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Abstract—An analytical method for the caluclation of the stiffness and carry-over coefficients for masonry
beam-columns is presented. The masonry element is made of a material which can resist little or no tension. It
is shown that the stability functions for the conventional frame element represent an upper or lower bound
for the functions discussed here; further, that unlike in the conventional case, specific knowledge of the
eccentricity ratio is required for a unique solution.

NOTATION

b width of column

¢ carry-over factor of a beam subject to an axial force

C constant of integration

d depth of column

¢ eccentricity at top of pier

h length of basic column

L 3

m Geld

p deflection parameter

P axial load
Pe ‘IJ'QEITL2

r (3-a)(1+2p-a)
I 4r(1-p)+a*

s non-dimensional stiffness of a beam subject to an axial force
x,u coordinates

22 (3-m)i(1+2p-m)
2 B3-m)l(1+2p—my)

z, 4z%1-p)

a l+lofe..]

A VAPIED

0,0, 0, compressive stress, tensile resistance, P/bd.

1. INTRODUCTION

Analytical solutions of rigid frames fall, broadly, in two basic groupings; those resting on the
flexibility (displacement) method, and those which are derived by applying the stiffness, or force,
method. The latter, of which the moment-distribution method is an example, requires stiffness
coefficients at both ends of the member, or one stiffness coefficient at the rotating end and a
carry-over coefficient at the fixed end. For a homogeneous, prismatic member in the absence of
an axial load these values are 4EI/l and 0.5, respectively, but they change in the presence of an
axial load[1]}, Fig. 1. The concept of a homogeneous member will be discarded in this discussion;
instead, the emphasis will be placed on a member of rectangular cross section made of a material
which can resist little or no tension.

If the beam-column is a brick pier of low quality mortar it will have practically zero tensile
resistance; in such a column cracking will occur at the slightest tendency for tension. The
effective depth of the section decreases after cracking occurs and because of this the
beam-column may be looked at as a bar with varying moment of inertia. This variation is,
however, unknown because it depends on the deflected shape; furthermore, it is not
symmetrically placed about the material axis (Fig. 2). If o, = 0, stress distributions are trapezoidal
in the uncracked part and triangular in the cracked zone. For a material with a small amount of
tensile strength such tension will build up on the convex face and a skew trapezoidal stress
distribution will balance the external forces in the uncracked portion. When this tensile limit is
exceeded triangular distributions will appear over part of the depth of the column in the cracked
zone (Fig. 2).

Columns made of no-tension material have been considered by Angervo[2], Chapman and
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Fig. 1. Basic column.
Fig. 2. Deflected shape of pier.

Statford{3], Yokel[4], Risager[5] and Frisch-Fay([6]. Portal frames have been the subject of

investigation by Sahlin and Hellers[7].
2. FORMULATION OF THE PROBLEM AND THE BASIC CASES

The basic column to be analised is of a rectangular cross section (Fig. 2), having a width 4. A
load P is placed eccentrically along the minor axis at the free end. It is made of a material that

can resist tension o, = 0.
The differential equation governing the uncracked part of the column in Fig. 2 is

2
g—;‘-;i— uA’=0

while the cracked zone is controlled by
d’u 2P _
& oEbSd =y

(6

Depending on the eccentricity of P we distinguish between columns with no cracked zone,

columns with cracked zones only, and columns which contain both.
Case A. If the line of thrust is wholly within the permissible kerns, all sections are uncracked

This will be the case if ¢ < ad/6, and, in addition, § < ad/6.

Direct integration of
2
-:l-l-x—‘; +ufr*=0 1)

leads to
2

du \/(82_"2)=%\/(g£-+(p+p2)%2"‘u2)

1
dx A
after adjusting the integration constant to satisfy

du _
&=



Stability functions for structural masonry 383

and to

du _ d 2 2
o u=e—a\/[(l+2p) -m? 3

where & = d/6+ pd/3 and m = 6¢/d. Further integration of eqn (2) results in

h_ _m
X—O.Sw sin”' 7 T (3a)

because the integration satisfies u(0) = 8, and ¢/8 = m/(1+ p). Case A is available for0=sm<a
and (m-1)2<p <(a-1)2.

