives the effect of sway of 
amount A for the storey, r and s are kept low in comparison 

with the main work resistors * to miniini ze the effect of current 
flowing through r and s from the rain net work. 

The second junction of the shear circuit is made 
clear by the following relation,, 

Consider the circuit diagram of fig.. The current 
flowing to teriinal (.a,frori the resistor group 	is given by 

2/3 iAD  + 1/3 IDA  + 2/3 vet. 

There are similar expressions for the currents 
flowing from the groups D and C, and hence the total current 
fio I.ng to terminal a, is 

2/3 ('A + 'BB + ) + 1/3 (jDA + i + 1FC ' 2'V"t 

This is also the reading of meter x. 
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Similarly the current flowing from the main net wo 

to terminal bi is 

2/3 (1U + JBE +. p`C ) + I/3 EtT)A + tEB ," j)+ 2V/R 

This i s however a current flowing from Bi to C through 

the extra column resistors, as the -potential of C is 

below that of b, the magnitude of this current will be 

	

4v/3 	Al. Hence the resultant current flowing to 

terminal. b, 

2/3 (J.DA + 	+ i C) + 1/3 (1DA + .EB + . )- 2 V/R 

Th1 s is the reading of y 

The difference 8 is therefore 

= 313(1+ 	+ 1CF - 1/3 t .~ 	+ 1C 

== p/3 (lAD + MEB + M + 14DA + GIBE + 14FC ) 

	

Si• 	-- P/3 $L 	 ( 2 ) 

where P = moment current scale factor 

S = Horizontal shear In the storey 

L = Length of columns 

3.49 Wind .oa 

The effect of the wind load on a frame i $ to induce 

horizontal shear in the various storeys of the frame# and these 

shears may be simulated in the analogue by means of shear 

circuit, Find the values of 	SL for each storey and adjust 

the potentiometer till the shear meter shows the required 

Value. 
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3 0 Settieent of foundation 

This is slirdlar to that of sway. Whereas in sway 
there is horizontal moment, which is same for all columns in 
same storey. With the settlement the moment is vertical and is 
same for all the boa"is in a given bay. 

Hence it is obvious that shear circuit can also be 
used here, connections being 'ade to groups of resistors re-
presenting bea-is instead •f columns. Let any portion of the 
frame sinks by an amount - with the scale factor q, 2 BR 
find out the amount of voltage required to produce at the 
terminals a and b of both the shear circuits, which are on 

eit:ier side of settled portion, by using the following 
equation, 

L 

The setting of potentiometers is varied until 
this condition is reached. 

3.51 Semi. -rigid connections 

When a riveted joint is loaded it suffers an 
appreciable amount of deformation so that the members meeting 
at the joint rotate. relatively each other.. If the curvature 
of the characteristic curves obtained by plotting values of 
angle of rotation on a base of applied moment, is ignored and 
the curves replaced by suitable straight lines,, the rigidity 
of any given joint, defined by the ratio no-~teent Qn can be 
taken as a constant for the joint, hei.ng represented hereby 
the symbol r. It will be seen that r is zero for a hinge and 
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Semi rigid joints are represented in the computer by 

	

inserting additional resistors between the 	resistors groups 
and adjacent node- pointsinstead of making the connections 
directly.. 

The a Count of resi stance 	=  
q 

2 IR _ in ohm. 
„r 

If desirable the resistances can be made variable 
so that the true curved characteri ;tic of the connections 
can be followed, instead the linear approximation used here. 
The potentiometer must be set to a resistance corresponding 
to the value of M4 at the point of operation 

..e.,. r+ 	= P/q G14  

5~? .antic hin es 

in the conventional method of design s a structure 
Is taken to have failed when en the stress at any point exceeds 
the yield stress. The modem method of design recognises thr, 
fact that in practice failure occurs only wen a sufficient 
nu :ber of plastic hinges are fors ied to render the structure 

unstable. 

In determining the collapse load of a structure 
it is necessary to establish the position of plastic hinges 
and td a lode of co" lapse. This is easily done with electric 
analyser. 

Consider a tu-) bay fixed base portal u1th full 
plastic ioelent of 14, 	(fig.42)0 
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In operating the analyser provision must be made 

to ensure that the corresponding net work currents do not 
exceed the limiting value Z., where Zm, a represents ICI 
to scale. Plastic hinges may occur at any of the nodes and 

under the concentiated load also. If a current of amount 

w Is applied to earth lead of the resistor group BD as shown 
in fig (43), the resultant current in this lead will represent 
to scale twice the amount at point C. 

Hence the current must be limited to 2Zma* The 
sa:ie remarks apply to the resistor group DG. 

To simulate the effect of increasing load the 
feed and the shear currents are gradually increased until 
one of the net work currents reaches the limit ng values of 

m„a. Say the first curronty to reach the value i s im. To 
si'nulate the plastic hinge formed at the point the connection 
between group 81) and node l) is broken and currents and + Z and -~ 
ma are fed in to the circ=uit on either side of break. The 
feed and shear currents -nay now re increased until the next 
current reaches its 1I°citing value. This applies no less 
to the current in the earth lead of group MMt which reaches 
its 'aximum value of 2zm. a when the load Is P 	. Final 
stage is that cm.ere~ Is found i-ipossible to produce any 
further Increase in shear current, which is coipletely in-

dependent of shear voltage at this stage. By this we can 
find out mode of collapse and collapse load factor. 

-oM 
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photo.3. Feeding and Measuring Circ-,iit 

• 

Photo,4. Shear and Main circuit power units 



CHAPTER 4. 

Setting UD of a 24om.ent 

4.01 -- The construction of rnuiti-storeyed frames is of a 
greater I  importance in places where there is a shortage of land. 

the development In steel and concrete technology have raado the 

construction of framed strtxctnres easier and advantageous. 

In modern times the construction of all multi-storeyed 

buildings is done In steel or reinforced concrete. These 

materials per ►it of skeleton frames which can be designed and 

constructed to suit particular requirements because of their 

high strength in compression for concrete and in tension or 

compression for steel. 

The design of these skeletons can be accomplished 

either by analytical methods or by experimental methods. The 

former one needs a lot of labourand much of time. But among the 

experimental methods -slectrical Analyser provides an easy 
solution with in a short ti-ie and gives the results within 

the limits of accuracy in practice. 

4.02-  Practical fors of the Analyser: 

The experimental Analyser consists essent.ially of a 

(40") x ( P,4") base board on which is mounted an array of 

sockets and switches. The Analyser is five units wide and ten 

units deep. 
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Base board is 1/8 in bakelite sheet, on which not of 

eight pin sockets are mounted. 

Fig, 47 shows the construction details of Resistor 

group plug, Node plug A, Node plug B, and that of Selector 

switch. At the start each node socket is fitted with a node 

plug ,f type A* When measuring current at any node, the node 

plug B is substituted for A and meter connected in tarn to each 

leg of the circuit, by means of a selector switch, 

A separate board of 1," thick bakelite sheet of 

size (28") x (1941 ) carries the feeding circuit connections 

having potentiometers and fuses fitted to it And carries 

switches for measuring current in each log of the circuit. 

These boards arc fitted in a wooden frame as shown in 

the photograph no.1. The bottom has got a box type arrangement, 

which is fitted with necessary transtor"ers and rectifloru for 

feeding the main ar.  . shear circuit,. 

4.d3- pecimen _frl-ne: 

The specimen frame to r which this analyser has been 

constructed consists of three bays and seven storeys as shown 

in fig. 44 The numbers written in the middle of the beam or 

column indicate the stiffness factors, and the no.# s in circles 

refer to the no, of tie corresponding joint„ 

Length of each boa m 12'. 

,ach storey height 18'. 

The frame is to be tested for the following loading 
eDnditions: 
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iS Vertical loads. 

It consists of uniformly distributed load of 1-ton per 

foot run on six beams as shown in fig* 44. 

21. Horizontal loads. 

This consists of horizontal loads of 3 tons at every 

floor level. 

In case of Vertical loads there are two cases. One is to 

find out marents without spray considerations, and the second 

case is to find the mo-nents with sway effect, 

O4-Construction of Analyser: 

Resistances corresponding to r embers.. 

