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CHAPTER 4 THE DISPLACEMENT METHODS

4.1 INTRODUCTION

The displacement methods solve the structural analysis problems in terms of
deformations. These deformations are found using the equilibrium equations for the
end actions at every free joint. That is why a method is also called the equilibrium
method, or more generally, the stiffness method, because the coefficients of the
equilibrium equations are stiffness coefficients. Thus, the displacement methods deal
with the degree of kinematic indeterminacy which represents the degree of freedom
in the structure. The obtained number of equilibrium equations must equal the degree
of kinematic in in the structure If the structure is kinematically determinate, it means
that every member in the structure is fixed at both ends and that the end actions can
easily be found from the available tables or using any of the flexibility methods. Tt
means also that the structure which is kinematically determinate can not be analyzed
using the displacement method. The situation is similar to the structures which are
statically determinate. The analyst can determine the end actions in these statically
determinate structures using only static principles.

Preference between the force method and the displacement method depends on
the number of unknowns in each method. However, as it will be shown later at the
end of this chapter, the displacement method can easily be programmed for a
computer using the minimum input data.  This is not the case for the flexibility
method, which depends basically on developing the equilibrium matrix E in order to
solve the problem as was shown in section 3 9.

In this chapter, the classical methods will first be given. The transformation
from the classical methods to the matrix approach without losing any of the
fundamentals will also be shown. The methods given in this chapters are the
following:

1) The slope-deflection equation method

2) The moment distribution method

3) The use of Castigliano’s first theorem

4) The stiffness matrix method - Approach I

5) The stiffness matrix method : Approach II

4.2 DEGREE OF KINEMATIC INDETERMINACY

Determination of the degree of kinematic in is the first step in solving the
structural analysis problem by the stiffness method. 1}t indicates the number of
equilibrium equations need to be solved for the problem. In the case of using the
classical methods, and before using the computer, this was an important step in order

to decide whether to use the flexibility or stiffness methods. The degree of kinematic
in is directly related to the type of the free joints, and the unknown displacements
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which need to be considered for solving the problem. This is illustrated in the
following subsections:

4.2.1 Free Joint in Space

A rigid joint in space should have six degrees of freedom, three translational
and three rotational with respect to Cantesian Coordinates. However, the analyst
could neglect, for example, axial deformations or torsional rotation from the degrees
of freedom. This depends on the type of structures, loading, and the degree of
accuracy required in the solution. A frictionless free joint in space should have three
degrees of freedom which all are translational displacements with respect to Cartesian
Coordinates.

4.2.2 Free Joint in Plane

A rigid joint in plane should have three degrees of freedom, two tanslational
and one rotational, with respect to Cartesian Coordinates. The analyst, however,
could neglect some of these displacements. For example, in beams, one may only
consider the rotational displacements that are of importance. A frictionless free joint
in plane should have two degrees of freedom which are translational with respect to
the Cartesian Coordinates.
4.2.3 Numerical Examples

Example 4.1

Determine the degree of kinematic in (DKI) or the degree of freedom (DOF) in the
space structures shown in Figure 4.1.

Solution
(a)  The space frame has 4 space joints, two joints, at A and B, are completely
fixed, and the third joint at D is restrained against translational displacements.

Therefore, the degree of freedom of this structure is

DKI =4x6-2x6-1%x3=9

\
Ad c

{

SPACE FRAME SPACE TRUSS

Figure 4.1
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which represent six displacements at C and three displacements at D.

(b) The space truss has 6 space joints, four of them at A, B, E, and F are restrained
against any translation, Therefore, DKI is given by

DKI=6x3-4x3=6
which represents three displacements at each of C and D.

Example 4.2

Determine the degree of kinematic in in the structures shown in Figure 4.2.

B c
{A B C
T & .
A D Y
a, - {c}
Figure 4.2
Solution

(a) The beam has three rigid joints. One is completely fixed at A, and the joints B
and C are restrained against vertical motion. Therefore one has

DKI =3x3-3-1-1=4
which represents a rotation and horizontal displacement at each of B and C.

) The frame has four joints, one is fixed at A and one is restrained against
horizontal and vertical displacements at D. Therefore,.

DKlI=6x2-2-1=9

which represents two displacements at each of B, C, E, and F, and one
horizontal displacement at A

Example 4.3
Determine the degree of kinematic in for the structures shown in Figure 4.3
Solution

(8)  The frame has S joints, two are fixed at A and E. The hinge at C introduces
relative rotation and DKI could be one of the following solutions:
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DKI =5x3-2x3 =9
If one considers the relative rotation at C is one unknown.
DKI ='9 + 1 = 10 {considering absolute rotations at C).

1€ one considers the relative rotation at C consists of two unknowns, the left
and right rotations at C.

(b) The structure has 8 joints, two clamped at A and H. Then,
DKI=8x3-2x3-2=16

These include two displacement at each of E and D, three displacements and
rotation at each of B, C, F, and G.

43  THE SLOPE-DEFLECTION EQUATION METHOD

The slope-deflection equation method deals only with rotational and relative
translational displacements of the joints of every member. The method does not
consider the axial deformation and therefore it can not be used in solving truss
structures. The method is most suitable for beams and some frames where the axial
deformations can be neglected without having significant errors.

Consider the plane frame shown in Figure 44. Member AB is subjected to

N V‘ PJJ 8

Pl ey ]

Figure 4.4
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deformations due to the internal actions. The deformations consist of rotational
displacements at A and B, and relative displacement between A and B. Neglecting
the axial deformation, the honizontal displacements of Joints A and B are the same.
Consider only member AB which is shown in Figure 4.5 and has constant stiffness EL
For simplicity, the end moments and rotations are considered positive when they are
in the counterclockwise direction  Also, the right joint, B, when is displaced
vertically upward with respect to the left joint A, is considered positive.

Figure 4.5

Using the superposition principle, the end moments M, , Mg, can be written as
follows:

Mg =M, +Mp + M + M, 4.1)
My, =Mg, + M, + My, + M3, (4.2)

where M, and M, are the fixed end moments due to the applied loading. The
My and M, are the fixed end moments due to the deflection A;,. The end
moments which cause the angles of rotation 8,, and 6, are denoted by
M. M, . M ,. and M, respectively.

The relationships between M., M., and Ay, can be found using any

method in the previous chapter. According to the sign convention used in this
chapter, these relationships are (refer to example 3.21):

, 6El
Mie=- T Ap, (4.3)
L2
‘ 6EI
Mg ='I2_ABA (4.4)

The relationships between M5, My, , and 8,, were also found in Example

3.20 of the previous chapter. They can also be found using the unit load method or
the conjugate beam method. These relationships are
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i 4E1

M, :-_L 0, (4.5)
) 2EI

Ma. :'TGEA (4.6)

where the coefficient (4EL/L) is called direct stiffness coefficient, and the coefficient
(2ELL) is called cross-stiffness coefficient. Similar relations are obtained between
Mj,., My, and 8, . Substituting the values of M,,;,M, and M, into Equation
4.1, one obtains the general slope-deflection equation for member AB as follows:

M, =M., +%[28m +08,, - 3Alf"‘] (4.7)

Similarly, substituting the expressions M, ,M;, and M}, into Equation 4.1 one
obtains

M,, =M,,, +2TEI(2eBA 0, -3ALBAJ (4.8)

Therefore, every member in the structure has two slope deflection equations like
Equations 4.7 and 4.8. If one is able to determine the unknown joints displacements
in the structure, then the end moments of each member can easily be found.
Determination of the Joints displacements depends on satisfying the conditions of
compatibility, equilibrium, and the boundaries. The compatibility conditions involve
the relationships between the rotational or translational displacements of various
members and the unknown displacements in the structure in order to insure the
integrity of the structural elements. For example, in rigid joints, the angles of rotation
of all members connected with the joint should be the same as the rotation of the joint.
The equilibrium conditions satisfy the equilibrium between the intermal actions and
the external actions applied at a certain joint in the structure, The boundary
conditions provide the necessary information for the kind of the boundary joints in
order to solve the problem, These conditions, as explained in Chapter 2, are
compulsory to solve any structural analysis problem.

Thus, the procedure to analyze a structure using the slope-deflection equation
method is summarized as follows:

1. The structure is considered clamped at every joint in order to be kinematically
determinate. In this case, the fixed end moments are determined for every
member. The fixed end moments could be due to applied loads, rise in
temperature, support, deformation, or any combination of them. Tables 3.2
could be used to determine the fixed end moments.

2. The two-slop-deflection equations are written for every member in the
structure. These equations are used to form the equilibrium equations at the
joints in order to determine the member end moments.
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The compatibility conditions at every joint should be written. These
conditions reduce the number of unknown displacements from the members
displacements to the structure displacements. For example, if joint A is rigidly
connected with members AB, AC, AD, then one can say that Bag = 8ac = Oap
and that the three angles of rotation can be denoted by only one variable which
is the rotation of Joint A called B4

The equilibrium conditions at every joint are applied. These conditions state
that the sum of the end actions of all members connected with a joint must
equal to the external actions applied at this joint. It is our interest to write
these equations at the free joints since the external actions are usually known
at these joints. Thus, one ends up with a number of equilibrium equations
equal to the number of unknown displacements.

In plane frames, the equilibrium equations at any joint subjected to the
external actions Py, Py, and M, can be written as

::U
1]
‘M’F

Ay (4.9

i=1

k
P, = z_:l Ay (4.10)
M, =3 M, @10

where k indicates the total number of members connected to the joint, and i is
any member of the set k.

However, because of neglecting the axial deformations in the slope-deflection
equation method, equations 4.9 and 4.10 are replaced by the equilibrium
equations of forces in the direction of the translational displacements.

The boundary conditions help in using the known kinematic variables whether
they are zero as in fixed supports or have values as in case of deformation of
Supports.

The obtained equilibrium equations are linear simuitaneous equations. Their
solution gives the unknown rotational and translational displacements.
Substituting the displacements into the slope-deflection equations of each
members, one can determine the end moments for each member.
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4.3.1 Applications to Beams
Example 4.4
Draw the bending moment diagram for the beam shown in Figure 4.6 due to the

applied loads, a rotation at support A, and a rise in temperature in member BC (EI =
10° kN.m?, &« =107/°¢).

8=0.002rad SOHN 30k KN/

Aﬁ l 8 *%‘L T I
N R e & o
| 2sm | 25m | 5.0m | 20m. |
T T T 1

Figure 4.6

Solution

The beam has 7 degrees of freedom. However, due to neglecting axial deformations
only Og, 8¢, Bp, and Ap are significant. Since member CD is statically determinate, 6p
and Ap may be ignored if the loading on CD is applied at C. The slope deflection
equations for the members AB and BC are:

2EI

M,q =Mgpp +T(29n.a +99A )
2EI

Mg, =M, +T(2GBA +eAB)
2EI

Mge =Mpge "'T(zesc +8ca)

2EI
My =M +T(29cn +eac)

The fixed end moments of members AB and BC are determined from Table 3.2. The
signs of the moments are transformed into the signs used in the slope deflection
equation as shown in Figure 4.7,

3128 3125  SOKNm

@ +wun 9 ( _ 0°c 350
215m | 25em. | L SOm. |

Figure 4.7
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Megap =+31.25 kN.m . Mma=-31.25kNm

Mpac =+ 40 kN.m R Meca = -50 kN.m

The compatibility conditions can be stated as:

Bap=0a , 6Gra=8pc=8s ; Bcg= Bep=6c

The equilibrium conditions state that:

Ma=Mas ; Mp=Mpr+Mpc=0 ; Mc=Mcp=-20kN.m
The boundary conditions state that 8, = + 0.002 rad.

Therefore, substituting the slope-deflection equations, compatibility conditions, and
the boundary conditions into the equilibrium equations, one obtains

M, =o=-31.25+-2-f—1(29B +0,)+ 50+2TEI(295 +8.)

M, =-20=-50 +2_'551(29C +8,)

These equations can be solved for 8 and B¢ to have
Bp=-8125x 10" rad ; ©¢=78125x 10* rad.

Substituting these values into the slope-deflection equations, one determines the end
moments as follows:

Map =+31.25+$ x200x10°° -81.25x10")=158.7s kN.m

MBA=—31.25+3-? x81.25x10‘5+2oox10")=-16_25 kN.m

MBC=SO+%:‘1 x81.25x107> + 78.125x10")=16.25 kN.m

MCB=-50+3? X 78.125x10°5 - 812510 )=-20 KN.m

The bending moment diagram can now be drawn as shown in Figure 4.8, The student
should notice the matching between the signs of the moments and their directions in
Figure 4.8.
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( 158.75 KN.m. 16.25 16.25 KN.m. 20)

A B) (B c

16.25 20
I = IO e, 8. M. D.

Figure 4.8

Example 4.5

Determine the moment and shear force diagrams for the beam shown in Figure 4.9 (EI
=10°kN.m’, o = 10'5/°c, spring constant K = 10 kN/cm).

2KN/m.
F 8 c
z ( €t 2EI i«
20°C N

K
o
‘ 6.0m. rL 8.0m.
T

T

Figure 4.9

Solution

With neglecting axial deformations, the beam has 4 DOF (9a,0g,08¢,Ap). The
settlement at B is denoted by A as shown in Figure 4.10. The slope-deflection
equations are written for members AB and BC as follows:

A«Q«\:LAT__'_//A-C

Figure 4.10

Mag =MFan +%[ZGAB +BRA -%A—)]

E -A
MBA =MFBA +%[2@BA +9AB -%—)J



Mpc = M5B +"TEI(293C +6cn %\2}
4E] 3(A
Mcp =Mgcp +—8—[29CB +6pc -'(T)-J

The student should notice the sign of A for members AB and BC.

The fixed end moments are determined from Table 3.2 as shown in Figure 4.11. They
are written according to the sign of slope deflection equation as follows:

33.33 KNm 3333 1067 10.67 KNm
20° 2 KN'm
) e

Figure 4.1
MFAB =-33333kN.m A MFBA =+33.333 kN.m
Mgpgc =+10.667TkN.m , Mgcg =-10.667kN.m

The compatibility conditions are given by
Bap =64 . ©pa =6Bc=06p .  Ocm =6c

The unknown kinematic variables are 8, ,6g,8¢,and A. The equilibrium equations
are then,

Map=Mp=0 ; Mpa=Mgc=Mp=0 ;| Mcg=Mc=0 ;
Thus sum of forces in direction of Aat B = 0.
From Figure 4.12, the reaction at B is obtained from

M_.~.+M M,p+M
BE — B 8- — BA _ KA =10004

Rp =

uu( ? 20° l)unm (an 2 KN/m 3&:!

tMAﬂoMﬂ_A_ M, +M,,
€ 6

Figure 4.12



Therefore, the equilibrium equations need to be-solved are

0, +0p + 4 333330 2100
2 EI EI

1.58 +8 , +50p -0.0625A = 132

21.333

200 +9B - 0375A=

02505 +11250; -0, -1.1018754 = ==

Solving these equations one cbtains

68.4098 42.8298 -52.5379
= ra 0= B, =—F——Tra

rad. , B=

= d. s =
A EI ¢ EI EI

31.4366
= m
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Substituting into the slope-deflection equations one can determine the end moments

as follows:
_33 333+ — El [ZGB +9A +A]= 26.35kN.m
3 2

El 3A)
Mpc =10.667 +-2—(ze +0¢ —-S—Jz-zs 35kN.m

1t is obvious that the values of Mg, and Mgc satisfy the equilibrium at B. The
bending moment and shear force diagrams can be developed as shown in Figure 4.13.