Case B. Here the line of thrust lies partially within the permissible kern which in turn depends
on a. The lower zone is cracked (Fig. 2). The differential equation applying to the lower portion is

d’u 2P

ax T OBbOSd—ap " @

and direct integration gives the slope in the cracked (lower) region as

du _d ( S—-u ) )
dx A Y\(1-p)05d—n)
where the integration constant satisfies

d_u x=0 = O.
=8

dx|s

For the uncracked upper part eqn (1) obtains. Integration results in
_(_i_l!_ 232
oo V(C-u IA?). ©)

The slopes of eqns (5) and (6) are identical where cracked and uncracked portions join. For a

no-tension pier this will occur at u = df6 (@ = 1); if, however, the convex face can resist o, the
eqns (5) and (6) are identical at ¥ = ad/6. It can be shown that the shape in the uncracked (upper)

part is
du 1 [(E( 142-a o) .
dx A (9((1—p)(3—a)+4) ") ™
and the end slope is
1+2p—a az—m2
& 7Y \/((1 G- 4 ) ®

Direct quadrature of eqn (5) leads to the length of the cracked section

’.2

(ad/6) (r’- 1y

x. =2A(1 - p)*? f ds )

where a new variable r(u) = V[(0.5d — u)/(o — u)] has been introduced. The length of the cracked
Zone is now

% =05A(1-p )3'2( s 22’)

1 7A-1 (19)

where r = r(ad/6) = V[(3 - a)/(1 +2p — a)).
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In order to obtain the length of the uncracked portion integrate eqn (7) from u = ad/6 to u = e.
Remembering that for a positive slope du/dx, u is negative,

u=adl6
uzodlo du ol 3u
e T e
(1-p)3-a) (1-py* 4/] _.
1 a/2 P m/2

= Asin~ 5—— A sin = (11)
1 a 1 a

\/ (m*w) \/ (u—-;,‘)r‘zﬁ)

Adding eqns (10) and (11)

af2 I m2

\/((1 —lp)r2+a72) - \/((1 —lp)r2+%2). .

The results are valid for m <a, and (¢~ 1)[2<p <.

Case C. The line of thrust now lies wholly outside the permissible kern; all sections are
cracked.

Using eqns (4) and (5) we find that the end slope

wme 3X \/((11—+p2)1()3 mm)) (13)

The length of the cracked portion now equals the length of the pier h. From eqn (9)

r+1 2r
-1 rzﬂl

5—05(1 -p)*? [ln ]+sin‘l

dx

u=38,r=0c
h=0.50(1- p)” [m%ﬁz}:’—l] (14)
u=er=r(m)
where r(m)= V{3 -m)/(1+2p—m)]=z or
%:0,5(1-1;)3’2 (lnz—é%i—zzz_zl). 15

Equation (15) is valid for asm <3, 0.5(m-1)<p <.

3. BASIC EQUATIONS

The original beam column, fixed at B and rotated through @ at A, subject to an axial load P
and having no translation between A and B, is shown in Fig. 1. On replacing M by Pe we can
substitute the forces and moments in Fig. 1 by those shown in Fig. 3; for a fixed ¢, the other
eccentricity e, must be selected such that

Yl =e+te (16)

where 3./ is the aggregate of the lengths that make up AB and  is the slope at B. The stiffness
factor

s = (17

and the carry-over factor

¢ =my/m,

follow immediately.
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E

Fig 3. Compositions of basic cases.

We distinguish two positions for the same m, = 6e,/d; the low position, making a pier A'B’
with eccentricities m} and m3; and the high position giving a strut A”B” and eccentricities m{, and
m5 (Fig. 3).

Let the slopes at B' and B” be ' and 4", respectively. Then,

to WA _i‘f
8 _d‘ dx e=mi
and
# o g i‘f
=¥+l (19)

Since both branches have the same slope at C it follows that the deflection parameter p is also
identical for both branches, that is, for DFC, and CGE.
For a fixed m, and p the aggregate length 3/ = L can be calculated. Then,

PIP: = A’l7* (20

where A = LJA, and Py = EIn*/L

Equation (16) is the basic equation to be solved; the unknown is m,. There is, however, a
variety of combinations, depending on whether m, is inside or outside the effective kern, whether
it attracts m, inside or outside the permissible kern, whether for m, <a the line of thrust is
wholly within the kern, wholly outside, or a combination of these and, finally, depending on
whether m, is in high or low position (Fig. 3). These possibilities, leading to 10 different cases,
will be considered in the Appendix.
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4. NUMERICAL RESULTS

A computer program will scan m, from 0.1 to 2.6 searching for an appropriate m,, for six
values of p placed within the range applicable. The computation begins with A, (eqn (21) in the
Appendix); A, and A, follow. Here it branches to A, or As. Next it takes one of three possible
routes: A;— Ag, or A;— Ay, Or Ag— Ajo.