Resistance R is proportional to LA ratio or i/K, here 

K is the stiffness factor, 

i.e. R = i/K 
or R = A l/K 

Where A is an. arbitrary constant* 

The following table shows resistances corresponding to 

the parts then the A value is taken as 10000.  
R N7►Mfi~rli~fPYlMMll ~lifi r►, iii +w 

 

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

Table 
- 

Part t Stiffness factor t Resistance 
— 	 -- or 	 —.w ar a------wr+r iyr—rr ,...•rr. ...r M~qr.... r.~.e,.. 

All beams r 10 1000 Ohms 
(Columns,) t r 

1-5, 4.8 1 ° 10000 ohms 
2.6, 5. 	, 8.12, 3-7 2 ' 5000 ohms 
9.15,E 12-16, 13-17, 6-.10, 5 2000 Ohms 16.20, l7-~1, ?0_941 2_11 ' 
10-14, 11-15, 14.1$1 ' 
1519, 18--22, 12-23, r 10 ' 1000 (ohms 
21-25, 24-28, 25-29,  
28-32 r r 
22..269 23-27, 26-309 ' r 
27-31  20 ' 500 	Cams 

rrr~w ~wr~rs ra~rr~►..,r rr —.w +~r r.r••....r.r r,~fi rr+w.+~. a..r~r 	 r+.r.~...~.w air .ra w-~ 

(00°~52. 
.w r...rr--------r- 

MARY tiNiiepSTTY OF k0 
MME 
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Fig. 45 shows the details of the circuit diagram and 

fig, 46 gives out the some of the construction details of the 

base board. 

The beams and columns are represented by ti group resi. s-

ters. The column group is provided with a fourth resister and 
an auxiliary circuit for each storey, called the shear circuit 

to include the effect of sway and to provide a means of measuring 

the amount of horizontal shear in the storey. The leads a, b 

and c of each column group of a storey are connected to the 

terminals a )  b and c of corresponding shear circuit. Connections 

of a and b are made alternately to upper and lower resistors 

of adjacent groups. The extra resistance supplied to each 

column group has the same resistance as the original three 

members of the group and is inserted between the cola-qn resis-

tors and the terminal c of the shear circuit, Again the connec-

tions are made alternately to the upper and lower resistor 
of adjacent groups. At the fixed ends of the frame there will be 
no rotation, so they are earthed In the circuit diagram. 

All earth points of the main circuit are inter-connected, 

and finally they are connected to the negative lead of the 

feed current power unit. 

The earthed points of each shear circuit are connected 

to the negative lead of the shear circuit powers. 

Shear circuit potentiometers are of 500 K.ohms capacity. 

4.8 Feeding Circuit: 

Fig. 45 shows general feeding circuit connections. This 
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Fig• 45 shows the details of the circuit diagram and 

fig. 46 gives out the some of the construction details of the 

base board* 

The beams and columns are represented by n group resis-

ters. The column group is provided with a fourth resister and 
an auxiliary circuit for each storey, called the shear circuit 

to include the effect of sway and to provide a means of measuring 

the a- ount of horizontal shear in the storey. The leads a, b 

and c of each column group of a storey are connected to the 

terminals a, b and c of corresponding shear circuit. Connections 

of 'a and b are made alternately to upper and lower resistors 

of adjacent groups. the extra resi stnnce supplied to each 

colu u groupohas the same resistance as the original three 

members of the group and is inserted between the column resis-

tors and the terminal c of the she. r circuit. Again the connec-

tions are made alternately to the upper and lower resistor 
of adjacent groups. At the fixed ends of the frorne there will be 
no rotation. So they are earthed in the circuit diagram. 

All earth points of the main circuit are inter-connected, 

and finally they are connected to the negative lead of the 

feed current power unit. 

The earthed points of each shear circuit are connected 
to the negative lead of the shear circuit powers. 

Shear circuit potentio .eters are of 500 K.ohms capacity. 

4.68-- Feeding Circuit: 

Fig. 45 shows general feeding circuit connections. This 
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consists of variable resistances rx and r2  of the capacity 

of 100 k.ohms each. They can be varried to feed the required 

amount current at the points x and y of a beam* 

4.06- Power: 

Two power units of 100 volts and 50 m. amp. capacity 

are used for positive and negative feed currents. one power 

unit of 10 volts and 1 amp, capacity for each shear circuit, 

for feeding the shear circuit are needed*  

The mains are of a. c, supply of 224 volts„ 

For measuring the current and voltage two 	meters 

are used.. These are very precise ones and the current can be 

measured up to 0.01 gin. amp. 

All the power units are provided with transformers and 

rectifiers to bring the current to required voltage and to 

change it from a.a to d.c. 

4,07- Non SwayMoments: 

Fixed end ^ao-rents. 

Consider any one of the loaded beam AD with uniformly 

distributed load of 1 tonper foot run, and of length 231 , 

M,,3 = 14L2/ 12 

= — 27 ft, tonso 

MBA  = + 27 ft. tons. 

All the six of the loaded beams carry same amount of 

uniforrily distributed load. Sc the fixed end moments at the ends 
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of the all the loaded beams will be 27 ft. tons with the 

negative sign at the left side and positive sign at the right. 

Chosing a scale factor P to be l m,alp. to loft, tons, 

the amount of feed current is 2.7 as amp. 

It Will be seen from the equations given on page. (67) 
that the positive signs occur in all the quantities concerning 

A, and negative signs occur in-all the quantities c .~ncerning B. 

Where A and B are the ends of a beam. This makes it necessary 

to attach alternate positive and negative signs to the xr des 

of the not work as shown in the fig.44. 

Signs;- 
Positive, 

Clockwise m.omGnt s, 

Anti clockwise rotations, 

Current directed towards node, 

Voltage above earth potential. 

Sign of current = (Sign of f. e. n.) X (Sign of node) 

Sign of fixing = (Sign of net work current)X(Sign 
moment,. 	 of node) 

Sign of rotation -= (Sign of voltage) X (Sign of node) 

From the eonsideration of node signs it is seen that 

the feed current i s positive at both the ends of a beam. 

Initially the node mugs if type A are fitted at every 

node and the potentiometer In the each shear circa' t is set 

at 'aximzm resistance, so that the current flowing from the 

power unit through the circuit is negligible aid terminals a 

and b are at earth potential. '.7hen the food current operates 
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5-9 	s 	- 	" -0.51 	.+5.0 	' 	+5.17 
+ " 	t 	t 	 " 
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------ -------------..----..s---------- ---- --  

Ni ode Sign 3u':~s- Feed 	Net work Fixing 	Calculated 
cript current current moment in fixing 

in m 	in m 	ft ton 	moment 
amp 	$np 

---------------w-_.-----------sa-ran a..r......r ---------------rrr-. 

11-7 	-0,.46 	' -4.60 	-4.73 
+• ~. ~ r- ~ w w«r .r.r +ra. w: -- •~ w ~...~ -- ----------------- - -------------_ 

11 + 11-12 	-0.90 -9.00 -9.18 
11-155' 2.'7 	Y +2.02  

-----_f-----------_r--Sys----w---ilk.------- i----YY-..r----a -w- 	-#Y!f! 