2KN'm

325]5( :
T‘ $3.29mM ‘r
-J9KN &NKN fCKN n2e kN
4.7 KN
“» [T T .
nie
M

Figure 4.13
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4.3.2 Applications to Frames
Example 4.6
Determine the bending moment and shear force diagrams for the frame shown in

Figure 4.14 due to the loads shown and a rise in temperature in member BC (EI1 = 10°
kN.m?, a = 10" °¢).

25 KN/m
UL S T T S A S W
0-5"‘1:% - €] 3
20°C
El El 5.0m
L AL
{ 12.0m. |
Figure 4.14
2+ o
?\k_ ________
Figure 4.15

Solution

When axial deformations are neglected, the degree of kinematic indeterminacy is four
which represents 8pg,8¢,8p,and A as shown in Figure 4.15.

The slope deflection equations for all members can be written considering the
assumed direction for the sway of the frame as follows:

2El 3(-a)
MAB =MFAB +—‘S—[2GAB +BBA -——]

2EI
Mpga =Mgga +_6_(ZBBA +8,p ‘T]



30 w4 0 KN.m T, -T;=20°
( a3 m (L
ie cE \EN

Figure 4.16

-:?J-rr

o
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The fixed end moments for all members are determined, using Table 3.2 as shown in

Figure 4.16, as follows:

M =0

FAB ~Mgpa i Mgep =Mppe =0
Mppe =-36.666kN.m | Mpep =+36.666kN.m

The compatibility conditions are determined as follows:

The boundary conditions are determined as 6, =0
The equilibrium equations are

Mg, +Mpe=Mg=0

Meg +Mep =M =0

Mpe = Mp =0

The sum of horizontal forces in the direction of A =0.

A o+ Oga=0pe=6p  Bcp=0cp=06, ; Opc=0p

Substituting the slope deflection equations, into the equilibrium equations one has

(a)
(b}
(©)
(d)
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c)\»-l";—l(zeB +0.5A)+(-36.666)+%(263 +8,)=0 @)
EI El A
36~666+T(28C+95)+0 +—3—[26c +GD+EJ=0 (b)
EI A
—| 26 8c+—|[=0
3 [ proc 2] )

The horizontal forces contain the horizontal reactions at A and D and the horizontal
force at B of 36 kN. Thus one obtains

HA+HD=36

where Ha and Hp are obtained, using Figure 4.17, as follows:

H _MupMps H _Mep *Mpc
AT : D~
6 6
!B’“\naA | 'Mco
wr oz MEE 3 Q_?\JMB % e Hp ="—§°
Figure 4.17
Substituting into equation (d), one obtains
%x%(393+n)+éx_53—[(293+ec +0.5A)=36kN @

Solving the equilibrium equations (a), (b), (c), and (d) one obtains
BB =-43 3636/El rad. ; BD =-141.7272/El1 rad.

BC=-69.4545/EI rad. ; A=T7058I8/El m.

The positive value of A indicates that the sway is in the same assumed direction.

Substituting into the slope deflection equations one obtains the end moments of each
member as follows:
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EI
Myp == (05 +4)=103.182 kN.m

EI

A
MBA =-§—(ZGB +—2—]=88_727 kN.m

El
Mpc =-36 667+T(26B +8.)=-88.727 kNm

El
Mg =+36.667 +~3_(zec +6g)=-2409 KNm

El A
MCD =0+T[26C +6D +E]=24_09 kN.m

The bending moment and shear force diagrams can be developed as shown in Figure
418,

2100
#u.n Y
wn BT+ 1)
zé' i
103.18 KN.m *
B M D S. F. b
Figure 4.18
Example 4.7

Determine the bending moment and shear force diagrams for the frame given in
Figure 4.19 due to the applied loads and a vertical settlement at B of 1 cm downward
(EL = 10° kN.m?).

Solution

This example shows an application when the relative displacement in a member is
known. The expected deformed shape is shown in Figure 4.20. Due to neglecting
axial deformations, the degree of kinematic Figure is two which represents 8¢ and 8.

The slope deflection equations for members AC and CB are

2EI
M, =Mpac +T(29Ac +0ca )



l‘_’GKH

, : B
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3Cr
50 KN
El ‘
10m. !
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haaoad
| 40m l a0m. |
T b 1
Figure 4.19
C B

Figure 4.20

2EI
Mca =Mpac (28ca +0ac)

2EI 3x(-0.01)

2El]

3% (-0.010)
MBC =MFBC +T(ZGBC +9CB - J

8

in which the settlement A has been substituted for member CB.
The fixed end moments are found from the tables and shown in Figure 4.21, where

MFAC=+37.5 kN.m . MFCA=_37'5 kN.m

Mpep=+20 kNm  ,  Mpc=-20 kNm
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Figure 4.21
The equilibrium equations are
My =M, +Mp =0 ; Mp =My =0

Substituting the slope deflection equations into the equilibrium equations one obtains
EI EI 0.03
—37_5+?(2ec)+20+7[2ec+93+TJ=0 (a)

EIl 0.03
T[ZBB +9C +—8—)=20 (b)

Solving equations (a) and (b) for 8¢ and 65 one obtains

BC =-0.000378 rad. ; GB =-0.001286 rad.

The end moments can be obtained by substituting the values of 6¢ and 6g into the
slope-deflection equations as follows:

EI
M, =375 +T(0,000378)= 249 kN.m

El

Mg, z-37_5x?(29c):-62.7 KN.m

ElI 0.03
MCB =20+T[29C +GB +T]=627 kN.m

Mpe =0

The student should note that the results satisfy the equilibrium at joints C and B. The
bending moment and shear force diagrams can be determined as shown in Figure
422
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Figure 4.22
433 Applications to Members with Moments Releases

In many structural problems, the member can be hinged at one end and rigidly
connected at the other end. The direct application of the slope deflection equation
method, even when the joint is an external hinged support, was shown in the previous
examples. One notices that the direct application approach deals with the angle of
rotation of the hinged support, which is known to be of zero or known moment. The
structural engineer is usually interested in determining the magnitudes of the end
moments and not the deformations. Therefore, the direct slope-deflection equation
can be modified to account for the fact that the moment at the hinged external support
1s zero and the angle of rotation at this hinge is not required for the solution. The
modified slope-deflection equations can be derived using the superposition principle
and Figure 4.23 as follows:

e B e B T R
+?.Ldz"-—"“

Figure 4,23
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The superposition principle gives the end moment at A as
» *! * -
M, pg=Mg,g +Mpp+M,p {(12)

where M:\B is the moment at the right end, M;‘AB is the fixed end moment at A for
the member which has a hinge at B due to the applied loading or temperature, M;AB

L] . . » .
is the fixed end moment due to relative displacement and M, is the fixed end
moment due to the rotation at A.

The fixed end moment M;AB and M:B can be found from Tables 3.2. The

. - L a .
relationship between My .5 and Ais obtained as

- 3EIA
= {13)
FAB L2
assuming that A at B is upward with respect to A.
The relationship between M:B and 8 , 5 is given by
: 3EI
M:\B L 8ap (19
Thus, the modified slope deflection equation is obtained as
* * 2El A
MAB=MFAB+T[I-59AB'1-5‘5J (15)

Example 4.8

Solve the problem given in Example 4.4 using the modified slope-deflection equation
method.

Solution

The fixed end moments are determined as shown in Figure 4.24, considering the
members are with external hinges.

3125 KNm 31.25 75 KN.m
O x°C 0KN. m. 20

i,\ l a% - 08 2 (ﬁ

Figure 4.24
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Mp,p=3125 kNm ; Mgy, =-31.25 KN.m

The fixed end moment for member BC due to temperature change is obtained from
Table 4.3 as

- T

Mype =1.SEI =75 KN.m

The fixed end moment for member BC due to the moment 20 kN.m applied at C is

Thus, the total M= 75 ~ 10 = 65 kN.m

.The slope-deflection equations for the members are obtained as

2EI
M,5 =MEan +—L‘(29AB +93A)

2E1
Mga =M, +- (205, +0,5)

Mpc = Mg +% (1.505c)

The equilibrium equation at Bis Mp = Mp, + Mg~ =0 which leads to

-31.zs+%(293+o.ooz)+ss+zTEI(1,seB)=o . 85 =-0000813 rad.

The end moments can now be determined from substitution as
2E1
Mg =3125+2-(0004+65)=15873 kN.m

Mg, =-31.28 +?(263 +0.002)=-1625 kN.m

. 2EI
Mp =65 +T(1A563)= 1625 kN.m

which are the same results as in Example 4 4.
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Example 4.9

Solve the problem of Example 4.5 using the modified slope-deflection equation
method.

Solution

The kinematic variable 6, and 6 - here are not required since the moments at A and C
are zero. The modified slope deflection equations are thus

-

+  2EI -A)
MBA =MFBA +——é-[1‘SBBA -156J

» - 4EI1 A
MBC =MFBC +T[].SGBC -15;]

The fixed end moments are determined as in Figure 4.25 considering the hinges at A
and C, to give

' (r,-1,) 20 «  2x8?

MFBA:‘I‘SEIQT:]'SXR:SO kN.m : MFBC=T=16 kN.m
—
ﬁar?nﬁj- ﬁFQ (Eé_l - 12?Nr’n;'f - rj?“c
Figure 4.25

The equilibrium equations are thus

» - ‘
Mg +Mge =Mg =0 (a)

The reaction at B equals to KA. Thus, equating the reaction at B one has

M

"

M M

—BC . g-BA _1900A )
8 6

Substituting by the slope-deflection equations, one has

66+E 1.SGB +é +E[I.SGB _EJ:O
3 4 2 8

2+E 150, 152 +8-§—O~EI[ISBBWAJ:IOOOA
6 8 6 I8 4
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The solution of these equations is GB=-52.538x10'5rad . A=31437x10" m

which are the same results as in Example 4.5.
434 Slope-Deflection Equation with Relative Stiffness

it has been shown in the previous sections that the magnitude of the kinematic
variables are usually very small. This may affect the accuracy of the results. The
structural engineer rarely uses the magnitude of these variables. He is only interested,
for design purposes, in the members bending moments. That is why one can deal
with relative stiffnesses between the members instead of using the exact stiffness of
each member. The relative stiffnesses are obtained by taking the ratios between
(ZEL/L) of all members. This eases solving the problem and provides more accurate
results.

The slope deflection equations 4.7 and 4.15 can be written in terms of the
relative stiffness as follows:

3A
MAB=MFAB+KAB(2OAB+BBA-T] (4.16)

. A
MAB=MFAB+KAB[I.50AB—1.S E) 4.17

in which K g is the relative stiffness of member AB.
Example 4.10

Solve Example 4.6 by using the relative stiffness and the modified slope deflection
method.

Solution

The relative stiffnesses are defined as shown in the following table:

Member AB BC CcD
Stiffness
2Bl EL | 4EL | 2EI
L 6 12 6
Ratic =K 1 | 1

The slope-deflection equations can be written in terms of the relative stiffnesses as
follows:

3A _ 3A
MAB:O*'][O"'GBA +?) ; MBA‘“'O”(ZGBA*'O"'?)
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Mpe =-36.666+1(20p0 +605) ;Mg =36.666+1(26

cp +8gc)

. 1.5A
MCD =0+l[l.56CD +T]

The equilibrium equations are obtained as
Mp=Mgy +Mpc =0
A
=-36.666+4BB+6C+E=0 (a)
_ »
M¢=Mcg +Mcp =0

A
= 36.666+3,SBC+GB+?=0 b)

36=H, +H

M, +M M. 1 A
AB BA CD
+ ==[30, +A+1.50 . +—
6 6 6[ B c 4] ©

Rearranging and solving the three equilibrium equations (a), (b), and (c), one obtains

By =-14.4548 8c=-231512 A = 235273

These values are relative quantities and not the real ones.

The end moments are obtained by substituting into the modified slope-
deflection equations, as follows:

A
M,z =65 +E=103.18 KN.m

A
Mp, =20p + =88.73 kN.m

Mp =-36.666 + 205 +6 =-88.73 kN.m
Mp =36.666 + 28 +8p =-24.09 kN.m
Mcp =24.09 kN.m

To determine the exact values of the deformations one can substitute into the
original slope deflection equations using the exact stiffness factors.
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Example 4.11

Solve Example 4.7 by using the relative stiffness, in the slope-deflection equations.

Solution

The fixed-end moments are determined, considering the hinge at B as shown in Figure
426

Mpac =+375 KNm ; Mpca =—37.5 kN.m
. 3 A
Mgeg =+ — %8+ 3El—=30+46 875=76.985 kN.m
16 g?
37.5KN.m ﬁ:. 30 KNm
c (‘c jor B
} .
SO,
46875 /7 C B
-
375KNm \{u'\
Figure 4.26

The relative stiffnesses are found as shown in table below:

Member '
AC B
Stiffness C
2E 2 ]
L 6 8
Ratio =K 4 3

The slope-deflection equations with the relative stiffnesses are obtained as

M, =375+40+8)

Mg, =-37.5+4(26 +0)
L]

Mep = 76.875+3(1.50 )

Equilibrium equations are
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M =Mg, +Mgg =0

Substituting by M., and M::B one obtains

3375+ l?.,SGC =0

The solution is 8~ =-3.15. The end moments can then be found as follows:
M, =375+4(8.)=249 kNm

M, =-37.5+4(80)=-62.7 kN.m

Mg = 76.875+ 4‘59(3 =62.7 kN.m

which are the same results as in Example 4.7.

4.3.5 Non-Prismatic Members

The slope deflection equations derived in the previous sections were dedicated
to prismatic members only. For non-prismatic members with stepped variable
moment of inertia as shown in Figure 4.27, one can still apply the previous equations
but with considering a joint at each change in the moment of inertia. This process
increases the number of equilibrium equations. However, one can deal with
analogous slope-deflection equations dedicated to non-prismatic members. In this
case, the equilibrium equations are obtained in the same routine as in the original
approach.

Figure 4.27

The derivation of the general slope deflection equations is the same as in the
previous sections, except that one has to be careful in calculating the fixed-end
moments and the angles of rotation for non-prismatic members. The fixed-end

moments MFAB’MPBA'M%AB’ and M‘FBA in Figure 4.28 can be found using any of

the flexibility methods, for example, the unit load method, or the column analogy
method.

In order to determine 0O AB and GB A @S functions of M'AB and M'B A one

applies, in turn, a unit moment at A and B, respectively, for a simple beam chosen as
primary structure as shown in Figure 4.29.
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Hpa
MFn
“}‘MI N e )t
oan 1O - Hxh ' +( B
Map Maa
884
+ 848 )
Figure 4.28
- -+—l—+ ) 4_x_+_ x
] BRRES i |
M B m, e
Figure 4.29

The angle of rotation 6 ogis determined as follows:

X X o L-x _
M| I V M., |dx
S eMma dx Ll L][ L A L BA]
AB™0  Erxy 0 EI(x)
2 M
L X Lx{L- x)
4.18
“Wem L1 0 iy El(x) L2 @19
Similarly, the angle of rotation By 1s calculated as follows:
L-x . L-x .
M, +— M
=fLMmB dxsz( L ][ L AB L BAJ i
BA 0 g 0 El{x)
M ) M,

TR El(x) L2
For simplicity, the three integrals in Equations 4 18 and 4.19 are denoted by C;, C;,
and C; as follows:

2
C,= j{,LL—;‘de (4.20)



_(Lx(L-x)
C2 —IO E(x—)dx

L(L-x)?