The stiffness and carry-over values for a certain ratio of P/Px depend, unlike for conventional
columns, on the eccentricity of the load at the rotated end. For comparison, s and ¢ are shown in
Fig. 4[1]. The dual values of s and ¢ corresponding to any particular value of P/P; are a feature
not found in the conventional stability functions and call for a brief comment. The stiffness
values begin on the upper, descending branch (full line) and terminate at the vertical tangent; the
¢ values, on the other hand, are on the lower,ascending branch (full line). Also shown on Fig. 4 is
the relationship of s and ¢ for the conventional and cracked column.

For a =1,1.5,2, a family of s and ¢ curves is presented (Figs. 5-13). The last two values of a
refer to slight, and moderate tensile strength, respectively, while « =1 means a no-tension
material. Figures 6,9 and 12 show carry-over factors vs P/ Pg; for low values of m(0.1-1.0) Figs. 7,
10 and 13 have been provided.

I
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[~/
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e // \ \
y /// \\ Py P/
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Fig. 4. Comparison between conventional and masonry column.
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Fig. 5 Stiffness coefficients for a = 1.
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Fig. 8. Stiffness coefficients for a = 1.5.
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Fig. 10. Carry-over factors for a = 1.5.
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5. EXAMPLE

Consider a steel girder 6 m long fixed at one end, supported by a brick pier at the other, and
carrying 40 kN/m distributed load. Let E = 200,000 MPa and I = 375 x 10° mm* for the girder; the
brick pier is 12 m high, and its dimensions are d =0.2m, b =0.34 m. Let E = 20,000 MPa for the
pier.

If the girder acts as simply supported on the pier the reaction is 90 kN and the rotation ¢’ = (1/48)
wL?/EI = 0.00245. Assume that P =90 kN acts at ¢ = 0.060 m on the pier, thus m = 1.8. With
PIPgr =0.286, s,-, =2.9 and the rotation of the top of the pier ¢”=0.00247. The assumed
eccentricity is, therefore, almost correct. From ¢, ., = 0.6, the eccentricity at the base is 0.036 m. For
a conventional column s = 3.6 and ¢ =0.58; a rigid connection results in ¢ = (.03 m.

6. CONCLUSION

By applying a non-linear differential equation, in addition to a linear one, stiffness and
carry-over factors can be obtained for a column made of no-tension material (a« = 1) or of a
material resisting little tension (a =1.5—2). The basic operational tools applicable to
conventional structures can thus be extended to masonry structures.
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APPENDIX

Case 1. (m; < a,m, < a,0.5(m — 1)< p <0.5(a — 1)), m, in low position. In Case 1 the line of thrust lies wholly within the
permissible kern and o, is nowhere exceeded on the convex face. Appropriate lengths are obtained from eqn (3a) and Fig. 3

_ ot M ,___._,m’z
CFA =057 CA/X =sin T+2p° CB'/A =sin T+2p

With eqn (3) for the slope at B’ and eqn (19) for 8 we have

m, +mj Ceam . om
Vit+2r-m S Trgp T Ty @0
for the solution of m;. Let the RHS of eqn (20) be A, when m, satisfies that equation; then
— A 2.2 - Am,
PlPe = AT, s = ¥ 29y~ () - VA +29Y —mrD @

cy=mylm,.

Case 2. (m<a,m,< a,0.5(m — 1) < p <0.5(a — 1)), m, in high position. Again, the line of thrust lies wholly within the
permissible kern and &, is nowhere exceeded on the convex face. From Fig. 3

PR = —oin=t T PR mj
A"B"[A = 7w —sin —-1+2p+sm ———1+2p’
and m5 is found by solving
m,+m; M ., mb
\/——-——————-—-((1 T =) 7-sinT o » +sin T+2p 2)
Following the same approach as in Case 1, there is
PIP: = Afl7", s, Aarm, ¢ = mim,. @3

TN+ 207 — (D) + V(L 2pF - m )

Results of Case 1 and 2 are identical with the stability values of conventional, tension resisiting columns (beam-columns)
because tension in these two cases will everywhere be below o, hence all sections are uncracked.
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Case 3. (m; < a, m, < a,0.5(a — 1) < p <1), m, in low position. Since the line of thrust lies everywhere inside the effective
kern this case is identical (with the exception of the range for p) with Case 1.