12-8 	-0,09 	' +0.90 	+0.98 
----------------------------- - - 	 a_n_a 

12 	-. 	12-16 	+0.10 	-1.00 	-1.17 

12- 11 	 `0.01 	+0.10 	 +0.19 

--s --------------------------- ----------------------------- s_a .fl 

13-9 	+01035 -0.35 -0.50 _--_--------_---_-w ---__.._--_.  
13 	- 	13-14 	+-O.Q(7T  

13-17 	-0.028 	°+0. 3 	+0,0 33 
_._-._ ... ,_-, --w.*..-.!___- -- .---..-_-_--_-_---_----_----_- 	- 

14-10 ft 0.35 +2.50 +2.64 
Bill M__________ #-;: +i eras  

14 	+ i 	-as__aU---- ----------- ---------- - -------------------r-A11~~l~l~Y --- 

14-18 -002,32 -2.32 -2.48 

a-is--------- ------tea----- -- -.--ww--w-----------#-w-w----_ 

-1 -0.232 -2.32 -2.48 

-w--li------Syr------ - ------- -fW-----------------------------Y--!FaeS-l1 

155-11 	 -0.47 	44.70 	'+4.94  

15 	
- 	---------------a----w------ .._._.........,.,w._-----_-.,.......l.l.l. --- 

15-19 	•--0„96 	-9.60 	. +10.19 
-n.. 	 a--------------------- 

15-14 	-0.88 	+8.80 	!'9.433 
--------f- Sae -►-#----------------------w-----------------------eflfl 

16-12 	-0,68 	-6.80 	-7.11 
-----~----+r-------- -- ---- ---Iw--------------law------ 

16 + 16-20 	-0.79 -7.90 -8,11 
-- -'SOU/----------w-- - -----` --

+14

-----------------------ir4~_ 

16-155" 	2,7 	410, GGG 	,*70 	+15.2$ '+1.47 
-------lr-ww-~e 5w 	 --------------------------- 
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--.e---_rrr-r sac -+.rw-n.w r,r. }wr -----w 	 -.rw...r rr_w _.sr s.r• 

Node Sign Subs- Fend 	Ilet work Fixing Calculated 
cript current current moment fixing 

in m 	in n 	in ft 	moment 
amp 	amp 	ton 

writ-.---rs---------------------------  _-_---r-------- - -.Y w'r+ww wwr rw 

17-L'3 .- 	-0.060 	-0.69 
----w--S--_-------w_ --------------------- ------------------rw_e_- 

17 	+ 17-18 	-0.13 . -1.30  
-----w ----------- r----r ----r ----------r --------a' 

17-21 	+0,190 +1*90 +2.08 

__---_--- --w- --_r--------------_-_--------__-_ ----_-  

1$-14 	-0.011 +0.11 +0.144, 
-----as-- --------- -_-- --------------S ------- e - -- a5  
18-39 	-0.0799 +0.79 +0.87 

i
X 	 '•M+w a.rrs_~Ir ---~F---------------------_ _------------  
hJ 	

18-22 	+0.1660 	-1.60 	-1.71 
-----M. ---- -r------.--------r-r.------------+rye--------- 
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crrYr • -CM-----w--r-------- ---------- -lya-W---S------------------- 
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~~rl~+Yl~irw+w r►11i1---------w----w-----+~ ----fir+--------ww-w-----_iMl 

19-?p 	~4 46t? 	-0'160 	-C. F? 
19 	+ 	- rrrwMi.f.t rr NwrY-----.rrM--hwa - 	 ------------------ - - 
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ww raw: ws-- j ------_---5----------------5_ --e ---r..,.w+..r--- 	- 
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'-r_-- -------------------------------------- --------------5lei- - ""'-__ 

20-16 	 2,90 	-3016 
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20  
wsw wwrrru~►rr.. irr----w----,----------------- -----w -------- r 

20,19 	-0.136 +3..35 +i.45 
-r----e------------------5__ ------ ------•----------.r_ww~~s SFw11l c 

21-17 	-0.5? 	+5.70 	+5.88 
~+•i------------_-------------r+s....~. ~.w----.~... ---se rer .~.- w.sr+.rw++ 
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'~YS w1~w~wr~liw rliw-caw---- --;...r-----------..-------------err-.---- 
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r_ _rr_NR_------_-------- _------__-- --------------_flr _S1 
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Node Sign 3u'is-- Feed Net work Fixing Cn].c'llated 
crirt curr t current mo ent fixing 

in m In am 	in ft moment 
a ip 	amp  

-w-~i-wrM------------------_------------- - - -•a--------- ---------- 

23-19 +0.15 -1.60 -1.70 
~rQ Owe ir.~w~►r r-~-------- _wr-----  

23-34 	-0.05 	+0.50 -------------------- 
-r•. 

+0.56 
23 	- 	 - ----------------- __________----- - ____ ____--_--__-__-_ 

2-27 -0.45 +4.60 +4.59 
-------r-- 	 w---• w.~wr---- ----w~ ---w--- 

 ---------
- 

-3.90 
ra. w.r ra.~r~r--.►+~.u..a.------- ----------~..rr~..~. r.~...----~.r...r.. -----..--- ------- 
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24-23 	+0.16 +1.60 +1,69 
w___---- --_- -------------------- -_--r_-_-_--__---_-__---_----_-w---- 

25-21 	+0.39 	+3,90 
------------------------------- w ----------------wr._--- 

	

25 + 25-26 	-0,1? -1.74 -1.84 
a+►.~+.~. «wwwr- w. r.+--wry---.--.-.►------w.wc--- ---- -..----+ti.-...,n ,..n,y -......-- 

	

25-29 	-2.20 -0,22 -2.30 
.....~.__..~...---__w_-_ _ --- ..___----_---- _ _----- - - - 	-----w-_-_------ 
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ter---- --_w---------r.r--- --------w-r------r---------fl sw 
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-----Ssr-r.--- -- 	- ------------------------r- ---s_r_w 
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2 	+ 
	--------------- 
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----------------------------------  
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s _ -.w+r----------------------------------------------- 
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Node Sign Sibs- Feed 	Net work Fixing Calculated fixing 
cript current current mo-ient nonent 

in m 	in am 	in ft 
anp 	anp 	a-ip 

+fir- ..r..r+rrrw—srs—rrrsrrsssrs—sssaw.wwssr--srrss«s---rs--s—arrr-r—rrwsrs 

28-24 	-0.91 -9.10 -9.28  
w••rs~. as ----w—rs------------a_Sss---arcs--s-----sass 

23 	-- 	29-31 	+1.00 	-10.00  

28-27 2,7 	-1.91 +19.10 	x'19.45 
irr .~~........r----sra—w—w--srrrr—ssr—sr—s--rr----r--rsw----r--ss—w:--srs 

29 - 29-25 	+0.105 -1.05 --1.15 
'fir- -------- 	 S-----------+fir rSfl-r 

30 + 30-26 	+0.08 +0,80 +0.92 

wr. ...w..~~s..ar+r—....w+-----------------------a eeeeeeeeeeeeeeeeeeeeeeee 

31 -. 31,37 	-0.51 +5,10 +5.35 
MR~wwsr.r---rwr—r--afles.•w—sar -------- ----aarar--www--,..--r-- rwwassar 

32 + 32-28 	-0.48 -4.80 -5.11 
as r* ------------s esrw ar—Sra ate.----w+rs------srr—r----s---------- 

The analytical method of solving for non sway 
moient ; and final calculation are given in Appendix 

The percentage error in the readings obtained 

over the Analyser is about 51 In case of mad um io~ients,, and 
as the mo'ents became small the error introduced is nor. e. 



the case corresponds to that of without sway. Now the 
current in every branch at the node points multiplied by the 

scale factor P and by node 'sign gives the B.4, in the corres- 

ponding branch. 

For measuring current remove the node plug A from the 
required node and pt the plug B# which is being connected to 
4 pole 4 way selector switch, e'lange over switch and finally 

to AVO meter, 

By operating the 	_: switch we can measure the 
above two 

current in one branch at a time by keeping the connec ns to 

other three branches - on, 

Table No.2 

i 	 i~!iill Ri_OIIY iiM--_+F►! wig---iWr+0—SIR—rrr+Y+a —arWi.w+'IRiif _i-------.w---i—_rr—'i 

ISI 	'Subs-'Feed 'Net work ' Fixing ',Calculated 
'cript'current 'current moment 'fixing mo-nent ' i 	'in m Tin m amp 'in ft ton ' I 	t amp ' 

Ira r~rr J.,_r+e.. if,Lar•ssr ..~w+wr Nrrwwwrrrr IMr.wwrrsrw.r See ar Li... 	_.._s 5 .a. ar*i.-.as-Se a.cr+ar wa.  