C3 = IO L3 I(x) dx

Equations 4.18 and 4.19 can thus be written as

LxM’ L xM,
_ AB BA
eAB ﬁCl E -CZ E

LxM, LxM,
8 =C BA -C BA
BA 3 E 2 E
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(4.21)

(4.22)

(4.23)

(4.24)

The end moments MIAB and MIBA as functions of the angles of rotation are obtained

as follows:

. E O c,
Mg L ——_}GAB ’{—

2 2
\Clca‘cz C1C3'C2

T~ 2 2
C\Cy-Cy C\C,y -Gy

\
. E C, C,
Mga L JBAB+[—‘

/

N

eBA

eBA

(4.25)

(4.26)

Note that one can also derive these equations using the column analogy method.

In order to introduce the relative displacement A in the slope-deflection
equations, the unit load method can be used, as shown in Figure 4.30,

The equations of consistent deformations at B are

A10+fllxl+f12 x,=0 (4.27)
Ay +Ey Xty Xy =4 (4.28)
/IIA Xi= 1 EN.m.
bl o= L 1
ia 7‘ T Mzo + i mzy )
:§r t No= 1 KN
mz, o

Figure 4.30
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The flexibility coefficients f;, fi; and f;; are determined using Figure 4.31 as follows:

'lex_l L dx

f 4.29
L
. J-Ll(x)dx 1 J x dx (430)
0 Elx) E I(x)
dx 1L xl dx
£, =Ih= 431
2 "0 Ex) ET? I(x) (431)
X
t——t -
LI + [LI1T] | + !
Y KN.m L X
mz) mzy
Figure 4 31
Substituting into Equations 4.27 and 4.28 one obtains
fi %, +f), x, =0 (4.32)
fy; x; +f5, x, =4 (4.33)
The solutions of these equations are
-f
x)=——2—A (439)
f, fy, f
iy
Xy =————A {4.35)
fll f22 f
The fixed end moments at A and B according to the sign conventions are thus
Mg =-(x, +Lx,)  (4.36)
Miga =+X, 4.37)

It is obvious that there are relationships between f, “,f 12:f25, and the coefficients
c, C .Cy, as follows:
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E
C, :L_3f22 (4.38)
E
c, =£3—(f12L-f22) (4.39)
E 2
C, =L—3(f“L -2f, L+ f22) (4.40)
Solving Equations 4.38 to 4.40 one has
L
f=£ (€, +2C,+C;) (4.41)
L2
fiy == (€, +C,) (4.42)
L3
£, = E(Cl) (4.43)

Substituting into Equations 4.34 and 4.35 and using Equations 4.36 and 4.37 one has

' E(C, +C
FAB = (—2%) % (4.44)
(C,C;-CH L
. E(C,+C,) A
Mgy =- ——=2— — (4.45)

i} 2y 12
CCy;-CH L
The general slope-deflection equations are then given by

E

A
M5 =r~4FAB+E[sM 845 +SapOna ~San + sAB)E] (4.46)

E A
MBA =MFBA+E[SBA9AB+SBB9BA_(SBB+SBA)E:| (4.47)

in which $ AAS SR> SBa> and Spo, are, respectively, given by

S G (4.48)
AAT T 3 :
C,C,-C3
C,
SR (4.49)
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Spa :——Cz—z (4.30)
C,C;-C4

Sa =£IF (4.51)
13-4

4.3.6 Non-Prismatic Members with Moments Releases

If member AB is hinged, for example, at B, then the procedure is the same, as
shown in Figure 4.32. The fixed end moments M; AR &nd M;.' Ap are found using the
flexibility methods. The angle of rotation 8,5 is calculated using Figure 4.33 as

follows:
- dx
il
AB IO[L L ABJEKx)
LxM"
= ITAB (4.52)
Mag
o
o N g
(- ,-=(',,l - J;,+(
s e o
+ (ul (N
Figure 4.32
“.A’B
] i KNm
‘ - [ e
M, my
Figure 433

The moment M:B is obtained from

Mip =T = Oas (4.53)
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Similarly, from Figure 4.34, the fixed end moment M;AB can be determined

by using the consistent deformation at B as follows:

Am +f %, =4

Figure 4.34

The flexibility coefficient fy; is obtained from

_J-Lmzdx ILx dx
U)o Erx) o Elx)

The fixed end moment is thus

M.

FaB =" % L

1
A
= —X
fll
The modified slope-deflection equation is thus
E 1
M =M. 0
FAB ¥ L (C AB ~

If member AB is hinged at A, one has

» » E| 1
Mpa =Mrga +E[C_6AB -

3

These two equations are written in general as

L3

E 1

__AEL _ E A
’c, LG L
1 A

C L

LAJ

C, L

e .+ _Efg C A
MABzMFAB+-I:[SAAxBAB-SAAxE]

»

M

» E i [
AB =MEgag *“I:(SBB xBpa -Sgp

{4.54)

(4.55)

(4.56)

(4.57)

(4.58)
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where S'AA and S‘BB are the modified stiffness factors given by

N o o o5
SAA: —CK— SAA (461)
. [ c,.C,-C}
SBB = —é—(-:—— SBB (4.62)
St et
4.3.7 Numerical Applications to Non-Prismatic Members

Exampile 4.12

Determine the bending moment diagram for the beam of rectangular sections of width
0.30 m shown in Figure 4.35 using the slope-deflection equations.

Solution

One should first determine the fixed-end moments for members AB and BC. To save
time in the calculation, one can determine the fixed-end moment using the column
analogy method as shown in Figure 4.36.

The beam moment of inertia for rectangular section are calculated as follows:

_bx08’
.=

~ bx0.63

! =0.012798 m* ;| I, = S =00054 m?

A L1 o a b I R Ry

i ger oo 06 _“\—@

] .
_YL_OH\Jﬁlm [2om | 30m. |30m. J3om [3om | 30m. [

Figure 435

l:oxN B, YR

IOKN. m.

Figure 4 36



The properties of the column are calculated as follows:

6 + Ix2 157993
0 0054E 0012798E  E

6 6 2[3 1 32 1 x452}:13178.62

I = — X—————x—+3x
Y 0.0054E 12 0.012798E 12 0.012798E E

15x3 1 1 15 x3 1 28516.17
X +2x =

N=2x +15%x6x x =
2 0.0054E 0.0054E 2 0.012798E E

A 157993

MA=-18.04 kN.m MB=a18.04 kN.m

The fixed end moments according to the slope deflection sign conventions are then

M =+18.04 kNm ; M =-18.04 kN.m

FAB FBA

The stiffness factors S,,,S,p,andSpp are determined using the
coefficients C,,C,,and C, ss given in Equations 4.48 to 4.51 and the relative
stiffness,

Lx 2 gx
170 3 1)

2 9 2
X + x- dx
X I30.0054 x+1o' Sorms 0012793 ]

1
h F[I" 0.012798

| 3 3 ) 3 9 1 3 12
AL Xty Xl s—m X | |=405418
123| 0012798 | 3 | " 00054| 3 |, 0012798 3

9
_ L x(L -x)dx
270 131w
3 9 \12
2| v Ry 1 fxP) 1 (x?) | 70056247
T 123]0.012798( 2 , 000541 2 ) 001278 2 ) 123

=25.288



287

Icl'-(L % dx _ 1 1.12 dx ]c[;12xdx L x2 dx

Ui 12 " oo
1 3 6 3
=—3|14 + + -2x12 (9479.597) + 70056.247
123 0.012798 0.0054 0.012798 :
=40.5418

The stiffness coefficients are thus

C; 40.5418 _
C,C,-C] (40.5418)(40.5418)- (25.288)2

Saa = 04037

C
S, =Sny =—2 = 0.0251833
AB BA 2
ClC3 -C2
Spp =S4 =0.040374

Substituting into the slope deflection equations one has

M _1so4+—[sM Sxp 05

=18, o4+—[0025133395]

E

_-1804+—[oo407493]
M. =18.04 +— 0.0403746,, +0.02518330 .
BC ™% 12Y B ) C

E
Mcg =-18.04+ 00403740 +0.025183305|
The equilibrium equations are
Mcp =0 . and Mp=Mp, +Mp. =
Substituting, one obtains

12 x18.04
S - 0.040374 6 +0.02518338 (a)

0=0.0807488y +0.02518338 )
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The solution of these equation is

_ 6656836
E

B¢ ad. 0g= -201;76'1 rad.

The end moments can now be determined from the slope deflection equations as
follows:

E
M,p =13.o4+-13[o.0251833 0 l=13.683 kN.m
My, =-18.04+=[0.0403746, |- -25.025 kN
BA ~ 18 2 R gl=<> .m

E
Mpc =1s.o4+1_2[0,040374(3B +0.02518330,.|=25.025 kN.m
Mcg =0

The bending moment diagram is plotted in Figure 4.37. Notice that one can use
the modified slope deflection equations considering the hinge at C, and also the
relative stiffnesses which are the ratios between S AAS S AB’ and SBB'

1502 KK.m.

Figure 4.37
Example 4,13

Solve the problem of the previous example considering the hinge at C using the
relative stiffnesses.

Solution
In this case, one needs to determine the fixed end moment for member BC
considering C as a hinge. This is shown in Figure 4.38 using the column analogy

method.

The elastic center in this case is at C. Using the properties of the column in the
previous example, one has



289

(g]

Figure 4.38

N 28516.17 x(-6)= ) 171097.02
y E E

A=m

y ? 2 7 8
a3 (3,6 [6 2], 3 [3% 52| 70056258
¥ 0012798E| 3 | 0.0054E| 12 0.012798€ | 12 E

:+wx(_12):- 2929 kN.m

B~ " 700562588

The fixed end moment at B is thus M;‘BC =2929 kN.m.

The stiffness coefficients are the same as in the previous example, except for S‘BB’

where

Sya =004037 | S, =00251833 .  Spp =0.04037

! C1C3 -Cg
Spp = ~ce, xSpp =0.610934 xSy = 0.024663

The slope deflection equation for member BC is then

. E
Mpc =29.29+(0.02466305 )
The equilibnum equation is only at B, where Mg =Mp, + M;C =0. This gives

- 13.04+% o.040370, ]+ 29A29+][-:2—[0.024663 05]=0

The solution is GB = M rad.
E

The moments at B and A are obtained from the slope deflection equations as follows:
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E

= (0.0245208, )=25.023 kN.m
12

L]
Mpc =29.20+

E
Myp=18.04+% (002518330, )=13.684 kN.m

which are the same results as in the previous exammple.
43.3 Applications to Gable Frames

Gable frames are special types of structures which have inclined members as
shown in Figure 4.39, instead of having only horizontal and vertical members. The
geometry of the frame imposes a kind of relative deformation even when the frame is
subjected to gravity loads only. That is why gable frames should be treated carefully
in order to determine the effect of the distortion in the frame geometry on the various
members.

Figure 4.39

Consider, for example, the symmetrical gable frame, shown in Figure 4.40, which
is subjected to symmetrical gravity loads. The frame geometry imposes the kind of
deformation shown by a dotted line in Figure 4.40. By this deformation, each
member in the frame is subjected 1o a relative displacement between its ends.
Determination of these relative displacements needs geometrical analysis as shown in
Figure 4.41. From Figure 4.41 and neglecting the axial deformaticns, one obtains the
following relationships:

Ap=Ag=A tana (4.63)
An =A Ap (4.64)
CD ™ “CB ™~ sin o .

The slope deflection equations for member CD, for example, are thus
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Figure 4 41

2E1, e
MCD = MFCD + E— 26CD + BDC _T_ (465)
CD CD

2El, 3A
Mpc =Mepc * 7| 2pc *8¢cp - T
o

€D ] (4.66)
cD

The slope deflection equations for member DE, are

2E1, 3(4p)
Mpg =Mppg + | g +0gp, - =2 (4.67)
1 |
2E1, 3-ap)
Men =Meep +——Ll 20 +6pg -——Ll (4.68)

The equilibrium equations for this frame are



93

Mg =Mg, Mg (4.69)
Me=Meg +Mep (4.70)
Mp =Mpe+Mpe 4.71)
The summation of the horizontal forces in direction of Ap =0 (4.72)

Equation 4.72 can be found either by taking the horizontal reactions at A and
E, or by calculating the horizontal reactions at B and D for the frame BCD. The
solution of Equations 4.59 to 4.72 provides the kinematic variables GB,BC,B

and Ap.

D

There are also more difficult situations for asymmetrical frames or
symmetrical frames subjected to horizontal forces as shown in Figure 4.42. The
difficulties encountered in developing the geometrical relationships for these kinds of
frames are obvious. The soiution, however, can easily be obtained by using the
stiffness matrix method approach 11, as shall be shown in Chapter 5.

ASYMMETRICAL SYMMETRICAL

Figure 4.42
44 THE MOMENT DISTRIBUTION METHOD

The moment distribution method is basically the slope deflection equation
method but the equilibrium equations are solved by successive iterations, instead of
solving the linear simultaneous equilibrium equations by the exact mathematical
methods.

The basic concept in the moment distribution method starts by making the
structure kinematically determinate by fixing all joints. This results in fixed end
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moments at the fixed joints due to the applied loading and other effects on the
members. In order to satisfy the equilibrium equations at the free joint, one has to
balance the moment at these joints by introducing an external balance moment. The
application of the balance moment must, however, satisfy the equilibrium and obeys
the stiffness in each member. In order to clarify this point further, consider the beam
which is given a balance moment Mg at joint B, as shown in Figure 4.43,

Mp
{ A 1
i 1, . 1, L
‘ 8 Jl L2 l
T T~
Figure 4 43

The slope deflection equations for members BA and BC at B are, respectively,

2€E1,

Mg, =0+ (265 +0) (4.73)
2E1,

Mpc =0+ {265 +0) (4.74)
2

The equilibrium at the free joint B requires that
Mg =Mp, +Mg. (4.75)

Solving equations 4.73 to 4.75 one obtains

()

BA = B (4.76)
ill/Ll i+llsz2 ,

(1,L,)

M, = M @m
BC ( } ( } B
I]/’Ll + szL2

which indicates that the balance moment at the free joint is distributed to the members
connected to this joint according to their stiffness factors. The stiffness ratios in
Equations 4.76 and 4.77 are called distribution factors, and their sum at every free
joint must be unity.

The external balance moment applied to the members at the free joints should,
however, obey the equilibrium conditions. For example, the end moments in member
AB of Figure 4.43 are obtained as follows:
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M, =Ehg ([lﬂ‘l) M (4.78)
BAT L, B )+Le,) B
2E1 1
Mg =Tll' B~ 3 Mga (4.79)

which indicates that haif of the end moment obtained from the balance moment at the
free joint of a member is given to the other joint of the member. The ratio
M ,5/Mp, ) is called the carry-over factor.

The procedure in the moment distribution method can now be summarized in

the following steps:

L.

Determine the fixed end moments in all members after fixing all joints in the
structure.

Determine the stiffness factors, the distribution factors, and the carry-over
factors for all members.

Remove the fixation of the free joints by applying external balance moments
in order to satisfy the equilibrium of moments at these joints.

Distribute the balance moments to the members connected with the free joint
according to their distribution factors and the carry-over factors.

Repeat steps 3 and 4 until the values of the balance moments at all free joints
are very small and can be neglected.

The sum of the fixed end moments and the balance moments iterations of
steps 4 and 5 gives the final end moment at every joint. As a check of the
solution, the sum of the end moments at every free joint must equal the
external moment applied on that joint. Another check is to calculate the angle
of rotation of the free joint, which must be the same when calculated for the
individual members connected with the free joints.