Case4. (my <a,m:<a,0.5(a ~ 1)< p <1), m, in high position. The column now is A”CB" and tension in excess of ¢, may
develop in the region about F leading to cracked sections in that area.

r+1,  2r _ms

(A"CB")A =(1-p)” [l TitAs 1] +2sin™! \/(‘:n) —sin™’ " W)+ sin” VR =A, (24)
where
Toa = 4 +a’
=ori-p)
and
r= 1+—32p—‘1—;.
m5 is found from
7(:"‘:——;"”1—92—) = A, @)
followed by
PIPg=Adln?, s.= Agm, Co=mim,. 26)

V(oo — (M) +\/(1pe — m)
Case 5. (m, < a, m,> a,0.5(a — 1)< p <1),m, in low position. This case is not possible because m, > m} (Fig. 3).
Case 6. (m, < a, m,> a,0.5(a - 1)< p <1,0.5(m,— 1) < p < 1), m, in high position. From Fig. 3, and with eqns (12) and

15,

r+1

AB"A =2 32 G Y z+1 2z ]= 27
B/)«— (1 p) [ +r’ l]+3sm \/(r,,.,) sin™’ \/(”) ~0.5(1 - p) [ pe A, Q2D
where
. 3-m;
z T1+2p-my
m} may be solved from
m+mj
=A 28
\/(z, s (28)
and then, from eqns (8) and (13)
2,2 = Aﬁml P
PIPe = Adln?, ss= ce=miim, (29

V() +V{(ta—m?)
where

4

» =R 1-py

Case 7. (m, > a, m,< a,0.5(m,— 1)< p <1), m, in low position. From Fig. 3, and with eqns (12) and (15)

' s [y r+1 2’] i1 3/:[ Z1+1 2z, ]+~_| m;
A'B'IA =05(1-p) [n srhder] LEUN \/(M) -05(1-py*|in—— toaog) T VD) A, (30)
where
a__3—m
D 1vp-m
Solution of
m,+m; _ 3
e —mD e
yields m3, while
2.2 A,m,
PIPg = ASIn?, s,= c;=mslm, (32)

Ve = (m) = ‘/(#—m)
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Case 8. (m,> a,m,> a,0.5(m,— 1)< p <1,m,>my), m, in low position. Here, as seen from Fig. 3,

= 3/2 E_l 2’ ] 1 3/1[ Zl""l 2zl ]
A'B'A=(1~p) [l +r’ +2sin” \/(M ~0.5(1-py?|In > z Er)
y 2 zz+l 22, ] -4
0.5(1—p) [in — 222_} s
because A'B' = CF+ CG - A'F - B’ G; also,
aie 3-m,
P 1+2p-m,
m} is obtained by solving
my+m;
pULREL Sy
Vi) 7° G4
Further,
PIP. = Adlr, su= A, co= mijm,. 35)

Viz,) - \/ (mé-_—‘;-)),

Case 9. (m,>a,m,<e,05(m,~1)<p<1,05(m,~)<p<1),m, in high position. This is the high position
corresponding to Case 7.

A"B”/x=o.5(x~p)m[ ’+§+%]+sin"'w‘:;—)+sin 1\/( s H0S(1- p)m[ z‘f: 2’_'1] A, 06
Upon solving
m3 can be obtained, and then
PIP: = Adla, so= Ao ¢ =mijm, (%)

V{1, — (i) + \/(Zi{';:?;_))’

Case 10. (m, > o, m,> a,0 5(m, ~ 1) < p < 1), m, in high position. This is the high position of either Case 7 or Case 8.

gy = [ r+l 2r] . ,,,[ n+l, 2z, ]
A"B"[A =(1-p) [ —1+r’ +2sin” YT rm)+()5(l P) :~l+z[’—l
—o.su-mm{ ntl, ——2-21—] = A 39
-1 -1
m5 may be had from solving
m+mz_
Viz) = Ay 40
and the stiffness and carry-over factors
Aom,
PI|Pg = Alfm?, $10= =mj/m, 41

veor ()

follow