'i2 	' 	- 'i' -0033 '0.33  --   ' -0.39  '• 
-- -- -r_,i,w_---.---+..__-+_«_wr+w..c_1._.,,___--- _++__-.w_Mr Yr_,r_______--  

+ 	'1-6 	' 	» 1+0,033 '+0.33- ' +0.39 
I  I- } t : 1 

'■ 2..3 	's' 	267 '+1465 '-l610 'a -16.77 *t 
IL__~_a Las r.. e5.~wr•.~rrr.~.r..~..r a S w 	-... 	rart_r.,_aSs_a-r.r'+~....a~.rww..__~r s+-wf.-_rrra►~rr• 

- 	1 26 	-► '-0a21 '+241O ' 	+ 2,13 

'i 3-4 	•• -► 	'-3.0-4,3 '♦ -»314.0 ' -14x51 f 
• -a s___1S_r~w..rrr.__ur_j.---- r_.wswi.erl_~r___--,: mow.•+!_r---_—_.s__.._ir+w.+.r r r_ r+wa• 

+ 	'3-.'? 	' - 	'0.30 ' - 3.0 ' a 3, 
1  f t t I I 

3-2 # 207 	+L7o i 1+174 +17.91 '  

' }4.8 - 	-0,06 *' 1+0,60 t +00.71 
•r 	.f~rt,..._r 	i_,i .~..~._w_i___.~_r_.w ~. _—r—___---- j-------------ti 

* 

--rr..Sr_--.me-_ac 	a 

'4-3 	t -► 	'+0.06 '-0.60 ' -0061  
1111_-.r 
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4,08- 5! aZ moments: 

Shear circuit which Is described an page (72) stirs,_ 
lates the effect of sway in the storey. This c nsists of a-string 
of resistors r, s and is which are of 10g 10 and 13.3 ohms 
respectively. These resistors are kept low compared to the main 

circuit resistors in order to minimize the effect of current' 
flowing through r and s from the main net work,. 

When the feed current operates the readings of X and 
in each of the shear circuit are taken. They will be found to 

differ by a certain amount, and the difference is in fact 
proportional to the horizontal shear in the corresponding storey, 
The effect of sway is then introduced by varying the setting of 
the potentiometer P until the meter readings in each circuit are 

equal* As the shear circuit does not operate independently it is 

necessary to adjust the potentiometers In turn two or three 

times before all differences in readings are finally eliminated. 
When the condit1on is reached$ the horizontal shear in effect. 
has been reduced to zero, Now the distribution of the current at 

every node multiplied the n'de sign and scale factor P gives 
the B,1 inclusive of spray effect., 

Table - 3 

wrnr. *~ws rrwya r.rrrraw.wr#Mwtsww~rr a.~w------err----mass r~.ssw. w.wan,~rM+~.r+..rtr rwrrarrrr rw 

Node 3igrt Subs-► ;deed 	'et work Fixi.ng Calculated 
cript current current moment fixing 

in aip. in amp. 	in ft moment 
ton 

r.......r.~.,..w..w... ~. .....—___r---w_rrr_____ w--r----------------------------fl —. 

1.-2 	-0.035 	--0.35 	--0.40 
fin eaSe.. 	---------- ceaSe..Sees— 	 fl CC S 

1-.6 	+0,035 +0.35 +0.40 
--- ---- --- — -- -- -- -- ---- -------- -------- -- ------ --- --------Y— nsa— Ya. 
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r~srrrar.wws ri~.syr--r,r.---- ----a-war-r---------------..ice...-ar-----w--- 

PJod® Sign Subs- Feed 	'filet uork Fixing Calculated 
cript current current monent fixing 

m amp. m amp. 	inft ag moment 
ton 

+f_ perw-~ri_ r.~ r.. ~y .~yr raw ryr ri.a Y Ewa riw 4----------- 

2-3 2.7 +1.6© -16.00 -16,80 
ii.ss rr.~f s~rrs r.l~i ~b ww~...rr.~~r+Kr.~ws wr.r.~ar.r.r. .~s.~r--w--rr--rte.rr.~flr 

2  

2.1 	-1..4 	+14.00 +14.50 
i►------__ ----------------------------------------------------a Se, 

3-4 	-1,405 -14.05 -14.45 
3 	+  

3-2 2,7 	+1,74 	17.10 +18.00 
-~.w---rte.-----w.--rr---------- 

4-8 -0.062 +0162 

--+..~ ---!---------wraw......a.-------,+.----_----- 

+0s7I 
4 	- 	---------------- --r----- ------ ----- ------r----- -.-----w 

4.3 -0.062 -0.62 -0#71 
--rr-r----asa--r------------- _----------------- -- 

5-1 -0.21 *2.10 +2130 
r+yawwr- -------- - .w +w-- ,rF---------- --.. rrrr rr.r.._....~a 

5-6 	207 +0.73 x-7.30 -7.70 
 - 	- 	wr ~w as+w-------------- ------ -r 

a_______________-r ,;- 	5-9 	- -0.51 
---------- 

+5.10 +5,29 

6-2 -0.15 -1.50 -1.60 
---.* ----------a ---------------_------------ ----w--- 

6.7 	-1.48 -14.80 -15.42 6 	+ ______ .--------------------------slip----_--- ----------  

6-10, 	-0,55 -5.50 -5.78 
.~-w----war---------_-.. -------- +...+.--------- mow----wow--- 

6-5 -•e7 	+2, ]$ 	+21,80 +23,00 
rr+wr--a..r+s -a.r---_---rr-------------------------------a«re ar-+r--.r  

7-3 
 

+0.070 .0.70 -0.19 
7 	- 	7'--3 -00,38 +3a80 

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

.04 
7.4  

7-6 +0:~jo +g4 -3.54 
"err----------------- raw. --- - ws _ar~r--------------------------- -- 
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srs_a_r-s a__way__.~.------..------.---_-----------------_ ----n.r__asw+-a-.+~- 

Plode Sign Subs-. Feed 	Net rork Fixing Calculated 
cript current current moment fixing 

m avp. m anp. 	in ft moment 
ton 

..-------._-»_-------------------------------------------------------- 
8-4 ' 	+0.011 	.+00U +0.13 

M-rr~ar~~rw.•-~r.~.+rnr ~r-_.w r_.r ~.r_------raw.. ~... -----sr__~... ~rr_wf.w_a_:~. 

+ 
-----w---- 

8..7 	-0.626 -0.9-6 -0.26 
---r.- r -. ---s ---.. ~.-------_---rw--_----- __-- .------------a-- -_r a.rw~ 

9.5 	+0.17 +1.70 +1.90 S -------------------------------------- ____-----__-_-_-_ 
9 	+ 	9-10 	+0.040 . +0,40 +0,43 

•r+~s-------------- -------------~.r------r__--_---w_-- 

9.15 	- .11~ 	-2011 -2.28 
_w.rw  -------------- -rr...wwr+.-.__r.-------_-----_-_--.----___ ---------- .- 

10-11 2.? 	+2100 -20.00 21.30 
10 ------------------serr.--_---_----__-----------_-_-----'- 

10-14 	-1.00 	+10.00 +10.30 
Mf--Y._----M--MF------- -lIF-_.-_---_- r--------YU r-- --_- 	

a--- 10.9 	-0.900 	+ 100 +9,14 
--a----may---.asps_--_-Aim-+r__ -------- ---r-_-- ---------- ----------_-i_--- 

11-? -..0.420 -4.30 --4.41 -__-- - __________.. _a 	.. 
-9006 -9.38 

11 	+ 	..___-- . -----_____________ 
"TI-i5 	-0.650 

__----____ 
-6.50 

---_-___-----_--_- 
-6177 

as.Nrr.r_n.rwr  -------------------------------------- 

11-10 	2.7 	+1.975 19.76 
-- w_-wr~rw 

+20.55 
flt----iii!--mow'°`--wwrarww ~rar-r~.-r__r!_.rr it----ram-r-__w'-___r----_- 

• -0. a -1.00 +l11 
- _rwr.rs--__--.-_------_-----------------_------_--_--- 

1fi 	 1a16 	 'r0.]9 	-1.09 	. 1.19 

12-11 	-0.019 -0110 - 0,16 
---w---__ate-_---a----- -- _--- - --- ------ ---- ------_---_--_--__--_-_-_ 

13-9 	+0.043 -0.43 -0.46 
--- ---------+r- .-.w+ ----~, w.. -----w... ----..«.~+r. --- - •--r--__r 

	