Example 4.14

Determine the bending moment diagram for the beam of Example 4.4 using the
moment distribution method (EI = 10° kN.m? o = 10°/°c).

3I0°
S50KN 06 .
Al L 8 " t B N0 K.m.
{ 1 -V ! -
{
!r 5.0m. L 5.0m ! 2.0m. L

Figure 4.44
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Solution

The stiffness factors, distribution factors, and carry-over factors are determined using
the data shown in Figure 4 44, as in the table below:

Member AB BA BC CB
Stiffness coefficient 4El/5 | 4ELl/5 | 4El/S | 4EL/S
Stiffness ratio 1 1 1 1
Distribution factors 1 0.5 0.5 1
Carry-over factor 0.5 0.5 0.5 0.5

The fixed end moments are determined from the tables for the cases shown in Figure
4.45 using the signs of the slope deflection equation as follows:

S0x5 4El
MFAB= 2 +T8A:+19]'25 kN.m
S0x5 2EIl
MFBA =- +T8A =+48.75 kN.m
M .. =EI -1 _ 50 kN Mgr =-50 kN
FBC = “T‘* -m FCB =" -m

The steps of the moment distribution method can be organized as in the following
table. As indicated in the table, after determining the fixed end moments, joint B
which is a free joint 1s offered a balance moment of (-98.75) which is distributed
between members BA and BC according to their distribution factors. One half of the
balance moment is given to the other end of the member at A and C. Similar step is

b'?{'
& -
i,
By

20 KN.m.
— T D, 8w b

Figure 4 46
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done for joint C which is given a balance moment of (+30) and one half of that
moment is given to joint B. The steps are repeated until the balance is very small.

Joint

Member

Distribution Factor

Fixed End Moment
Balance Moment
Carry-over Moment
Balance

Carry-over

Balance

Carry-over

Balance ‘
Carry-over
Balance
Carry-over
Balance
Carry-over
Balance
Carry-over
Balance

|Linal Moment

A .
AB ~~ BA
N SR U
+191.25 | +48.75
- 49375
24687 1 0
- 7.5
-3.75 0
- 6171
308 . 0
- .00937
0468 . 0
0o i -0771
-0385 . 0
0 0117
-0.058 0
0 -0.096
0048 ; O
- -0.0145
158.774 | -16.232

B . C _
. BC B | CD
105 10
+50 .50_;r +20
-49375  +30
15 | -24.687
7.5 | 424687
12343 © 375
6171 375
1.875 | -3.085
-0.937 ° 3.085
1542  -0.468
0771 0.468
0234 -0.385
. 0117 | 0385
0192 | -0.058 |
| -0.096 | 0038 |
. +0.029 | -0.048 i
| -0.0145 | +0.048 |
16.232 -20 +20

The bending moment diagram is given in Figure 4.46, which is approximately

the same as Figure 4 8.

Example 4.15

Determine the bending moment diagram for the frame shown in Figure 4.47 due to
the applied loads and a vertical settlement at B of 1 ¢m downward (EI = 10° kN.m?).

|20KN
C 8

I0m

30m

SOKN
e

El

i

40m

40m

Figure 4.47
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Solution

The fixed end moments are determined from the tables for the loading cases shown in
Figure 4.48.

MFAC =+37.5 kN.m N M =—375 kN.m

FCA
=+2049375=+113.75 kN.m ; Mppc =+93.75-20=+73.75 kN.m

Mece

The steps of the moment distribution method ca be organized in the following table:

Joint A C B
Member AC CA CB BC
Stiffness Coefficient  4EI/6 | 4EL6  4EUS  4EIR
Stiffness Ratio 4 4 3

Distribution Facter | . 0.57143 042857 1
Fixed End Moment +37.5 =378 +113.75 | +713.75
Balance Moment - -43.571  -32678 | -73.75
Carry-over Moment -21.785 0 -36.875 -16.339
Balance . - 21.071 15.803 16.339
Carry-over P 10,535 0 . 8.169 7.901
Balance - 4668  -3.501 -7.901
Carry-over | -2.334 0 i -3.950 -1.750
Balance L. 2.257 1.693 1.75
Carry-over ;1128 0 0.875 0.846
Balance - -0.5 -0.375 -0.846
Carry-over -0.25 0 -0.423 -0.187
Balance - 0.242 0.181 0.187
Carry-over 0121 0 . 0.093 0.090
Balance - - -0.053 . -0.04 -0.09
Carry-over + -00026 O -0.045 -0.02
Balance ' - -0.0257 Jy +0.0193 +0.02
Final Moment 24 88B5 | -62.6963 | 62.6963 0

20(‘ l 20 KN ;\?0 KN.m.

{c 8l
s /:""C

@

[}

7 it e
kf IR
— —+
i‘):a: 75 =
L -
T.T-QJJS KN.m.

375 k

Figure 4 48
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The bending moment diagram for the frame is shown in Figure 4.49, which is the
same as solved by the slope deflection equations.

62.722

§2.72 — . AT e S -
ZK: 8.6¢ KN.m

1.2 KNm.

24,915 é

BMD

Figure 4.49
4.4.1 Angles of Rotation by Moment Distribution Method

It has been pointed out that to check the solution obtained by the moment
distribution method, the equilibrium condition of the final moment applied at each
free joint must be satisfied. This means that the summation of end moments at the
free joint must equal the external moment applied at that joint. However, the process
of distribution may hid an error which is eliminated at the end of the iterations.
Therefore, one needs another tool to verify the solutions obtained by the moment
distribution method.

Since we are dealing with linear elastic structures, the compatibility conditions
should also be verified at every free joint. This means that the angles of rotation
calculated at the end of all members connected with a free joint must be the same. In
order to caiculate the angle of rotation, one may use the slope deflection equations,
Member AB, for example, has the following slope deflection equations:

M a5 =Mpap + K og (26 45 + 954 ) (4.80)
Mg =Mga + K ap (205, +6,5) (4.81)
in which K,n is the relative stiffness for member AB.

Solving Equations 4.80 and 4.81 for 8 ;5 and 6 one obtains

BA>
Opn =[Mup Mpap)-05 Mgy Mego ] /(15K ,5)  @82)

Ops =IMg, -MFBA)-O.S(MAB-MFAB)]/(I.SKAB) (4.83)
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It is obvious that one can obtain the angles of rotation from the final results of
the moment distribution method. This tool is very powerful in detecting errors in the
distribution process. It can be augmented at the end of the moment distribution table
as illustrated in the following examples.

Example 4.16
Check the compatibility conditions at the free joints of Example 4.13.

Solution

The check can be organized at the bottom of the same table used to solve Example
4.13, as follows:

Member AB BA BC CB

Stiffness Ratio (K) | | 1 1
Fixed end moment (FEM) 19125 [ 4875 50 -50
Final Moment (FM) 158.774 | -16232 | 16232 |-20

-FEM) -32.476 | 64982 | -33.768 [ +30
- 0.5 (FM - FEM]} of other end +32.491 | +16.238 | -15 +16.884
Sum = (FM-FEM) - 0.5 (FM—FEM) | 0015 | -48744 | -48768 | +46.884
6 = sum/1.5K 001 |[-32496 |[-32512 [ 31.256 |

The results indicate that the angle of rotation at A is approximately zero, and
the angle Oy, equalstheangle@p~. The littie difference is coming from not
carrying out the iteration to full convergence. One can thus sketch the deformed
shape of the beam as shown in Figure 4.50. Notice that if the exact stiffness (2EI/L)
has been used instead of the relative stiffness (K), one obtains the exact values for the
angle of rotations.

Example 4.17

Determine the angles of rotation in Example 4.14 and draw a sketch for the deformed
shape.

[T
g_- ______ ~ge _ xs
K S s st
8A
A

_____ apa 8cB
X e

Figure 4.50
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Solution

Member AB BA BC CB
Stiffness Ratio (K) 4 4 4 4
Fixed end moment (FEM) 375 -37.5 113.75 73.75
Final Moment (FM) 24 8885 | -62.6963| 62.6963] 0O
(FM-FEM) -12.6115 | -25.1963 | -51.0537| -73.75
- 0.5(FM — FEM) of other end 12 59815 6.3057| 36.875 25.52685
Sum = (FM-FEM) — 0.5 (FM-FEM) | -0.01335| -18.89 | -14.1787 | -48.223
8 = sum/1.5K -0.00222] -3.1484 | -3.1508| -10.716

The results indicate that the angle of rotation at A is approximately zero since
it is a fixed support, and the angle 8, is approximately equal Bcg- The deformed

shape of the frame can be sketched as shown in Figure 4.51.

Figure 4.51

4.4.2 Applications to Members with Moements Releases

It was shown in section 4.3.3 that the modified slope deflection equation 4.15
is used when the end of the member is a hinge with zero moment. In the case that the
relative displacement is zero, the equation can be written as:

* * 3EI

MBA :MFBA +'—L—-9BA (484)

where member AB is hinged at joint A which has zero moment.

Equation 4.84 indicates that the stiffness factor for a member with a moment
release is (3EI/L), not (4EI/L) as was shown before for ordinary members. Thus, one
can use this modification in the moment distribution method whenever a member has
a moment release. The modification can be done by multiplying the stiffness factor
(4EL'L) by the fraction 0.75. In this case the distribution of moment to the hinged
support is always zero.




Example 4.18

Solve Example 4.13 using the modified stiffness factor for member BC.

Solution
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One proceeds as in Example 4.13 but the stiffness factor of member BC is multiplied

by 0.75. The steps of the moment are organized in the following table:

Eoim A B C ]
Member AB BA BC CB cb '
Stiffness Ratio (K) 1 1 1 1
Modified Stiffness (K*) 1 1 0.75 0.75
Distribution Factor 1 0.57143] 042857 1
FEM +191.25 [ +48.75 |+50 -50 +20
Balance Moment - -56.428 | 42321 | +30
Carry-over Moment -28.214 0 +15 0

| Balance 0 . -8571  -6.428 0
Carry-over 4285 | 0 0 0 |
Final moment (FM) 158.75  -16.25 | 16.25 -20 +20 |

| (FM - FEM) 325 -65 -33.75 | 430

| -0.5 (FM - FEM) +32.5 +16.25 | -15 +16.875
Sum 0 4875 | 48.75 46.875
8 = Sumv1 5K 0 | -325 -32.5 31.25 ]

One notices the fast convergence of the iterations leading to the exact solution, which
gives the rotation at A is exactly zero, and 8, =6p..

One can solve this problem by using the fixed end moment M;‘BC for member

BC which is fixed at A and hinged at C. This sometimes provides a faster
convergence for the distribution process. The solution according to this method is

shown in the next table:
Joint A ] B C 1
Member AB  BA BC CB CD
Stiffness Ratio (K) 1 1 1 1
Modified Stiffness (K*) i 1 0.75 0.75
Distribution Factor 1 0.57143 | 0.42857 | 1
FEM 19125 [48.75 75 0 +20
Balance Moment - -70.715 | -54.035 |-20
Carry-over Moment -35357 | 0 -10 0
Balance 0 5714 4285 0
Carry-over 2857 | 0O 0 0

| Final moment (FM) 15875 |-16.25 [ 16.25 20 +20
Example 4.19

Solve Example 4.14 using the modified stiffness factor method.
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Solution

The steps of the moment distribution in this case are given in the following table:

Joint | A C B |
Member AC CA CB BC

_ Stiffness Ratio (K) 4 4 | 3 3
Modified Stiffness (K*) 4 4 225 2.25
Distribution Factor 1 | 064 0.36 1
FEM 375 -37.5 113.75 73.75
Balance Moment 0 -48 .8 -27.45 -73.75
Carry-over Moment -24.4 0 -36.875 0
Balance 0 23.6 13.275 0
Carry-over 11.8 L 0 0 0
Final moment (FM) | 249 -62.7 62.7 0 |

One can also use M;CBfor member CB which is hinged at B instead of

Micg. The value of M;‘CB is calculated using the fixed end momenis tables as
follows:

]
3x10% x-——
3PL 3EIA 3
» _OPL 3BIA 3x20x8 " 100 _46875kf

Mrce =+ 75 * 2 16 82

The steps of the moment distribution in this case can be organized in the next
table. One notices the fast convergence leading to the exact solution of the problem.

‘Loint A c _ Q— B

Member AB CA CB BC
Stiffness Ratio (K) 4 4 3 3
Modified Stiffness (K*) | 4 4 225 225 |
Distribution Factor 1| 064 | 036 1
FEM 375 ‘ 375 | 76.875 0
Balance Moment - -25.2 -14.175 0
Carry-over Moment | -12.6 0

| Final moment (FM) 249 [ -

4.3 Consideration of Relative Displacements

It has been pointed out that the moment distribution method deals basically
sith the moments at the joints, and the distribution process depends on satisfying the
guilibrium of moments at every free joint. In the presence of relative displacement
etween the joints of a member of known quantities like settlement, one uses the fixed

end moment due to the settlement as was shown in Example 4.14. However, if the
structure is subjected to sidesway or deformation, which also need to be determined,
the problem can be solved by the moment distribution method if the sidesway is
assumed to have a specific value in order to carry out the distribution process. By
using the equilibrium of forces in the direction of the sway, one can determine the
exact moment and the exact relative displacement, in the members,



To illustrate the procedure, consider, the portal frame shown in Figure 4.52.
The applied loads impose the deformation shown by the dotted curves. In order to
solve the problem by the moment distribution method, the frame is prevented from the
sidesway by applying the force H; as shown. The value of H, is obtained after
determining the final moment M, and from studying the equilibrium of the forces in
the direction of the sway. Since the sidesway A is unknown and it is difficult to
determine its magnitude when applying the force H; in the opposite direction, one
usually assumes a certain value for the sidesway which is denoted by A'. This
assumption assists in calculating the fixed end moments due to the assumed sway for
the structure. The moment distnbution of this structure provides the final moment
M;. The magnitude of the force H; which has caused the assumed sway A’ can be
calculated from the equilibrium of forces in the direction of the sway. If one is
fortunate, the force H; should be equal and opposite to the force H;. However, one
can correct any deviation by linear interpoiation since the structure is linear elastic.
This means that the value of A and the final moment M of the actual structure can be
determined by the following relationships:

A=A —L 4.85
H, (4.85)
Hl
2
JIp g ~ -
=1 - 4
_________ --1| \..,___________. ‘4—-“1 r—————— &.“'
] ! \ ,I 1
I 1 | |
i ] | ! i
o i / l
/ ,’ e I
’ /
B-iL -L- -
M Hy M2
Figure 4.52

One should, however, realize that the above process should be repeated for
every unknown relative displacement. For example, if one has the three story frame
shown in Figure 4.53, in this case one has to solve the problem by the moment
distribution method four times as illustrated in the figure in order to obtain the final
moment diagram. The interpolation factors B,B,,and B, which are applied for the
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assumed deformations A'I,A‘z,and A'J can be obtained by writing the equilibrium

equation of forces in the direction of each assumed sway as follows

H, -8, H, +B, H; +B, H| =0
H, +B, H, - B, H, +p, H'2"=o

Hy +B, Hy +B, Hy - B, H; =0

487

Values of the forces Hi,H'i, H'l and H: fori=1, 2, and 3 are obtained from the

equilibrium of moment distributions M;, My, M3, and M,

1’! Py .
LI 1 A . 1 ~
e Hy - H - -—
PHEP:. 1Ay —Fft_—_?*‘ \ ‘.Ht -
4,1 Py H2 /o I -
H | P - i adi ="
2 ! ayl | JT ' / ! \t Ak )
} 4 < H3 <H1 -t |y t...H:
!! :’ = + + + Il i
]
y
I L 1 1 L1 1 1Y
M My M2 My My
Figure 4.53
The final moment M and the sidesways A, Ay, and A; can now be determined
from:
M=M]+BIM2+BZM3+B3M4 (4.88)
A =B, A, (4.89)
A, =B, A, (4.90)
Ay =By A (4.91)

For example, the value of H; and H; in Figure 4.52 are determined by studying
the equilibrium of forces in the horizontal direction as shown in Figure 4.54, The
horizontal forces Hya, Hip, H2a, and Hip are determined as foilows:
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(4.92)

Values of H, and Hj are thus obtained from solving the following equations:

H1+HIA +HIB'Pl=0
HIA +H2B'H2 =0

M,

Example 4.20

(4.93)

e B
-— H
A
-
H24
D
-~
H1B
Figure 4.54

M;

—_— H}

Determine the bending moment diagram for the beam shown in Figure 4.55
(Example 4.5) using the moment distribution method (EL = 10° kN.m?, a = 1077,

K=10kN.cm).

¥

20°C 2KN/m'

[ 3] K H3

1

-
o
o
3

Figure 4.55
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Solution

In this problem the settlement at B is unknown. One thus solves the problem in two
stages. The first stage is to assume B a rigid support without settlement as shown in
Figure 4.56. The second stage is to assume a certain amount of settlement at B, as
shown in Figure 4.58. The final bending moment is obtained using the superposition
and equilibrium principles.

20° B 2 KN/m

i E7.
&LV m 2E1
Hs

Figure 4.56

Stage 1

The fixed end moments are determined from the tables according to the signs of the
slope deflection equation as follows:

(1,-1,)

Mppp =-@EI-I—27=-33333 kim Mg, =+33333 KNm

* >

Mpeg = 10.667 kN.m

The steps of moment distribution are organized in the next table.
The reaction force Hp which prevented the settlement at B can thus be

determined from the equilibrium of forces in the vertical direction. Using Figure
4.57, one has

Hp =8-295-3933=1.117 kN (upward}.

Joint A C ! j

Member 1 AB BA BC CB
| Stiffness Coefficient | 4El/6 | 4El/6 | BELS 8EI/R |
| Stiffness Ratio 2 2 13 3
| Modified Stiffness (K*) 15 1.5 | 225 225 |
@stnbunon_Eactor 1 04 | 06
FEM 33333 | 33, 33j 10667 | -10.667 1
Balance Moment 33333 | -17.6 -26.4 10.667
Carry-over Moment 0 16.667 5.334 0

Carry-over 0

) |0 0 | 0
Final Moment (M) 0 236 | -236 | 0

Balance L0 88 | .132 0 )
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w 236 ZKN/m
KNm’\
3 9 KN 393‘ t80 80
T +295K}-' T 2.95 KN
Figure 4.57

Stage 2

Assuming a certain deflection at B, say 1 cm, the fixed end moments due to this
settlement according to the signs of the slope deflection equation are calculated using
Figure 4.58 as follows:

6EIA _6EI(0.01) _ | )
Meap= " g~ =g =+166667 kNm Mg, = +166.667 kN.m
6(2ENA _-12E1(0.01) _ _ B
Mppc = -~ o=y =195 KNm | Mg =-1675 kNm
Ay 8 |3
r‘;'-«,__ A=V Cm ”” L

Figure 4.58

The steps of moment distribution of this stage are given in the following table:

Member T AB | BA | BC CB
Distribution Factor 1 04 = 06 1
FEM 166.667 l 166.667 | -187.5 -187.5
Balance Moment -166.667 | 8333 12.500 187.5
Carry-over Moment 0 | -83334 | 9375 0
Balance 0 -4166 , -6.249 0
Carry-over 0 0 | 0 0
| Final Moment (Mz) 0 | 875 | -875 0

The forces H'B which has caused the assumed settlement A' = 1 c¢m is calculated from
the equilibrium of forces in the vertical direction. Using Figure 4.59 one has

Hp =14.5833+10.9375=25.52 kN (downward)

In order to determine the final moment diagram, the following equilibrium
soustion is develoned using Fioure 4 .60
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Figure 4.59

A ey B ’:I om
FanesS s s & . —2A. m

RB - K& "e } He
Figure 4.60
Rp =Hp -B, Hy

Since RB =K A=K Bl A', one has

10B, =1.117-25.52B, , which leads to Bl=%]5—;:0.03144

The final moment at B is thus obtained from
Mg, =M, +B; M, = +23.6+0.03144 (87.5)=26.352 kN.m

The deflection at B is also obtained from
A=P, A'=0.03144 cm

which are the same results obtained in Example 4.5. The bending moment diagram is
given again in Figure 4.61,

. BMD.
IR

Figure 4.61
Example 4.21

Determine the bending moment diagram for the frame shown in Figure 4.62 (Example
4.6) using the moment distribution method (EI = 10° kN.m*, a = 10°7% %¢.
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Figure 4.62
Solution

The frame is subjected to a sidesway in the right direction. The solution is obtained
from the sum of two stages. In the first stage the frame is prevented from the
sidesway, and in the second stage a certain value to the sway is assumed, as shown in
Figure 4.63.

Y S L VI 4 »
Y - ry =

: B C F ] {

j | !

! = +] ,’

H Hp / He )

LA of |H i R L]
Figure 4.63
Stage 1

The fixed end moments of member BC are determined from the tables according to
the signs of the slope deflection equation as follows:

2

gL
Meo - =——-a(2El
FBC =7, " (2ED

T,-T 2
u 2)22-5"‘2 J20x2 16667 KN.m
h 12 6

MEcp =+ 36.667 kN.m

The steps of moment distribution of this stage are organized in the next table. The
value of H, is determined from the equilibrium of forces in the horizontal direction, as
shown in Figure 4.63 as follows:
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_Joint _ A B ' C B
Member AB BA | BC CB ) CB
Stiffness Coefficient | 4El/6 | 4El/6 | 8E/12 | 8EI/12 | 4EI/6 | 4EL6

| Stiffness Ratio (K) 1 1 ] 1 1 1

| Modified Stiffness (K*) 1 i 1 0.75 0.75
Distribution Factor | 1 | 05 0.5 057143 | 042857 | 1 |
FEM 0 0 |:36.667 | 36.667 0 0
Balance Moment 0 18.334 | 18334 | -20953 [-15.7144 0
Carry-over Moment 9167 ¢+ 0 -10.476 | 9.167 0 0
Balance 0 | 5238 | 5238 | -5238 | -3928 | 0
Carry-over 26191 0 22619 | 2619 0 0
Balance 0 i 1309 | 1309 | -1.496 ' -1.122 0
Carry-over | 0654 | 0 0748 | 0.654 0 0
Balance | 0 | 0374 | 0374 | 0374 028 | 0
Carry-over | 0.187 | 0 -0.187 | 0.187 0 0
Balance | o 0093 | 0093 | -0.017 -0.08 0
Carry-over Liof*_ﬁ_‘_L “-0'%46 0 0#

'Final Moment (M;) | 12686 | 2538  -2538 | 21.144 | -21.144 | 0
H1+HA+HD'36:0 \ where

A :y—*‘B—:wiA =6343kN | and M :%:-3,524 KN

H,=36-H, -Hpy =33181 kN (in the assumed direction).

Stage 2

In this stage, the frame is subjected to an assumed sidesway, say A’ = | cm. The fixed
end moments due to this sway are determined from the tables according to the signs
of the slope deflection equation, as shown in Figure 4.64, as follows:

|

6(10%) —

N _+6EIA" 100 _

MFAB:MFBA:MFDC“MFCD‘ g = Y: =+166.667 kN.m
= 4 F\ Mrea | Iy
B J C )Mm

(L (Lp

Mran Mroc

Figure 4.64
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The steps of moment distribution of this stage are given in the following table:

| Member AB BA BC | CB CD DC |
L(héodiﬁed Stiffness 1 1 1 1 0.75 -0.75
*
)

Distribution Factor 1 0.5 05 0.57143| 042857] 1
FEM 166.667 | 166667 | 0 0 166.667 | 166.667
Balance Moment - -83334 | -83.334 | -95238 | -71.428 | -166.667
Carry-over Moment | -41.667 | 0 47.619 | 41.667 | -83.334 0
Balance 0 23809 | 23809 71.43 53.57 0
Carry-over 11904 | 0 35715 11904 | 0 0
Balance 0 -17.858 | -17.858 | -6.802 | -5.102 0
Carry-over 8929| o0 ! -3401!-8929 | o 0
Balance - 1.7 1.7 5.102 31.827 0
Carry-over 0.85 0 2551 ) 085 0 0
Balance - -1.275 | -1.275| -0486 | -0.364 0
Carry-over 0638 0 0243 | 0638 | 0 0

| Balance - 0.121 0.121 | 0365 0.323 0
}cm-over 006 ' 0 0.182 | 0.06 0 0

. Balance - . -0.091 | -0091 -0.035 | -0.025 0
Carry-over 0048 0 ;iﬁ -0.017 | -0.046 0 0
Final Moment (M;) | 128.199 ' 8975 8975 | -64.134 |64134 | 0

The force H; which has caused the assumed sway A’ = | cm is obtained from

H,=H, +Hg

M, +M M
H,= “6 BA . 7CD _ 47012 kN

The interpolation factor f; is obtained from

H, 47.012
The actual sway A is obtained from A=p,A'=0.7057 cm.

The final bending moment M is obtained by the superposition of M, and ;M3
as given in the following table:

M, 12.686| 2538 | -25.18 21.144 | -21.144
1M 90,47 | 63.329| -63.329 | -45.256 | 45.256
M 103.15 | 88.7 | -88.7 -24.11 24.11

Member | AB BA BC CB CD [ DC |
0
0
0

The blending moment diagram is given tn Figure 4.65, which is approximately
the same as the results of Example 4.6.
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Figure 4.65

4.4.4 Non-Prismatic Members

In order to use the moment distribution method for non-prismatic members,
one needs to determine the fixed end moments and the stiffness factors for these
members. It has been shown in section 4.3.5 that the stiffness factors for a non-
prismatic member AB are obtained from

E ¢y E
K,,==S,,=—>—— (4.94)
AA AA 2
- CICB'CZL
E o E
Kp, =—Spp=——— — (4.95)
BA BB 2
L C1C3 'CZ L
E c, E
Kip=—8,p=——"—— (4.96)
AB AB 2
L CIC3'C2 L

where the coefficients C;, Cy, and C; are as defined in equations 4.20 to 4.22 and
given here again for completeness as follows:

2
4.97
b o (457)
_LxL-x0? (4.98)
270 B
Lﬂ‘ﬂ 499
3= g 0 " (499

Equations 4.94 to 4.96 indicate that the carry-over fac - rom A and B which is
denoted by Cap is given by

K C
Cpg=tB=-1 (4.100)
Kaa G
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Similarly, the carry-over factor from B to A which is denoted by Cga is given
by

o

K

C.. =—BA _ "2 (4.101)
BA

KBB Cl

It is obvious that symmetric non-prismatic members have Saa the same as Sgp,
and thus Cap = Cga. Once the stiffness factors, carry-over factors, and the fixed end
moments have been determined for each member, the moment distribution process
can be carried out in the usuai manner.

Example 4.22

Determine the bending moment diagram for the beam shown in Figure 4.66 (same as
Example 4.11) using the moment distribution method.

-

08m U06m afm. oem D8m

1\om lwun
Aj L C

|3Drn | 3om. l3om ! 30m l30m |30 '30m |30m l
I 1 \l T

| R t
i b

Figure 4.66
Bl-etim 18.04 KN m
[s2%7) M
l | IB\ Wéﬂ
30m 134~ | 39w [ 3em [ N96 KN m.
Figure 4.67

Solution

The fixed end moments of members AB and BC can be obtained by using the unit
load method or the column analogy method for the beam shown in Figure 4.67. The
solution by the column analogy method was obtained in Example 4.11 and is given in
Figure 4.67. The fixed end moments according to the signs of the slope deflection
equation are -

Mpap=1804 kNm | Mpp, =-18.04 kNm
Mppe=1804 kNm . M., =-1804 kN.m
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The stiffness and carry-over factors can be obtained by calculating the coefficients

C;.C,,and C,.
determined as follows:

C,=405418 | C,=2288 ; C,;=405418

The stiffness coefficients are thus obtained as

K c] = E
& 7 [=0.04037 = kNim

E
=K =K =—[‘
8s =Kcc
Lic,¢c,y-c3
G,

E E
K,n=Kps =Kpp=Kpeg =—| ——2 _ |=0.025183 — kN/m
AB ~Bpa =Rpc=Kcp L[Cn C3-C§] L

The carry-over factors are thus

According to Example 4.11, the values of these have been

Sap _ (0.0251833

Can CBA ‘CBC Cep = San [ 0.04037 ]-0.62366
Joint | A B C

| Member 1 AB BA BC CB

@ffﬂess Factor 0.0403 E/12 | 0.0403 E/12 | 0.0403 E/12 | 0.0403 E/12
Stiffness Ratio (K) 1 1 1 1
Distribution Factor 1 0.5 0.5 1
Carry-over Factor 0.62366 0.62366 0.62366 0.62366
Fixed End Moment 18.04 -18.04 18.04 -18.04
Balance Moment - 0 0 18.04
Carry-over Moment 0 0 11.2508 o
Balance - -5.6254 -5.6254 ]
Carry-over -3.5083 0 0 -3.5083
Balance - 0 0 3.5083
Carry-over 0 0 2.188 0
Balance 0 -1.094 -1.094 0
Carry-over -0.6823 0 o -0.6823
Balance - - - 0.6823
Carry-over 0 0 0.4255 0
Balance 0 -0.2127 -0.2127 0
Carry-over -0.1326 0 0 -0.1326
Balance - 0 0 0.1326
Carry-over - - 0.0827 -
Balance - -0.0413 -0.0413 -
Carry-over -0.0258 0 0 -0.0258
Balance 0 0 0 | 0.0258
Final Moment 13.691 | -25.0136 250136 | o ]
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Figure 4.68

The bending moment diagram is given in Figure 4.68 which is almost the same as
Figure 4.37 of Example 4.11.

4.4.5 Non-prismatic Members with Moment Releases
The derivation of the modified stiffness factors accounting for a moment
release at the end of a nonprismatic member was shown in Section 4.3.6. For member

AB which is hinged at the right end B, the modified stiffness factor is

. 1E
K, =— = 4.102
3 (4.102)

in which A represents the unreleased end of member AB.

If member AB is hinged at A, the modified stiffness factor at B becomes

. 1 E
KBB=?3E (4[03)

One can also prove that Equation 4.102 may be replaced by

-

Kia =K 2 l-Cop Cpa) (4.104)
where Cap and Cga are the carry over factors given by Equations 4.100 and 4.101.
Similarly, Equation 4.103 may be replaced by

*
Kpg =Kpg (1-C 5 Cpa) (4.105)
In using K;\A or K;BB for members with a hinged end, one can disregard the carry-

over moment to this hinged end. This prompts the process of convergence during the
moment distribution.
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Example 4.23

Solve Example 4.21 by using the modified stiffness considering the hinge at C,

Solution

Since the support-at C is hinge at the right end of member BC, the modified stiffness
factor for member BC is

Klg = = 0.024666 = KN/m
c,L L

1

One can use the fixed end moments Mgpc and Mgcp, or use the modified fixed end
moment M;‘BC- The steps of moment distribution considering Mrac and Mgcp are
given in the following table:

Joint A B C
Member AB BA BC CB
Stiffness Factor (K) | 0.04037 E/12 | 0.04037 E/12 | 0.04037 E/12 | 0.04037 E/12
Modified Stiffness (K* 0.04037 0.04037 0.024666 -
Stiffness Ratio 1 1 0.61100 -
Distribution Factor 1 0.6207 0.3793 1
Carry-over Factor 0.62366 0.62366 0 0.62366
Fixed End Moment 13.04 -18.04 18.04 -18.04
Balance Moment - 0 0 18.04
Carry-over Moment 0 0 11.2508 0
Balance - -6.9834 -4.2674 0
Carry-over -4.3553 0 0 0

[ Final Moment (M) 13.684 -25.023 25.023 0

The moment distribution considering M;*'BC which was determined in example 4.12
is shown in the next table.