13 - 13-14 	-0.007 +0,07 +0008 
~N~w_w~+ti_~91r-_ r_ -----_-w r-ra _r Iwo-_--w a~ _~wr----__--Iiw+11+A+_a-~1M 

	

13-17 	-0.036 +0.36 
T 
+0.38 

_a------------ w+r.-wrw-~wnw_-.-------------Ca 	5--------n wa- - wa _ww~ 
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■M iifl rr+!•rr 	 ye...wow..it.qsr-_-ar__-+rrM.w 	..r. s,.rr r... ...r a..r 5 ra 

Node Sign Subs. Feed 	Net work Fixing Calculated 
cript current current moient fixing 

in anp. in amp, 	in ft may 'ent. 
ton 

fir!•_,IA4a fl a +•• ri a-- 	 wrrw- al~Mrr~w.5. ..a 	 e fitRwr -- 

14-10 	+0,250 +2,50 	-2.68 
err' Milfrytas.wa~.~wr!r ̀ q r 	w rr►rar ..ai -- -- arm rr.o wrr araRa +fir awr. r a .fir 11~" 

14 	+ 	14.15 	+0,210 +2.10 	+2.22 
'~ 	lr!lM~f F/a4~l~aa~~6~MiI1~f ~aM 	a♦~r~f 4we!'#1r1A•w~ra~Yr•4'ri r 	 5 yaar•--wPir}A 1~'~ 

14-IS 	.0, 230 -2.30 	-2.45 
~w arm~R 	aAi~~i#Ir'NfPi soli# 	 _a5--arr_s Si!'~'aM+~++ri"""w yh4a.~!aAr a~a~~Yr ~{rr~-wM---_~!w# 

14-13 	-0.230 -'2.30 	-2.47 
rr~aar~ra.rw+a. a.. rs.waf ..... 	 -- -- r----,+.r-r-------- - - - - 	., - - 	5 r..flrsn+~ n. rw. 

15-11 	-0„480 44080 	.99 
:eiw-~r+w--sr--------aarl~.rr4r ra~~rr ram«•--vr----wrr.~ ----.•-,..- ---~rrwrr~rr..~. 

-16 	2`? 	+-„350 -23.5 	-24,53 
15 	a 	'FA 	Yl 	Sfl fi.r+rWY+t--tiaYa.aiaw -aYar!lIM l~-----rvRr~+1~aW1lArf~f alYM 4rlw- 	r4. 

15-19 	 -0© 	•10 49967 	+10,1? 
ref}!ri4 	 n -----Y+...--------raf -w~{ia  

16-14 	-0.905 +9,05 	+9.45 
#d>I~191Yiwwi+lrwM!`srry~a►Aaii Ia1FMwr 	-rir!a-weal!------- ------ally-«----- -.iaw-wl-- 	~l+~►~ 

- 	-0065 -6.50 	7.10 
~9%r! rMM~~aiM rF ~YaYr a~'w! rlM.r iyy s rte: ac_ arar w.-- -y r aaa q -fl a! rtr aRw fl------- 

16 	+ 	16-20 	-0,820 -8.20 	-8,52 
•wr.srrwvr.rr_r+rw. w.. +r.www------- 

16-15 	2.? 	+1.4'j 
-- -------r------way---w--wr-..er.acwsa 

+14,70 	+]5.16 
'~'~wNEtowwt.+Yrwr 	 -----r-----w-----------essay- 

0..060 
------'r.,.----•.• --«r

17-3.3 -0.60 	-0.73 
fl 	rararii►aAtr'Irw9w:!Yr- 	yrw.+nrr~s w yeses R.-..j +r+..!-.rwrili.rf[ar--r---5l5,.---r4w-- 	-a 

17 	+ 	17-18 	-0.140 -1.40 	-1,49 
as r w+~wwwarwrrwle w► 	 y{ -fl 4wr Aw•w wws fl*1---r-mow---r-arcarsr wr ___a 

17-21 	+0a -209 +2.09 	+2.19 
iMaw!~wii►i`i~!'l4`Nt Wei ir•+MB+wa YW+~n1M!railwra1n rti aY Y~+ar!W laue+YF'M al!•aA yes_ -M+li!-w---- r♦e41r~!`Rrri~Rwii 

18-14 	-0.005 +0.05 	+0.09 
raw rr A y r ~pw wi r-- N- r --- wrrr+wa+w.w+i►«r-ap wr w wait wr+~+~rs!yeses aiiewn a r t 

18 39 	 -0.07f 0 +0:70 	+0*77 
18 	- 	---------W. .----------------- «------w-«-.. -__--... ------------ 

18-22 	'+0. 125 -1.25 	-1.48 
-gar MI4 	 --- Mrwa--!SRI!wYlf!r--------- --------rya----------------  

18-17 +0.50 	+0 a 5S 
-r---- 

l9-» 
aw w+wi ----------------

- 

    rr 

15 	#4, 34.5 ►3 * 45 . 
s_wwtF~ra~weyE.rwsewr-+w♦a+Marearw r.~w.rr5+w+4 	wr+.swrta...ra►wrr+s war~r~a war.~r rr fl r•~svy 

19-20 	-0.068 1, -0.68 	-0.76 
19 	T 	---- ------wrsy~r. raN.aa.w.w.r_-air -;rte.--------------.fir---------~s--  

19-23 	-0.170 -0.170 -1.10 -1.70 	-1.83 
raU M~►w rlri aiala~--r-wwrv_-  wiw ,mowrl.rr  

19-28 	-0.098 -0.98 	-1.07 
r+gy-- 	 __ --'-- -- - --Nay ---- w---- ---!- -- -r-- - ----_ a_rw! - 11~ 

20-16 	+0.31 -3.10 	-3.58 
-5-------- ------------------ 5 	sritrr 	 rr 

20 	- 	20-3 	-0.17 +1,70 	+1.79 
!wa ai r'rr-w 	 .raw4r 	!1iM ialbr 	-- Mrr--------------~AI~1-M o~YaM ̂ rr III A!1a 

20-19 	-0.14 +1,40 	+1.39 
~LaYY Miil4li--------- ----------------r-----__ _-------------__W^rlfri~r~wa 



ti} ~ 

r-_w.r..rrs-r.~w r~..r r----ray-'r----r--- ----------------r 	 -- 

Node Sign Subs peed 	Net cork Fixing Calculated 
cript current current mo°ient fixing 

in amp. m amp; in ft moment 
ton 

r•asrrl~w---------------------- - ------------------------------------- 

21-1? -0.60 +6.00 +54,99 
i----- 	 fl--- --asp. -w-w---r-----------------------l---- 

21 	- 	21-22 	207 +1.75 -17,501 -18.70 
------- ------ --- -------- -- -------------- -- 

21-25 -1.150 +11.50 +11.68 
------------------- 

-18 
--it-- w------_------------------w--- 

-4,560 	-5.60 	-5.89 
• --------wrte. _-a----- r------- s----- ------------------- 

22-23 -0.700 -7.00 -7.29 
22 	+ 	.IT n____--r-lMlitlYi!OIlNi1lillMi 

22-26 
...---------__- 

riili---iar sw 	-4R------------- 

-1.25 	-12.5 	-13.19 
--_-_- r-_- -- 

 
___ 

22-21 	2.7 +2.530 +25.3 
- 

+26.34 
fl On arrow r►!r.w~OSn 	-----------------.n----r--_w---r-w. -----w-- 

23-I9 +0.097 -0.97 -LO? .1......__r_:.---_, __--____-w_-----_-- w-_----_-__----w_-_ 
23-24 - 0, 042 +0042 +0,48 

23 -r 	w'r!'r------_------------r-.r___ate-------- 

23-27 	- 	-0.418 	+4.,18 
-------------.err 

+4.42 
~wAf~YiIM-wig ---------1 	-Mft--'ww-- ------- ir--------s__ ~l-----  

23-22 +0.363 
- 

--3,63 
3 

-3096 
.-----____.-------_-___---- 

-2a .150 1150 + .65 
` ~iw ar~rs+i~rf~i~s^~wrrrw~rsir-rIsar+ ----~rrwr..rrrr _a+tr:------u..l.e~rwrs«r..rrrr 

24 + 	24-28 -0.310 -3.10 -3.32 .. _, _ ..i-....--__ r-_------__---_-- _------____--__--__-__ 
24-23 +0116€ +1.60 +1.59 
25-21 +0. +3.803 +4-011 

. ---- /----~F---1 ---X14 ~1~--------------- --------------MY1~w!'rr- 

25 + 	25--26 -0.15 -1.50 -1.82 
---------------------- --- -----iW---- 

25-29 -0.23 -2,30 -2.32 
rwS 	lwr+r 	 s-a--rswr- ----- ------ -rrw wr -wr rsrwr lsys.r!!w r-raw err err ~►. 

26 22 +049 -4„90 -5.16 
.r_.rlr.r-------- +•r-----r  ---------------------- * 

26.27 -0.335 +3.35 +3.60 26 
26-30  

- 	-.-+___  -------------------------- 
-0a 17 	+1.70 

___ -~._ --•M----------- 

+1,86 
-Ww --~.e•+---w----- ---r- se_ --w -----r_.oafr- r----r_-r-------- 

26--25 +0.015 -0.15 -0.]9 
------------------w----- ar 	r--------------. '--------.r

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

 27-23 +0.9? +9.70 + 10.12 

27-28 	2,7 -2056 25,60 -26.83 
27 + 	:.__r;.w____ _----_-------------- --------- _-_-w--w__---_r 

27-31 +1.00 +10.00 +10.52 
---~. -------r-a~- ar ~r----------rte.-sr..r------------------- 

27-25 	+0,59 +5„90 +5,76 
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-----~.r--------------.Ar—_--------------rr-- 

Node Sign Subs- Feed 	Net work Fixing 	Calculated 
cript current current moment in fixing 

in afnp. in amp. 	ft ton 	moment 
~y 

 

— a.!rrr--w--rrwr.►~r rars+wse r.._—r---r7-----------7---------.r—w---r-- 

28-24 +0.900 --9.00 -9,33 
----a a------------- ---- 

28 - 	26-32 +0.98 -9184 -1Q.20 
—rrr--r+Sr-------_ ____________________________ --- 

28-271 	2,7 -1.88 +18.8 +19.42 
.r..... ... 	

:E::Ei:: : E

I......ww ....+. ~.rr.._.~s.~..~,r,rl

--!w- ---- w-----Mir!--- -- 

30 + 	30-26 +0.08 +0.80 +0.91 
--rr----------------------r--------- 

31 	- 	31T2? 	-0.50 
-- -- 

+5.0 
----------------------~ 

+5.24 
t. 	 ------------------------------------------------------- w_p+ 

32  32-28 0,48 --4.8 -5.09 
___ —_—_—_______--_--__----.------ ~_~w...---- — r----- 	----.~ ----- 

The analytical 'nethod for the solution of sway 

^n4 Tents and the final calculations of mo_ ent are given in the 

Appendix •B' 



4.09- Horizontal or ' .nd loads: 

The effect of the wind load on a frame is to induce 

horizontal shears and these shears may be simulated. in the 

analogue by means of shear circuit. 

From theequati on No.( 	) $ given on page (74 ) $ the 

amount of i for each shear circuit can be evaluated,. 

i =P/3X SL 

Where 

i = Difference of the shear circuit 

Teter readings. 

P = Moment current scale factor. 

Horizontal shear in a storey. 

L - Length of the column 

a Ya — !lam—!-------!*_—i __ wAw!4 s * —i►--iiiiA 	11 ill 

( Storey 	1 	2 	3 	4 	5 	f 	7 
(Y___##1~flll i4l~wr 45 w—i- wflSrSf!na •+r illy "" S —5 al.55 r— SMww AMY !mss la 	 eMIS AYr 1~ 

( Shear 	21 	18 15 	12 	9 	6 	3 
----55!r---r---.w---r....r5 S5---:...w••.r-------------w—..rw—w.rr.l----r...—w,~. 

( Length 	12 for all the storeys 	. . 	) 
_iwi!!~M Abt fM~iY +rf!~F ~F ram!y~—A a~1M-----A—!— as —m ---- ---FM—it l5 ---A —! ---Ylw_i11 5 5- 

1 	8.4 	7.? 6.0 	4.8 3.6 	2.4 	1.2  
orsr S—arAnr—.+M•r—•••a-a+rr ------------r---------P.-----sf----r!awr 

operate the potentiometer P of each shear circuit till 

the difference I of the one r readings X and Y correspond to 

the values given in the tale No.(4 ).As the shear circuit 

does not operate independently it is necessary to adjust the 

potentioieters in turn two or three tines before all the 

values of I correspond to the values required. Now measure 

the current in every branch at the node points. The value of 

the current ^Tultiplied by the scale facto and the node sign 

gives the required bending mo'.ent. 
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Table-5 

fl-r.r ar.r nr-----------w-ate.-w+ww 	-rwasswrr-----------w-----_r-rw_s--- 

	

Node Sign Subs- Not work Fixing 	Fixing 

	

cript current mo ient 	mo ient 
m amp. in ft ton ca1 rulated 

50 05 - 	-------5te►---s5-+IM------ 	 5----w--------------_--~ww/- 

1-2 +0.26 +2„6 +3.09 1 + 	a`r.w-w.s.. awar..---------.----------_-_-----------------_---- 

1-5 -0,26 -2.6 -3.10 
s_i-_-a _ ut------------- - 	---------- -------- _---------------_------- 

2-3 -0,26 +2.6  
-MlM 5_a- -------------- _-Y . ------------------ 

2 - 	2-6 +0.53 --5.3 -6.2  
--------- rw-w+.r---------....- - -------- ------ --w --- --_-... -....+w 

3-4 +0.26 +2,6  
----------------------- ---------------- aa. - ------ 

3  + 	3-7 -0.53 -5.3 -6.20 
3-? +0,27 +2.7 +3,09 

55------_----a------------------------------------------------ - 

-0.26 +2,6 -3.10 
4 - 	--------------- -- -__------------ ------ ----- -----r_-- 

4-3 +0.26 -2.6 '3.09 __~,.. _....- _----_----_--__--______------___-_---------_--_----------_- 
5-1 . +25 -2.5 -3.00 

ww-_....... ---rr~.~.r,~.,•,•^•w.a,,,,,w.,.,.~, --w.. wr wit-Sw-wws S+.~w•• 

5 - 	5-6 -0180 +8,0 +9.1 
-------err_-_---- ---------- ---------- --------_-- ........ 

5-9 +0.56 -5.5 -6.10 

--a -----arm----- war+.. •.. r.w.s ....,---- .....---«~...- 	s-r.--- 

6-7 40,82 +8.2 9.12 6 ----- --------- 

6-10 	-1.16 
~r_r----•w_wl~- 

-11,6 	- 
s-----r--------R--------------- 

-12.20 
Ilr--r_-M+M w~w~l►r►!w rMY iw xlYi wf~I +fit w--- rat-----------------w--------r-- 

6-5 +0-86 ir".+C 961x' 
--ww- ------m---------.~----r.... 

7 -3 
---. ----- ----------~_-----w----wars---- 

+0052 -5.2 -6000 
-------0r------- ----YIF---------------------IY - 	4 -IYY00 0 

7-8 -0.82 +8.2 9.12 
7 7 

- 	-----...-ww--w----r-----------. w...«.-..~_.----MN~+w.~w---...r-+~----.ter 

S-11 +1.16 -11.6 -12.20 

__---__- 
8-4 -0.25 -2, 5 -3.00 ---------__-________-_____-____________________________ 

8 + 	8-12 -0.55 -5.5 -6.10 
8-7 +0.80 +8.0 -+9,12 

--------__------------- 	...--.~---- 	...--w~.r «.. ..... +...» -.. 	.~..... -..... ... 	_...,.._w- 

9 -5 -0.41 -4 + -4.9 

9 + 	9-10 +1.47 +14.7 15.05 
9-15 -O.9G -9,6 E1{x„08 



ri 
1 

rrr w-ru...'a lr«.r «.r ws w----.. -----wen r....r ~-r+. ---------- war w.s - +irwr"~rr YSean -- 

Node 	Sign 	Suhs Net Work Fixing 
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The analytical 'zethod fbr the sol"ition of horizontal 
loads is given in the Appendix t. ;~ , 
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4.10 points to be cinsidered before m in he iriv~sti~rstions 

on _the Analyser:- 

1. A large number of group resistors could be necessary 

to cover the range of nenbers likely to obtain in any given 

structure. This can be obvitated to a large extent by arrang-

ing for resistor groups to be joined in parallel.For this 

purpose a five pin valve holder is to be soldered to the top 

of the each valve base, and it is then possible to plug one 

resistor group in to the top of the another. With this arrange-

ment it is better to work in terns of conductance rather then 

resistance, and thds has the advantage that the stiffness is 

directly proportional to coductance. A con venient procedure 

is to stamp a stiffness number on each resistor group, t 
where 

Stiffness number = 10,,000/ Resistance 	say. 