Member AB BA BC CB ]
Distribution Factor 1 0.6207 | 0.3793 1
Carry-over Factor 0.62366 | 0.62366 0 0.62366
Fixed End Moment 18.04 -18.04 42929 0
Balance Moment 0 -69833 | -4.2671 0
Carry-over Moment -4,31552 0o - 0 0

Final Moment (M;) 13.684 | -25.023 | 25.023 0

The results are the same as example 4.21.
Example 4.24

Determine the stiffness factors and carry-over factors for the beam shown in Figure
4.69.
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151 1 21 21 1 151
a = ““‘fﬁ.c
com ! 8.0m. | eom | som | s0m | com.
-t 1 t + —T 1 T
Figure 4.69
Solation

The coefficients C,, Cz, and C; are calculated for member AB considering point A as
an ongin, as shown in Figure 4.70.

¥
ag st I 1t be s
| som | a0m | «om |
L 1 ! T
Figure 4.70
L(L.
C3=-I—I(L x)l dx
Lo 100
4 (16- x 12 (16- x)? 16 (16 -
_ 1 1(16 x) ax+ | (16-x) dx+ | (16-x)? of :J_[1°91~555J
(t6y [0 131 a I o 2 163 1
¢,== | x(Lox)
Ly I
4 _ 12 _ 16 -
_ 1 Ix(ns ")dx+j x{16 x)derI x (16 x)dx =L(493.7775J
t6) Lo 151 1 I a2 163 I
L .2
C1=_]?I_x'—dx
L} o I[(x)

‘ff_d“? x? dx dx+lj6 x? d ___1__[963.555]
ol 4 2 21 | 188\ I

From equations 4.94 to 4.101 one has for member AB
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K. =3 E_(963.555}163EI_56443_}::1kN/m
ALTlcc,-c2 L \e992015) 16 16

163 EI EI

E =6.3943 — kN/m
16

Koo = G _[1091555}
BB = 7 7=
(:1(;3.(;2 L 1699201.5) 16

C

(o =_£=593J7_5= 6162
C3 963.555
C

C _ 5937775 ~0.5439

=—2_ 7 0
BAT ¢, 1091555

The coefficients C,, Cs, and C; are calculated for member BC, considering the origin
is at B, as shown in Figure 4.71,

g 2l ! 151 X
[ P
4L0m, B8.0m. LZ.,Dm. |
T I
Figure 4.71
L.
C,y =—1—f (L-x) dx
Ljo I(x)
4 (16-x )2 12 (16-«)2 16 {i6-x)?
_ 13 I(15 x) dx+ | (16-x) dx+ | (16 -x) i :%[963.555]
-593.777 091.555
c, :%[_9_3_5] c, =_13_[¥J
16 I 16 I

For member BC, the stiffness coefficients are’

™

C

Kgp = 3 B 63043 Bl \im
¢,C,-C3 |L 16

C
Kee=| =2 |Z=5.64432 kNim
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3
;33 _LE__ 1 1B, os00E kN
C, L 963555 L L

El
. Khg =K (1-Cin Cra )=42509 =" kKN/N
or BB BB( AB BA) L

4.4.6 Gable Frames

The difficulties in analyzing gable frames by the slope deflection equation
were pointed out in Section 4.3.8. These difficulties are encountered from the
geometrical analysis of the deformed shape of the frame. One will have more
difficulties if he intends to use the moment distribution method to solve gable frames.
The reason is that the moment distnbution must be applied for undistorted frames or
for frame of known distortion. For the symmetrical gable frame shown in Figure
4.72, the moment distribution has to be carried out two times. The first time is to
restrain the frame against any distortion. The second time is to assume a certain value
for the distortion A' in order to carry out the moment distribution. The exact values
of A' and the final moment M are obtained by interpolation after determining the
imposed forces Hy and H; from the equilibrium conditions.

L]

Figure 4.72

The problem may even be more difficult if the symmetrical frame is subjected
to unsymmetrical loading, or the frame is asymmetric in geometry. For example, if
the frame is subjected to asymmetric loading as shown in Figure 4.73, one has two

iy

Figure 4.73
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unknown sways, A, A;, and the problem has to be solved three times by the moment
distribution method. Therefore, it is recommended to not solve these kinds of frames
by the moment distribution method and use the stiffness matrix method which is a
more general method.

4.5 THE USE OF CASTIGLIANO’S FIRST THEOREM

In order to apply Castigliano’s first theorem, the strain energy must be written
as a function of the displacements. The general form of strain energy is given by
!
2

U==[ ol edv (4.106)

Castigliano’s First Theorem, as given in Chapter 2, states that

cu
2= A (4.107)
aD, !

where A; is the action associated with the deformation D;.
The applications of Castigliano’s First Theorem are very limited and usually
fit the small kinematic indeterminate problems. By applying Equation 4.107 at the

free joints, one ends up with a number of equations in terms of the unknown
displacements. The following simple example illustrates the procedure:

Example 4,25

Determine the displacements of joint C in the truss shown in Figure 4 74. (EA = 10*

KN).

Ea EA 40m

50 KN
CV oy — 1

20KN

40m.

I

Figure 4,74
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Solution

The truss has two degrees of freedom at C. Let the kinematic variables be expressed
by Ap and A,, which denote, respectively, horizontal and vertical displacements at C.
Assuming that the internal forces in members CA and CB are in tension and are
denoted by P, and Pg, respectively, the strain energy is thus given by

VvV =

L
lsioTead
2
1P2V2L PAL
e +_
2 EA 2 EA

Using the relationship between the axial deformation and axial forces one may write
the strain energy as

_1EA o
2020 A 2L B

where P=EA A/L.

Now, one has to find the relationships between A, = V24A, -A, . Using Figure 4.75
and assuming small deformations one can write

A\' ZAB

22 V2o

2
1 EA (B +4, ,VEA
V2

One can now apply Castigliano’s First Thearem at the free joint C as follows:

A :SO:ZJEL(AI‘-FA\_) (a}

Figure 4 75
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:20:———(Ah +AV)+TA (b)

A :--—JQ—:-chm (T) , Ah =00685m:6356m(—))

4.6 THE STIFFNESS MATRIX METHOD : APPROACH 1

In this method, the slope deflection equations method is formulated using
matrix operations, The method can be formulated for whether the members have
relative displacements or not.

4.6.1 Members Without Relative Displacements
In this approach, the slope deflection equations for each member are collected

in a matrix form, For example, the slope deflection equations for member AB in a
matrix form become:

4EI 2EI
Mag | |Mrap | |7 T | |%a8
- 5 (4.108)
2E1 4El
Mpal (Mrsa| |5 | [%8a
L L lam

In a short form, one may write Equation 4.108 as
Map =Mpag+ Sz Dap (4.109)
For a structure consists of a set of members, Equation 4.109 can be repeated

for each member. The structure shown in Figure 4.76, for example, the slope
deflection equations are collected in a matrix form as

Figure 4.76
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Map] [Mean] [Sas @ @ 0 0 ][Dy]
Mpc | |Mrac 0 Sgc 0 0 0 |IDpe
Muc|=(Mgac|+| @ 0 Sac 0 0 |[Dyc| (4110
Mcp | (Mecp 0 0 0 Scp 0 ||Dep
Mep | (Mpep| [ 0 0 0 0 Scg|{Dep

Equations 4.110 can be written for any structure whose members are not
subjected to relative displacements. It can be expressed in a general form as

My =Mg, + [Sm]I_)m 4111

in which M_members end moments, M contains the members fixed end
moments, and TSm] is the augmented members stiffness matrices.

The compatibility conditions for the frame of Figure 4.76 can be stated as
follows:

O4n=0,c =6y

Opa =Opc =05

eCAZGCB’_”GCD:eCE:eC (4.112)
8pc =65

where 8,, 8,8, and By, are the kinematic variables at the joints of this structure.
Equation 4.112 can be expressed in a matrix form as

[64m] [t000
Opa | (0100
8pc| |01 00
Bcp| (001 0([8,
B,c| (1 000]|6g
8ca| |00 1 0|6, Y ol
Bpe | [0 00 1|6
6ep| |00 10
8cg| |00 10
LBEC_ |10 00 0]
Equation 4.113 can be expressed in a short form by
D,=CD (4.119)

where C is called the compatibility or connectivity matrix.
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In order to solve the problem one has to apply the equilibrium conditions at
the free joints. For the structure of Figure 4.76 one has the following equilibrium
conditions:

M, =MAB +M,c

Mg =Mpc +Mg,

MC =Mcp +MCA +MCD+MCE 4.115)
Mp =Mp¢

Equation 4.115 can also be expressed in a matrix form as

=
5,

w o
o »

1000100000
0110000000
“looo1o10110
p| 0000001 O0O0O

>
)
=]

>
(@}

(4.116)

@]

L2 X
w

O

=

o
9]

ZDZZZZZZE
=

@]
m

| MEc |
Comparing Equation 4.116 with Equation 4.113, one may write Equation 4.116 as

M=C'M, (4.117)
where M is a vector which contains the external moments at the free joints.

Substituting Equation 4.111 and 4.114 into Equation 4.117, one obtains
M=C" Mg, +CT [, JcD 4.118)
Equation 4,118 can also be written in a shorter form as
M=Mg +[S|D (4.119)
where Mg and [S] are, respectively, obtained from

T
Mg =C" Mg, 4.120)

Is}= €T ks,ulc (4.121)
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Equation 4.119 is now in a suitable form to be solved for the unknown displacements
D as follows:

D=[s]' (M-M;) (4.122)

It is a common practice to call the terms (-Mr) in Equation 4.122 by the
equivalent joint moments due to the direct loadings on the members. It is obvious that
this matrix approach is suitable for computer applications. The analyst stores the
structural data in the form of [S,], the loading data in the form of M and Mg, and
finally the compatibility matrix € which is obtained from boundary and connectivity
conditions. The matrices Mr and S are then calculated by matrix multiplication
according to Equations 4.120 and 4.121. The free displacements D are obtained
according to Equation 4.122. The member end moments are determined from
Equation 4.111 using Equation 4.114.

Example 4.26

Determine the bending moment diagram for the beam shown in Figure 4.77 using the
stiffness matrix method — approach I. (EI = 10° kN.m?, & = 10"/°¢).

85 =0.002rad. R
4 JSDKN gc 10 ks
HN/m
A B 06 + C prrpregmguny
\j\ - pan =+ Ay
|
H 1
l 25m l 25m . 5.0m | 20m
+— -t —t+—
Figure 4.77

Solution

The stiffness matrices San and Spc, are determined as follows:

4EL 2B} ro80 040
s s '
Sap=8pc = =El
2E1 4E1 0.40 0.80
5 5

The members stiffness matrix {S,,] is composed as follows:
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6804 0 O

04 08 0 O
[Sm]=

6 0 0804

0 0 0408

The degree of freedom in this structure is two, which represents the angles of
rotation at B and C. The compatibility equations are put in a matrix form as

S| (00
e 1 0|6
BA | N:@
O8c | |1 0|8¢
9| [0 1
8,:0 002
T [ 50N 0°C
\jf. i 3 j e e ck
’\ T ™, Ll S

Figure 4.78

The fixed end moments are determined for the cases shown in Figure 4.78 using the
tables and according to the signs of the slope deflection equation as follows:

4E1 505
Mpag = B+ > =191.25 kN.m
S 8
2E1 505
MFBA :T A— :4875 kNm
M_..=El (T"T2)~50kN Mg = =50 kN
- Tol sk A m - FCB =~ -m

The fixed end moments are celiected to form matrix Mg, as follows:
My =19125 4875 50 -50]

The matrix My and [S] are obtained according to Equations 4.120 and 4.121 as
follows:

M CTM 0110 M 98 75
2LFTY: ZFm T 0001 = Fm ~ -50
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16 04
sl=cT C=El
ecleon 2]

Substituting into the equilibrium equation one obtains

M=M; +[s]D

M 98 75 16 041[65" " 0
B = +E Bi:
M -50 0.4 08]6c] _-20

The deformation D is solved to have

. @
l_){ B
BC,

The members end moments are calculated from Equation 4 111 as follows:

| [ -8125
4El[‘78v125

Mm =.N—IFm + [Sm]—Dm

MAB 191.25 0B 04 O O 0 158 75
Mg, | | 4875 04 08 0 0 |-8125E1| |-16.25
= + FEl = kN.m
MBC 50 0 O 08 04[|-81.25El] : 1625
Meg | | -50 o o 04 o0sl7si2sEr] | -20

which gives the same results obtained previously The bending moment diagram is
given again in Figure 4.79

Example 4.27

Determine the bending moment diagram for the frame shown in Figure 4 80 using the
stiffness matrix method approach 1, where Support B has displaced down 1 cm, and
El=10°" kN.m>

Solution

The stiffness matrices S and Scis are determined as follows:

158.75 KN.m.

Figure 479
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10m
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3.0m,
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L.0m. 4.0m. L
T T
Figure 4.80
4E1 261 4 2EL
6 6 8 8
Sac= . Sep =
2EI 4EI 2E1 4EI
6 6 8 8

The members stiffness matrix [S,] is obtained from

0.667 0.333 0 0

S 0 0.333 0.667 0 0
s 0w

0 0 0.5 023

0 0 0.25 05

0  Scp

The degree of freedom in this structure is two, which represents 8¢ and 0g.
The compatibility equations are 6ac = 0, Bca = B¢, and Bac = O5. These relations are
put in a matrix form as follows:

Bac] [0 O

6 1 olfe

CA - C -CD
0cg| |1 Of|l6g]

The fixed end moments are determined for each member using the tables for the cases
shown in Figure 4.81, and in the signs of the slope deflection equation.

50xé6

Mp,c = =37.5 kN.m ; Mpe, = —37.5 kNom



Figure 4.81

20x8 OEl

My = 4 2
FCB 8 82 {100

The calculations of M and S follow equations 4.120 and 4.121 as follows:

] kN.m

MI =[375 -375 11375 7379

Me=CT M 0 1 I o“M [76.25

—FTE T 0 0 a M Ins
0333 0 |
0667 0 1.167

T

S|=C C=El =EI

Is}-c [s'“]— 05 025 [0.25
025 05|

Substituting into Equation 4.119, one obtains

Mo [ 7625 1.167 025
= +EIl
Mp| [73.75 025 0.5

The solution for O¢ and Op gives

6 1| -37.788
C

=— rad
BB El| - 128606

The end moments are now calculated using Equation 4.111 as follows:

My=Mg, + [Sm]Dm

O¢
%p

Hi

025
05

|
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[LJ=]13.75 kN.m | Mcpe =-20+9375=73.75 kN.m



L
L
<

M, 375 f0.667 0333 0 0 0 24.916
Mea | 1 =375 0333 0667 0 0 || -37.788/El | |-62.704
Mcg | [113.75 0 0 05 025| -37788/EI| | 62.704
Mpe | 1 73.75 0 0 025 05 || ~128.606/EI 0

The bending moment diagram is given in Figure 4 82, which is the same as the
results of Example 4.7,

1 7Kw»m.