Then a group of 1000 ohms resistance has a stiffness no. 
3 

of 10. To represent a stiffness of for example 15.5 In .9 the 
groups having stiffness number of 10, 5 and 0.5 are plugod 

together and the whole unit is pluged into the base board. 

The sockets of the top resistor group can be a sod for making 

connections for feed current and voltage measurements. 

2. Use of fixed resistors is better than the use of 

potentiometers. 110 net work resistance should be less than 

500 ohms, as otherwise errors due to the resistance of meters 

and shear circuit nay beco-no appreciable. 

3. For simplicity in operations the tcro ^ieters X and Y of 
shear circuit may ),a replaced by a single -peter Uhich re- 
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cords the current difference directly. This will bo called 

shear *peter. 

4. Sottlement of foundation problem can be solved on 

the same naly ser a  by ciak.ng the connections to the groups 

of resistors representing beams instead of columns similar 

to that of shear Circuit, The theory about this is given on 

pago (75). 

4.11 recautions to be tiken. while usin ,the Anal sers:- 

l+ See that the connections of main circuits#  shear 
circuit ,  and feeding circuit are as shown in the circuit dia-
gram and are properly .lade. 

q   2. Check up the power units offeeding and shear circuit 

for the required voltage and current capacity. 

. Uh .le feeding the current at number of position it is 

necessary to adjust the. potentiio--reters in turn two or three 

tiwe s, to get the required amount at every position. This is 

necessary as the power unit i , common for all the foo .ing cir-
cuIts., 

4, As the current carrying capacity of potentIeuotors 

used in feeding as well as shear circuit are of 0.5 amp, 

capacity, care should be taken to not allow the current to 

exced 0.5 anp. even for a short time, If it is required 
to feed more than 0.5 aap. the use of the higher capacity 
potnntio-1e rs is essential.. Otherwise the potentio' otcr 
connections will burn aruray. 
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C1IPTEf - 5 

CO ?CT,USI TS 

The introduction of Tlectrical Analogies in Structural 
field mado the solution of the co iplicated problems as 'nulti-

storeyed frames and plates etc. rapid and simpler. The essen» 
tial advantages clairnod for ^lectrical Analogies are, they 
are accurate, simple$  rapid and flexible. 

The use of the analogies is n"t .on1-y restricted to the 

problo^is of bea'is, trusses, franes and plates, bocauso they 
can serve as building blocks in the construction of analo-

gous circuits for such complicated structures as airplanes, 

ship-hulls and gasturbines etc. 

The accuracy of the method depends of co,zrse on the 

accuracy of different co- ponents of the analyser viz, the 

transforiers, resistors, amplifiers, meters and uh ever we 
use. On th' s Analyser the results that are accurate to within 

5.0; of the - axinum theoretically calculated values have been 

obtained.. If the coipononts of the analyser of good standard 

the values b3 accurate to within 

The methods are simple ' and rapid to apply as it 

consists in rierely measuring the current and voltage dis-
tribution in net works. Of the total time required to solve 

a ,von problem a fair proportion is spent in just writing 

down the results. O Ong to the ease with which the analysis 

of a given struct'.iro is carried out, it is possible to 
investigate the effect of number of different load systems 
to doternino the worst case for each ewer; and to con,;ider 
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a number of alternative designs or codifications to the 

original design, in order to decide whtch would produce the 

most economic structure. 

The method is so flexible that it can be applied 

to the various structural probler s ranging simple beams to 

the co tplicatod structures aq multi-storeyed building frames. 

Even it is possible to simulate the behaviour of rectangular 

frames is three dimensions. 
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if the structure deforms under a given loading, 

without the action of any restraint moments, then each joint 

undergoes a certain rotation, that is,if we fix our attention 

on an arbitrary bar I-k, we notice that the end I has rota-

ted by an amount Tj and the end k by an amount Tk. We can 

conceive that this final deformation of the bar i-k, which 

was produced by the loading on this bar the rotations of the 

bar ends, is due to a super-  position of the following three 

steps of deformation (Fig. 1):  

I. The ends being fixed, the bar i-k deforms 

under the action of the given loading (beam, clamped at 
both ends).. 

0 
2. The end I undergoes a rotation `t, while the 

end I does not rotate. 

Wo see that the end moment for each bar end may 
be thought of as being composed of three c F'ntributions 
(components).  

,,Mtn 	ii 

i 	 k 

JWk i 

M1K 

Mki 

KL 
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Thus, for example, the end moment for the end I of 

the bar i-k is composed of 

contribution I1ik- produced by the given external loading 

(fixed-end tao'ent). 

contribution 2i'ii- produced by the rotation of its own and i, 

contribution T4'ki - produced by the rotation of the other end It 

of the bar. 

Thus, the following expression for the end moment of 

the end I of the bar i-It may in general be written 

tzih = tiih + RZ4 # ik + t1' ~Ci 	------- 	(1) 

The contribution L1', tthich was produced by the ro-

tation Ti of the end is is proportional to the rotation TI 
and the corresponding A-value of the bar and will be referred 

to n the future as the rotation contribution of the end i2« 

Similarly, the contributi )n I1' ki t vhich is proportional of the 
0 end I. to the angle of rotation Ti and to the K-value of 

the bar, ulll be designated as the rotation contribution of 
the cud It. 

If these contributions are knoun9 then in accordance 

with expression (I), the corresponding end moment i4iI is also 

imoun, that is,it is ohtained by the summation of 

the fixed-end moment, 

the double of the rotation contribution of its oun 
end i s and the single rotation contribnti-n of the other end 
of the same bar. 

The rotation contributions, as will be shown, arc 
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obtained by the repetition of a single calculation. 

Proceeding from joint to joint in an arbitrary sequence, 

we repeat this simple calculation  until we reach at each joint 

the desired degree of accuracy, whereby any degree of accuracy 

is possible. 

The calculation of end moments consists of the followhg 

parts: 

1. For the given loading, the fixed--end moments Rik are 

calculated and are indicated at the corresponding bar ends. 

The restraint moments are obtained by calculating at each joint 

I the sum of the corresponding fixed-end moments► 

Mi "Mik j   

which are written down at the centers of the joints, 

31  The rotation factors are obtained by distributing the 

value 

	

	1 at each Joint to the connecting bar ends in propor- 
2 

'lion of the I. - values (i = .). For a bar end iy it of the joint 

I Kilt 
i we have 	A ik _ - -------- 	_-M__--- (2) 

2 ZKik 

after entering the rotation factors into the calculating scheme, 

the sum of the rotation factors at each joint is calculated 

as a verification and should yield - 	z  

T,u3k= - 4 	(control) 

3. The alculation of the rotation contributions Mtik 

is carried out by repeated application of the basic operation. 

Mtik =,'+ ik (i i+ E. M'ki) --------- 	(3) 
(i) 
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proceeding from joint to joint in arbitrary sequence, until the 

desired accuracy is reached at each Joint. 