+ JLT RN m

e BMD

Figure 4.82

4.6.2 Effect of Members with Moments Releases
If the moment in a member is released at one end, one may use the modified
slope deflection equation, given in Equation 4.15. For any member AB which has a

hinge at B, one may write Equation 4.15 in a matrix form as follows:

[MTAB]:[M;AB]-F[LEI}BAB (4.123)

where the stiffness matrix S, is in this case of dimension [ x 1.

The procedure for obtaining the solfution is the same as in the previous section.
The following example illustrates the procedure:

Example 4,28

Solve Example 4.26 by using the moment released at joint B for members BC.
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Solution

The stiffness matrices S, and 8., are respectively given by

AET  2ElL
6 6 3EI
Sac= » Scp {T]
2El  4E1
6 6

The members stiffness matrix [Sy] is thus given by

0667 0333 0
[s_]=E1] 033 o667 o
6 o 0378

The compatibility relation between 84¢c.0¢ca,8cp,and B¢ is

9AC 0
Oca |=|1|8c=CD
0cp | |1

3157 ¢ 1€

50 KN

1718 (..A

Figure 4 .83

The fixed end moments are obtained for the cases shown in Figure 4.83 using the
tables and put according to the signs of the slope deflection equations as follows:

50x6

Mpac = =37.5kNm Mpca =-37.5kKNm
Moy - 3x20x8 3ELOOD) o0
16 g2

One can now form Mg, . Mg and [§] as follows:
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ML =p75 -375 78.875]
T
Mg =CT Mg, =39.375 kN.m

[sl=c™ [s_]c=E1(1.042) knv/m

The equilibrium equation is Mc =0, which gives
M=M; + [S]D

0=39375+1.042E1 GC

The solution for B¢ gives ec =-37.788/E1 rad.

The member end moments are obtained from

M=Mg = Mg, + [Sm] cDh

M, 375 0.667 0333 o o 24,916
-37.788

Mc,a |=] -375 |+EI[ 0333 0667 0 1 ( B J: -62.7 | kKN.m

Meg | [76.875 0 0 037511 62.7

which are the same results as in Exampie 4.26.
4.6.3 Members with Relative Displacement
In order to consider relative displacement, or sidesway, the slope deflection

equations (4.7) and (4.8) must be used. According to Figure 4.84, the end moments
and shear force in member AB are given by

MAB:MFAB+2TE' (26;\13 *%A'BASBJ (4.124)
6 8BA
P e = iI; (MAB MHBA‘)
i i TVsna VsanT
‘L,~ et - o A TVM VM l
DEFORMATIONS ACTIONS

Figure 4 84
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2E1 3Aga
MBAzMFBA+T(2eBA+8AB' 3 (4 125)
AN
M,p+M
= _| ZZAB "~ 7BA
VBa = Vspa [ T ] (4.126)

where Vsga is the shear force due to the member loading on simply supported beam
AB; and Vy is defined as the shear force due to end moments, which equal (Man +
Mpa)/L.

Substituting Equations 4.124 and 4.125 into Equation 4.126 one obtains

M, +M 2ET 6A
_ FAB * MFBA OB AR
VBA —[VSBA - [_I~—J:I_L—2 39AB +3BBA - L
AN

12ELA
=VFBA'6—Ez:l AB-G—E[ BA+—3J*£ (4.127)
L L L
One observes that the direction of the shear force Vs due to end moments is in
opposite direction to the sign convention of A. In order to unify the sign conventions
between the actions and deformations, the shear force at B is taken with negative sign

to be in the same direction as A. Equations 4.124, 4126, and 4.127 can thus be
expressed in a matrix form as

[4_51 2El  -GEI]
L L L2
M M 6
MAB ) M“B 2Bl 4EI -6EI eAB . 128
Ba | Mma v\ 7 T 2| % (4.128)

Vea | | VrBA Apa

-6El  -6El  12E

L L2 L2 |

where Vega = Vsaa — (Mrans + MrsalL.

One should observe that the sign conventions here are the same as in the siope
deflection equation method. Positive moments and rotations are anticlockwise.
Positive shear force, V, and relative displacement, A, are obtained when the right hand
side of a member is displaced upward with respect to the left hand side. These signs
are again given in Figure 4.85. Therefore, one may use the shear at A instead of that
at B where Vpap = - Vsap — mFAB + Mpga)/L.

Equation 4.128 is expressed in a matrix form as

(Anlsp =[Arnlap +Sas[Pm]Ag (4.129)
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m(H T

[IRY

Figure 4.85

in which [—Qm]AB =[9AB Bga ABA]T;and [A;m]A.B:[MFAB Mgna AFBAF'

Repeating Equation 4.129 for each member in the structure, one obtains a
matrix equation as

s, |on, (4.130)

This equation is in a similar form as Equation 4.111 of the previous section.
In steps similar to these of section 4.6.1, one can develop the compatibility matrix C
and generate an equation similar to Equation 4.119 as follows:

A=A +[S]D (4.131)

where Ap and [S] are generated from

Ap=CT A (4.132)

s=cT[s,_]c (4.133)

The following examples illustrate the application in the case of relative
displacement.

Example 4.29

Determine the bending moment and shear force dlagrams for the frame shown in
F;gure 4,86, where member BC is subjected to rise in temperature as shown (EI = 10°,
kN.m?, o = lO"/"c),

Solution

The members stiffness matrices considering the relative displacements are determined
as follows:



B c
36 KN I
O.GIII.I?. K T 141’;[[ T T 1T 11 ]|
20
€l ET 6.0m
ﬂNA DJL ,‘__,__“,
e omom .
Figure 4.86
[ 4EL 2EL -6El]
6 6 6!
2ElI 4El -6El
S,p=Sp=| — — —
=AB ~ =CD 6 6 62
-6El -6El 12El
62 62 63
[ SEI  4EI -12Ef]
12 12 122
4EI  8EI -12EI
Sec=| & o o
12 12 122
-12E1 -12EI 24El
122 122 123
S 0 0
Sul=| 0 sec 0
0 0 Scp
[ 0667 0333 -0167 0 0 0 0
0333 0667 -0.167 0 0 0 0
-0.167 -0.167 0.056 0 0 0 0
0 0 0 0667 0333 -0.081 0
=El 0 0 0 0333 0.667 -0.083 0
0 0 0 -0083 -0083 00139 0
0 0 0 0 "0 0 0.667
0 0 0 0 0 0 0.333
| 0 0 0 0 0 0 -0.167

(=T = T = B o N o ]

0
-0.333
0.667
-0.167

335

o O O O O ©

-0.167
-0.167
0.055 |
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J0OKN m. 30 KNm 66 66 7KN.m. 66.667
I/‘ 25 KM/m. \
S . S i s {i . E
B C i?o C
15 KN 15m4‘
Figure 4.87

The fixed end actions due to the member loading and temperature are determined as
shown in Figure 4.87 according to the sign convention of slope deflection equation as
follows:

Mppe =+30-66.667=-36.667 kNm , Mgop =+30+66.667=+36.667 kN.m

Veep =+ 15KN 1 Vpep = Veen = Mppe +Mpcp )/12=+15kN

T

Apn = [Mpap Mpgs Vega Mpege Mpeg Veeg Mpep Mppe Vipel
_ [0 0 0 —36667 +36667 +15 0 0 0 ]

In order to develop the compatibility matrix, it is assumed that the frame is
deformed as shown in Figure 4 88, indicating the frame has four degrees of freedom.
Considering the member coordinates shown in the figure, the compatibility relation is

9 AR (o 0 0 0]

Bga| |1 O 0 0

Bpaj (0 0 0 1l

fpe | (1 O 0 0 eB

Ocg (=|0 1 0 0 eC =CD
Acg| J0 0 0 0 ;
Op| 0 1 0 of -
6pc| |0 0 1 0

Aep| [0 0 o -1

The fixed end action Agis obtained using Equation 4.132 as follows:

0 1 0 ] o 0o o 0 0 -36.667

0 0 0 O 1 0 1 0 0 36.667
AF :gT -A-Flll = 0 0 0 0 0 0 0 | AFm— 0

o 0 -l o o0 o 0o 0 -1 0
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7 Acp
84g 6oc
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Figure 4.88

The structure stiffness matrix [S] is obtained using Equation 4.133 as follows:

1333 0333
0333 1333
sl=cT|s_|c =E1
[s}=7 '“]— 0.333
0167  0.167

Substituting into Equation 4. 131, one obtains

MB 0 -36.667 1.333

MC 0 36.667 0.333
= = +El

Mp 0 0 0

HB 0 0 0.167

The solution gives DT = é [-43 364

0 0.167
0.333 0.167
0.167 0.167
0.167 0.112
0333 0 0.167 6}3

1333 0333 0167 | 6
0333 0667 0.167 | 6
0167 0167 o0.1112]] &

-69.455 -141.727 705.818]

The member end actions can then be obtained using Equation 4.130 as follows;

An=Afm +[Sm] cb

The substitution gives

T
A Mpp  Mp, Vpa Mpc

m

\Y% \Y%

Mep Ven Mep Mpe Vpe |

[103.18 8872 -31984 -8872 -2409 244 2409 0 -4.015]

The bending moment and shear force diagrams are given in Figure 4.89 which
are the same as the results of Example 4.6.
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Figure 4.89

Example 4.30

Determine the bending moment and shear force diagrams, and the deformations at B
for the beam shown in Figure 4.90 due to the loading on member BC, and the rise in
temperature in member AB. (EI = 10° kN.m?, o = 10™/%, spring constant K = 10
kN.cm).

0¢ g 2KN/m.

& O‘Srm*‘F —~ I I T T T T T 1 T 1rT1Tc

rm ~7 & }.H 2E1 N

L 60m o 48 ~_8o6m _L
Figure 4,90

Solution

Because of the spring at B, the deformed shape is expected to be as shown in Figure
4.91. The degree of freedom is thus four, which represents 64, 83, 8¢, and Ap. The
member coordinates are also shown in Figure 4.91.

Y -’D 88 ,aec

‘Q_\ 48 M
e

QABC— GBA) (‘0 BC doca
4BA l 1 IABC

Rs

Figure 4.91
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The members stiffness matrices are

[ 4EI 2EI  -6EI 8EI 4El  -12E@
6 6 62 8 8 82
.. | 2E 4El  -6EI .. . 8EI -12EI
=AB T g 6 62 =BC 8 8 g2
-6El  -6EI  12EI -12EI  -12El 24E1
L 62 62 63 | 82 82 8 |
[ 0667 0333 -0.167 0 0 ]
0333 0667 -0167 0 0 0
-0.167 -0.167 00555 0 0 0
[s_]=E1
m 0 0 0 | 0.5 -0.1875
0 0 0 0.5 1 -0.1875
|0 0 0  -01875 —01875 0.046875]

The members fixed end actions are obtained from the tables for the cases shown in
Figure 4.92 and expressed according to the signs of the slope deflection equation as
follows:

: )
An =MMpag Mgy Viga Mpae Mecp Vipel
=[-33333 33333 0 10667 -10667 -8 ]

where  Vppe =-Vepe -(Mppe +Mpcp V8=-8 kN.

The compatibility relation can be developed according to Figure 491 as
follows:

8| 1 0 o0 o0

Bgal [0 1 0 0 PB

Aga| (0 0 0 -1)8¢ . CD

Bgc | [0 1 0 o0 eDJ T

Beg| 10 0 1 0|l A

|[48c] 10 0 0 1]

20° 0. 2 KN/ 0.667

(‘313”0.6111 D.IBW (;l JSG? , "f_(LmJ , ‘1| ?
A i E B8 B [

lsrm BHN [

Figure 4 92
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The fixed end action Ar car be obtained using Equation 4.132 as follows:

Ap=CT A, =[-33333 44 10667 8|

The structural stiffness matnx [S] is determined using Equation 4.133 as follows:

0.667 0.333 0 0.167
T 0333 1.667 05 -0.0208
[S]:g [S ]g =El
m 0 0.5 0.1 -0.1875

0167 -0.0208 -0.1875 0.10242

Substituting into Equation 4.131, one obtains

4

M, -33.333 0.667 0333 0 0.167 BA 0
Mg 44 0333 1667 05 -00208 |65 0

= + =
M. -10.667 0 0.5 1 -0.1875 || 8¢ 0
-Ry -8 0167 —0.0208 ~0.1875 0.102425 AB -1000A

The negative sign of Rp is due to its opposite direction to Ap. Rearranging the
equations one obtains

0.667 0333 o o167 [0, [33.333
0333 1667 05 -00208 |85 | | -44
oo 0.5 I 01875 ||6c | 10667
0.167 -0.0208 -0.1875 0.112425]|A, | | +8

The solution gives : _DT =é[68.41 -52.538 42.829 31.4366]

The member end actions are thus determined from Equation 4.130 as follows:

An=Afq+ [Sm] Ch

Mpc Mcq VBC]

“Map Mpa Vpu
AT =[o 2635 -439 -2635 0 -47]
Bm = - - - : -

The bending moment and shear force diagrams are given in Figure 4.93, which
are the same as in Example 4.5,
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Figure 4 93

4.6.4 Relative Displacements with Moments Releases

If member AB, for example, is hinged at the end support B and is subjected to
a relative displacement between A and B. the slope deflection equation is given by
Equation 4.15 as

. . 3E1 3E!
MAB:MFAB“L_GAB'T BA (4.134)
L
The shear force V4 can be calculated using Figure 4.94, as follows:
. r
VBA VSBA - \M
=Vspa -Mup /L
, . 3IEI 3EI
H:\B —T_

(‘ 4_6 B4
vsan Vw?a
Vm le

+—

—_—

+ —
-

Figure 4.94
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Equations 4.134 and 4.135 may be combined in a matrix form as

. . 7[3El  -3EI
Map| [Mras || 72 ||Pa8
= 4.136
- . -3EI 3El A ( )
VBa FBA 12 _LT BA

where VI:BA =Vgpa 'M;-‘AB /L. One can use V;AB =-Vgan -M;.-AB /L instead of
L
VrBa .
By using Equation 4,136 one can save the determination of the rotation at the

hinged support. The steps of solution are the same as in the previous sections and are
illustrated in the following example;

Example 4.31

Solve Example 4.29 by using the modified stiffness matrix method due to the
moments releases at supports A and C.