4, The final end ao nent s are obtained f roil the fixed-end 

moments Mik and the rotation contributions by addition. For a 

bar end i, k we have 

Ifk = 4Ik  + 2 M' ik 4 ' ki 	-.._-_ --_,. (1) 

The calculation of the final end moments for the specimen 

frame fig*(44) is indicated in fig..(2). First, all the fixed-

end moments and final rotation contributions are noted at the 

corresponding bar ends* In addition to the fixed end moment 
and the rotation contribution of its own ends  the sum of the 

rotation contribution of both ends of the tar is also indicated. 
In each case the sum of these three values (for colu:rn ends 

only two because there are no fixed end monents) yields the 

end moments, which is entered at each bar end$  below and 
above summation sit respectively. 
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,APP tt IX 

s er K i' s iethod ofan~al sis of structures tri h 1,uts 
movable or zonta`I y. TRot. 11) 

If the structure is designed in such a manner that 

during deformation the joints of the structure, that is, the enis 

of the bars,rna.y not only rotate but may also be utually dis- 

Placed (Fig. 9), then here too, in accordance idth the line of 

thought adopted above, the deformation of a bar. -gay be considered 

as being produced as follows:-. 

1. Under a given loading, the bar i-k deforms without 

the bar ends being subjected to any rotati'ns or relative displace. 

meat (fixed- end state). 

S,. The " ,ar end I is subjected to a rotation Ti (without 

displacement of the bar end and with ut rotation . of the end k) . 

3. The bar end k rotates by an amount Tic (wri tho,it 

linear displacement of the bar end and without additional rota-. 

ti on of the end I). 

4. The ends of the bar i-k are displaced with respect 

to each other by an amount (Fig. 3), whereby the bar ends 

are not subjected to any additional rotation. 

P io - 
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Since the first three partiaistates of deformation are 

precisely the same as in the - calculation of frames with non-

translatory joints, the expression (1) used above for the end 
monent Mik will receive an additional contribution I4"ik,, which 

is due to the displacement of the 'bar . 

After these four contributions to the end moment are 

calculated, the end moment itself may be obtained again by simple 

addition: 

?4ik = li1.k + 2 t4'ik + 14+ki + M?Ilk -_.--___-_( la) 

The cntribution WW''ik due to the linear displacement of 

the bar shall be referred to henceforth as the linear-displace-

ment contribution, If the expression (la) is used again to 

formulate the condition of equilibrium for some toint i, 

'- Mi k = 0 
(I) 

the rule for the basic operation to determine the rotation con.. 

tributions will be thesane as in the case of non--translatory 

joints*'6  

With the same rotation factors as before, we again obtain 

the rotation contributions here fro-n the sum of all contributions, 

which now also contain, however, in addition to the restraint 

moment I ,11 and the rotation contributions of the far bar end, the 

displacement contribution M"ik of all bars of the corresponding 

joint, that is, from the sum 

T4i + ci (Tt'ki + 1 ik). 
U) 

For straight bars with a constant cross section,as Is 

assumed here, we have M" ik = 14" ki. For each bar there exists, 
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therefore, only one number that reprosents the did splace lent 

contribution, which is written down, conveniently$ at the 

center of the bar. 

Vertical Loading 
PPS I I~I~~ Pr~~~IP 

We cut horizontally th• gh all the columns of some 
story r. Prom consld?ration of equilibrium It follows that the 
sum of all the shear forces at the columns of this story is 
equc,l to zero. 

(r ) Qik = O, 

Thiss egal11. bri7.i condition, which must be satisfied 

at each story (if horizontal displacements of the join's are 

possible) and which is satisfied by horizontal relative dis-

placement of the girders, serves to determine the linear dig-

placement contributions. If the story r contains only coluiAns 

of equal length, which is assumed, then this equilibrium condi-

tion, together with equation (la), Yields= by substituting the 

expression for the shear force of a column .i-k, 

t1Ik + !4ki 
Qik w.. a IFliw ire------- 

hik 

1 	(2 11'ik + TN'ki + i1't jk + 7̀ %l'k~. + 1'ilk + 	) = 0 

and from this 
Ii'gi k = 3 E (I ' jk + 

(r)  2 {r} 

S 

The sum of the displacement contributions of all 
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columns of a story r cans  therefore, be determined fro'i the 

rotation cantributicns of the column ends of this story). 

To matte thecalculation more convenient, and in 

analogy to the rotation factors, ire may now introduce the 

displacement factors, which are obtained. by di stributing 

the value r- S, in prep-  rtion to the bar values K anong all 
2 

the columns of the story. 

Thus the sa-ie convenient analytical operation is 

obtained for the deterKz ination of the lin^ar -- displacement 

contrtbati)n4 as before for the deter aination of the rotation 

contributions. 

Sum the rotation contributins of all column ends 

of the story in question. ilultiply the sum so obtained by the 

linear- displacement factors of ere column one after the other,)  

to obtain the linear--  displacement contributions. 

Frei the rotation contributions we calculate the 

displacement contributions, and from these agath the rotation 

c intributi Dn of the follo'tt ng approxi ation, etc., until results 

of an arbitrary accuracy are reached. 

The calculation of the final end mo ents for the 
specimen frame fig.(44) is indicated in fig.(4). First all 

the fixdd end moments and final rotation contributions are 

noted at the corresponding bar ends and displacement contri- 

butions along the each column at the middle. In addition to 

the fixed and mo nent and the rotation contributions of its  

on end, the sine of the rotation contribution of both ends 
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in case of beam and su't of the rotation contributions of 

both ends and displace itnt contribution in case of columas 

i s also indicated. In each case the sum of these three 

values (for columns ends only two because there are no 

fixed end moments) -yields the end moments which is entered 

at each bar end, belotr and above summation sign respectively. 

i 
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APP DIC-C 

The solution of thesubstitiite 	iilever by ddeformatioa 
 , r u t on ~- 

The calculation of the end monents for horizontal loads 

of the franc shown in fig.(44) by Dr. C,V. Kionoeck's method 

of deformation distribution, consists - of the follouring parts: 

1. Find out the stiffness factors of the sustltute 

cantilever using the following equations: 

-1  ~F 
sst~
.ss.~w

f 	
C  

= uoiu n 	i 	ness 
( 

LI 	•K 
1 
J 

rte_ 

0 
Knot stiffness, K,.1 = 

C 
n 

C 
+ K =l + An / t n-ri 

` O 0 

rr ii 

- y o 1 

2. For the given loading calculate the values of S and 
iii,, where 

7  F 
S1MLVL and Fl =3(51+82) 

Where V = Horizontal face at joints 
and t = Itorey height. 

3. Calculate the values of a1_2, a2_3 and dl, d2 ----~.,. 
by with the ' , elp of the following equation 

a -2 - K 1-2 / 2  Xl r2 
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and d1  = N[F l 

ICi (l'.al-2) 

Then find out the distributed values of d1, d2 - -.--_--_ 

by ignrring the values of 'a so that 

dAB =dk0  K-B 

4, After calculating actual distributed values of 

d1, d2 ... calculate the values of u1, u2--_-- 

where U1 = 3/2 SI 	 ) + d,1+ d 
2 1 

`then find out the values of column end mo'tents 

1-j (2 d1 +d1 +u1) 

There are the values for the cantilever. The aot!ial 
and frame moments can be found by distributing the above cal- 
culated values in the proportion of column stiffness,, 

S*  The,  beam mc, ents are obtained as follows 

1_2 (2dl  + d2) = 1_2 X 3 d2 Since dl  = d2 

Fig.5 in the substitute cantilever for the specin.en FM1ame 

for the analysis of horizontal loads. 

The table No.1 gives the values of S, NSF, a, d and V 
values for the substit-,t^ frame of the Fig. 5. 

Table No.1 
'art.— ___ ---.+.r --------------_--_-------------------snw_aS_s----r_rr 

	

S 	I4F 	a 	d (di stri V 
buted  

S1 	84 	Mr1 	468 	a,_ 	o 	di  1.112 71  -3.17 
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APP1NDTX - D 

Notation:- 
C 

For the purpose of this paper and unless otherwise 

defined in the text, the following letter synbols shall have 

the neaning indicated against each x- 

A = Cross sectional Area 

D =- Flexural Rigidity 

Youn g I s Modulus 

.F = Applied Porte 

I = Moment of Inertia. 

L = Length of the member 

Bonding Moment 

i Number of turns in the transformer winding 

P 	Povcr 

Q 	Shear 

q = Intensity of Loading 

R = Resistance 

V = Voltage 

i = Current 

v = Poi ss.n' s Ratio 

U = Stored energy 

0  = Displacement 

= Deflection 

w Slope. 
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