Solution

In this example, only 8g and Ag need to be determined, if the modified stiffness
matrices are used. The directions of these variables are assumed in Figure 4.91. The
modified member stiffness matrices for members AB and BC are given by

3EL -3El EI - 6EI
S..= 6 62 ] S = 8 g2
SAB 7| _3EI 3EL ’ =BC 7| . 6E}l 6EI
62 63 g2 g3
05 -0.0833 0 0
[s ] - - 0.0833 0.0138 0 0
m1 0 0 0.75 -0.09385
0 0 -0.09375 0.011718

The compatibility relation is obtained, according to Figure 4.91, as follows:

Bga 1 0
A 0 -1 6
BA |_ { B]zgg
Bpc 1 0|1 Ag
Apc 0 1
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Figure 4,95
The fixed end moments are determined for the cases of loading shown in Figure 4.95,

using the tables and are put according to the signs of the slope deflection equation as
follows:

2x82

Mppc = =16 kN.m

The fixed end actions are then obtained using Figure 4.95 as follows:

T . . . .
Afm =[Mpga Veea Mppe Vrpel
=[50 —-8333 16 210 ]

AT =[CTAgn] =166 -1667

The structural stiffness matrix is determined from Equation 4.133 as follows:

-0.01042  0.025598

51 -ch e 1|

1.25 -0_01042}

Substituting into Equation 4.13 1, one obtain

Mg 0 66 125  -0.01042][®
= = +EI B
-—RB —IOOOAB -1.667 001042  0.025598 AB
The solution for D is obtained as
[93 } __1_[- 52_533}
Ap | EI[31.4366
The member end actions are determined from

Ap=Ap, +[5,]CD

* L
=Mp, Vpa Mpc MBC]=[26.35 -439 -2635 -47]]
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which are the same results as in Example 4.29.
4.6.5 Nonprismatic Members
In steps similar to those in the previous sections, and according to Equations

446 and 447 of section 435, one may write the slope-deflection equations
considering moment only in a general matrix form as foliows:

M M K K 6
Mga Mpma | L[Kpa  Kpp)[%8a

In the presence of relative displacements, one uses the matrix equation

M| [M

FAB
Mga |5 Mpga
Vea | | VeBa
K,,+K 1
AA AB
( KAA KAB -(—' L‘—]
\ eAB
E Kga *Kgn
+'I_: KBA KBB —[ L BBA
6
[KaatKas | (Kpa *Kpp (ﬂm +Kpp tKyp +Kpy |[L7BA
L L L L2
(4.138)

In case of a non-prismatic member AB with a moment released at B, Equation
4.137 and 4.138 become, respectively,

» L] E »
MAB=MFAB+f[KAA]9AB (4.139)
K‘
» » » A
Map | Mras| g| Kan ——1||%an
- Tl e (4.140)
Vi Ve _AA TAA 1|A
BA FBA 2 AB

where K , ., K ,p,Kp,,Kgp,and K:\A are as defined in sections 4.3.5 and 4.3.6.

The procedure here is exactly the same as in the previous sections. The extra
efforts in the calculations consist of the determination of stiffness coefficients and
fixed end moments for the nonprismatic members. Example 4.11 is solved again next
by using the matnx approach.
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Example 4,32

Determine the bending moment diagram for the beam of Example 4.11 by using the
stiffness matrix method, approach L.

Solution

The stiffness coefTicients are determined as in Example 4.11 and given by
K a )5 =K gp L = 0.04037

K g =Kpa =Kpe =K g =0.0251833

[Kps by, =Ko =0.04037

The stiffness matrices for members AB, and BC are obtained as

s _E[004037 002518
=AB T 121002518 004037 ~°€

004037 0.02518 0

[s ]_E_ 0.02518 004037 0
mIT2 7 o 0 0.04037 0.02518
0 0 0.02518 0.04037

The fixed end moments have previously been determined as follows:
My, =[1804 -1804 1804 -18.04]
==Fm ~ I'* - . B

The compatibility relations is

8,0 O

o I 0|0

BA B =CD
8pc 0]/6¢

8cp |0 1

The fixed end moment Mg is obtained from

0
Mg =CT Mg, =
-18.04

The structural stiffness matnx [$] is obtained from
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[sl=cTs,]c

[s]=%[

0.08074  0.02518
0.02518  0.04037

Substituting into Equation 4.131 one obtains

M= Mg, + [S] D

Mp]_[0] [ o ], E[00s074 o02518][6,

Mc | (0] |-18.04] 12[002518 0.04037)|6,

The solution of this equation gives

6g 1 -2076.1

6c | E|6656.836

The end moments are thus obtained from M, =M+ [S_] CD which gives

Mg Mgy Mpe Mcgl=l13688 -2502 2502 0]

which are the same results as in Example 4.11. One can also solve this problem by
the modified stiffness matrix for member BC using Equation 4.139. In this case, only
Og need to be determined,

47 THE STIFFNESS MATRIX METHOD : APPROACHII

Stiffness matrix method approach II is a more general approach which
depends basically on finding the relationship between external actions and the free
deformations using the unit displacement method. For simple types of structures, this
approach can easily be used, where the structure is made to be kinematically
determinate and each degree of freedom is subjected, in turn, to a unit displacement.
The restraining actions obtained are the stiffness coefficients which are arranged to
form the stiffness matrix. This approach has briefly been mentioned in Chapter 2,
section 2.16, when talking about the applications of the unit displacement method.

For complicated structures like space frames, or multistorey frames, it is very
difficult to use the above-mentioned method in developing the relationships between
the external actions and the free deformations. In such cases, the element method is
more general and can be used. This method shall be given in more detail in Chapter
5. The philosophy of this method is to develop the stiffness relationship for every
member and then augment these relationships using the compatibility and equilibrium
conditions at the free joints to obtain finally the structure stiffness matrix. This
method is very systematic and suitable for computer programming,
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In the following are few examples to show the applications of the unit
displacement method for simple types structures.

Example 4.33

Determine the free deformations at the joints for the frame shown in Figure 4.96
(Example 4.27) using the stiffness matrix method approach II (El = 10° kKN.m®, o =
10°/°¢).

Solution

The degree of freedom of the structure is 4, which represents the joints rotations Gp,
8¢, Op, and the horizontal sway A. The frame is made to be kinematically
determinate, by fixing all joints. Every free deformation is given a unit value as
shown in Figure 497 The corresponding restraining forces and moments are
calculated and arranged to form the structure stiffness matrix as shown below.

Mg ] |(SELLAEL)  4EL o 6EI 05
12 6 12 62

M| | L (s 28 Gl
_ 12 12 6) 6 g2
2El 4El 6EIl

Mo ° 5 6 g ||P

My | | ! SEI 6Bl 24EL||

SN B 62 62 & |- -

1333 0333 0 0167 |6y
0.333 1.333 0333 0.167 6c

0 0333 0667 0.167 ||8
0.167 0.167 0.167 0.1112]|| A

3}

which is the same matrix determined in Example 4.27

B a6m. c
36 KN T !
b = 'k El
20
: £1 6.5m
L |

l 120m. l

Ficure 4 96
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Figure 4.97

The external actions at the free joints include the actions applied at these joints
and the equivalent joint actions due to the member loadings. The negative of the
fixed end actions provides the equivalent joint actions. In this example, the actions
applied at the free joints in the direction of the free deformations are
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Mp] [0] [Mgg] [0 [-36.667] [+36.667
Mc | | o] [Mgc| [0 | 36667 | | -36667
Mp | |0} [Mgp| |0 0 0
Hy | (36] [Hgs | |36 0 36

Solving the above equation for the free displacements one obtains
—1n-5
by 6c 8, Al=10°[43364 -69.455 -141.727 705.81]

which are the same resuits obtained in Example 4.27.

The members end actions are obtained from the substitution into the actions —
deformations relationship for each member. In this example, the slope deflection
equations can be used.

Example 4.34

Develop the stiffness relationship between the external actions and the free
deformations for the beam shown in Figure 4.98 (EI = 10° kN.m? K = 10 kN/cm).

Solution

The beam has four degrees or meeaom which are represented by 8,, 8 6¢, and Ag.
The stiffness matrix relation can be obtained by applying a unit deformation at every

A 8 C
S El «{f 2€1 e
5.0m. | 80m.
! i |
Figure 4.98

degree of freedom, in tumn, for the kinematic determinate structure as shown in Figure
4.99. The stiffness matrix relation can be arranged as follows:

r E
[MAT 4_EI_ 2_]51 0 EI_E'_I N:
6 6 62 A
M 2El (4EI 8EI 4E] 6EI 12EI
B e — t e 3 .3 By
| 6 6 8 8 62 32
a 4EI1 SEI ~12E1
M i} —_— — e
c 8 8 g2 c
6E1 6El 12EI -12EI 12E1  24EI
LMBJ _6—2 [ET- g2 } ¥) ( 3 + & ]_ (Ap |
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!i | 2 kc
| —t 3
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s 1 Ve
1 €l £1 l
62 g2
8,=1
B
A, ”D K
q k | 4
2E1 4E! L1} LEL
[3 ( 6 ‘) ( 8 ‘) []
IGEI E! 1 thet 12E! 1
62 6? 87 g?
A B ecC =1
M i t:j
4 ] ot
LEL 138
B {‘ [}
| €] 1 12€1
Y 82
k 3
\ 3 / 3
1
. -
6EI GEl 12EL 12EL
(e & ) ('Tr' B
Tnsr 12E1 l lz:.ez 24E1 T
g3 63 83 83
Figure 4.99

which can be expressed as

M 0667 0333 0 0167 |[8,
Mp|_ . (0333 1667 05 -00208 |0y
M 0 05 10 -0.1875 8
H 0.167 -0.0208 -0.1875 0.102425 || Ay

" B o T« - B

which is the same relation obtained in Example 4.28. The equivalent actions are the
joint actions minus the fixed end actions, which give
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—1000A

Mea
Mgg
Mgc

Reg

0
0
0
— 1000A

-33333
44
-10.667
-8

33333
- 44
10.667
8.1000A
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Exercises

1. Determine the bending moment and shear force diagrams for the beam shown
in Figure 1, using the Moment-Distribution Method. (E =25 x 10° kN/m?, 1=
0.0054 m%).

lSOKN

A¥ B
1\:6;0.02rud. 16«
|

_.l 2.5 J 2.5
¥ 4+

5.0m.

Figure 1

2, Draw the bending moment diagram for the frame shown in Figure 2. Use the
Momerit-Distribution Method. (EI = 10 x 10* kN.m?),

20 KN/m .,
4 [T 1 B I S S .

o
n

QKN 10m.

—

o

2.0m.

3.0m.

1.5 4.0m. J 1.0
t

-

Figure 2

3. Establish the slope deflection equations, and the equilibrium conditions, for
the frame shown in Figure 3. (EI=1.32 x 10’ kN.m?).

4. Draw the bending moment diagram for the frame shown in Figure 4. Use the
slope deflection equation method. (E=30x 10°kN/m*, I, =54x 10" m* I
=16x10m".

5 Use the slope deflection equation method to determine the bending moment
diagram for the frame shown in Figure 5. (EI = constant).

6. Determine the bending moment and shear force diagrams for the frame shown
in Figure 6 using the moment distribution method. (E =30 x 10¢ KN/m?, [ =
constant).
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Analyze the rgid frame shown in Figure 7 by the moment distribution
method. Draw the shear force and bending moment diagrams. (E = constant).

Solve Problem 2 by the moment distribution method.

Solve Problem 3 by the slope deflection equation method.

(2)

Find the bending moment diagram for the beam shown in Figure 8 due

to a settlement of B 2” and at C 1” down. (Consider EI = 3000 Kft*
and use slope deflection equation).

()

Considering a concentrated load at mid-span of AB of magnitude 10

kips, determine the bending moment and shear force diagrams.
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Figure 8

11.  Determine the bending moment and shear force diagrams for the frame shown
in Figure 9 using the method of slope deflection equation method. (EI =
constant).

2K/t

E 4 T 5 ¥ 1 5

Figure 9

12 Using the slope deflection equation method, write the necessary equations to
analyze the frame shown in Figure 10. (EI = constant for all members).

A IN/ P
4 Y ¥ 1 ¥ T I
51
12 i1 21
IR/t

- oy N R SO T 2 S b
51

12 &1 21

4
: F
Su




356

12. Determine the bending moment diagram and sketch the deformed shape for the
frame shown in Figure 11 using any of the stiffness methods.

10K 1K TOH
Y

o 21 21 o

Figure 11
14.  Determine the stiffness factors and carry over factors for the beams shown in
Figure 12.
ad 2t 1 21 B Ag 3] 1 21 LB
= % i ¥
5 ! £ 5 i Ll g D

Figure 12

15. Using any of the stiffness methods, determine the bending moment diagram
for the beam shown in Figure 13, where all members have a rise in
temperature as shown. (EI=30000K.ft’, @ =6.5 x 10%/° F).

- 20 ch
i ? —t
+_
~
10
—

Figure 13

16.  Using the method of moment distribution, determine the bending moment and
shear force diagrams for the beam shown in Figure 14. (EI = constant).
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17.  Using the moment distribution method, determine the bending moment
diagram for the frame shown, in Figure 15.

a JGKN c
41 -1
1 [ 6.0m.
Al > |
| a0m 90m. |
1 T T
Figure 15

18.  The continuous beam ABCD is subjected to the loads shown in Figure 16 and
settlement at B of 0.5 inch downward. Determine the bending moment
diagram using the slope deflection equations. (EI = 10000 K ft*).

, i” 3 2K/11 c (3K
A . I T T T T 171 -
Rl 3 Y 21 B | _G
4 s R B 18 e
* M T M T
Figure 16

19.  The frame ABCD shown in Figure 17 was subjected to settiement at D of 0.5
inch down. Use the slope deflection equations to determine the bending
moment diagram. (EI = 10000 K fth).

20,  Use the slope deflection equation method or the moment distribution method
to determine the bending moment diagram for the beam shown in Figure 18.
(EI = 3000 K.ft%).
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21.  Using the slope deflection equation method, determine the bending moment
diagram and the deformed shape for the frame shown in Figure 19. (EI = 3000
Kft).

€ l_x_JﬁszrﬂNmt 1_L11xvﬁ___+_
D
L0m
P S L1 L 3 —_
L0m,
A = = F H wte —9—
1
Nom : 12.0m.
Figure 19

22.  (a) Determine the number of kinematic unknowns in the frame shown in
Figure 20.

(b)  Write the equilibrium equations needed to determine these unknowns.



359

aya E Fangbe — g
t t 1
10K —_——
C Pl ]
1 1 17
b A BJ“ ——
2% 1
hi T
Figure 20

23 (a) Determine the fixed end moments, stiffness factors, and the carry-over
factors for the beam shown in Figure 21.

10K
Al l hﬂ
3 11 t un ok
JTL s 4 3 JF 3 l s' 11'
Figure 21

{(b) Use the moment distribution to determine the bending moment
diagram shown in Figure 22.

W0n 15K LK
y ] 8 | < do
2 I FEE ] [ 21 A 2
N ~ ~ hY A
S O N RO U O N S M G

Figure 22

24, The continuous beam ABCD shown in Figure 23 is subjected to the given
loading, clockwise rotation at A of 0.002 radians, rise in temperature in
member AB, and settlement at B of 0.50 inch down. Use the slope deflection
equations or moment distribution to determine the bending moment diagrams
for the beam. (EI = 10,000 K ft*, @ = 6.5 x 10°/°F).
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25, {a)  Using the method of column analogy, determine the stiffness factors,
carry-over factors, and the fixed end moments for the beam AB shown
in Figure 24,

(b)  Determine the bending moment diagram for the beam ABC shown
using the moment distribution method (EI = 30000 K.&?).

lIOK

gy -
ls‘lils‘JYs‘JTs‘Lﬂ‘ls‘JYs‘L

T

Figure 24

26,  Using the moment distribution method, determine the bending moment
diagram for the beam shown in Figure 25.

Figure 25

27.  Using the stiffness matrix method, determine the bending moment and shear

force 2diagrms for the beam shown in Figure 26. (EA =6 x 10°kN, EI = 10°
kN.m").

28.  Using the stiffness matrix method, determine all member forces in the truss
shown in Figure 27. (EA = 10° kN).
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29.  Using the stiffness matrix method, determine the bending moment and axial
force diagrams in the frame shown in Figure 28. (EI = 10° kN.m?, EA = 10°

kN).

(ionu.m
206N b
B 3] tc
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Figure 28





