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Abstract

This paper deals with curved beams, particularly, parabolic arches defined in global
coordinates. The problem is approached differentially and expressed in a unique system of
twelve linear ordinary differential equations given by Gimena et al. [2]. The lower-
triangular form of the system of equations permits the determination of the exact analytical
solution through successive integrations row by row. The system can also be solved using a
numerical method with boundary conditions. Axial and shearing deformations, varying
cross section area, non-symmetric section, generalized loads and different support
conditions can be taken into account. In special cases, this system is particularized, and
different subsystems arise, to model the mechanical behavior of special structural elements.
This study presents the way to proceed with parabolic arches, which have an optimal
response transmitting vertical load (Gimena et al. [3]). Analytic expressions and results of
forces, moment, rotation and displacements for parabolic arches (spans, heights, load cases
and supports) are given and plotted.

Keywords: Structural analysis, curved beam, parabolic arches, Frenet frame, global
coordinates, differential system, transfer matrix.

1. Introduction

Many authors as for example Love [8], Parcel and Moorman 11], Washizu [12], Papangelis
and Trahair [10], Haktanir and Kiral [6], Litewka and Rakowski [7], Murin and Kutis [9],
Rajasekaran and Padmanabhan [13] and Yang [16], have deeply study on structural analysis
of curved beams, offering different methodologies, resolution procedures and results.
Former researches have approached this problem of twisted elements, expressing the
functions in natural coordinates using the Frenet frame system of reference.
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The authors that subscribe this research, presented a general formulation for curved beam
elements expressed in Frenet frame (Gimena et al. [4], [5]), taking into account shearing
deformations, varying cross section area, non-symmetric section, generalized loads and any
support condition. Recently, these approaches have been reformulated in a Cartesian
coordinate system (Gimena et al. [2]), which has several advantages from former models
owing to its lower-triangular nature.

In this paper, this differential system of equations is used to solve the problem of arches,
given a general procedure to obtain analytical results. This way to proceed is applied to
examples of parabolic arches with different load and cross-sections. Examples are provided
to compare results given in the literature for verification purposes.

2. Curved beam formula defined in Global Coordinates

A curved beam is generated by a plane cross-section which centroid P sweeps
perpendicularly through all the points of an axis line. The vector radius r=r(s) expresses
this curved line, where s (m) length of the arc, is the independent variable. The reference
coordinate system used to represent the intervening known and unknown functions of the
problem is the Frenet frame P,,, . Its unit vectors tangent t, normal n and binormal b are
t = Dr; n = D*r/|D’r|; b = tan: where, D = d/ds is the derivative respect the parameter s.

The Frenet-Serret equations (see Sokolnikoff and Redeffer [14]) describe the movement of

the frame system along the axis line. They are obtained with the versors tangent, normal
and binormal derivates with respect to the arc length. Its matricial expression is:

DH= ™8 < H m

b 0 -7(s) 0 |Lb

where y=yx(s) (m") and 7= 7(s) (m™) are the flexure and torsion curvatures respectively.
Assuming the habitual principles and hypotheses of the strength of materials
(Timoshenko [15]) and considering the stresses associated with the normal cross-section
(0, 7,, ) (N/m?), the geometric characteristics of the section are: area A(s) (m?), shearing
coefficients &,(s), %u(s), u(s), a(s) and moments of inertia 1,(s), 1,(s), Ip(s), Lx(s) (m4).
E(s) (N/m?®) and G(s) (N/m®) are the longitudinal and transversal elastic moduli which give
the elastic properties of the material.

Equilibrium and kinematics equations compose a system of twelve linear ordinary
differential equations of a curved beam element (Gimena ef al. [4]).

It is possible to apply a change of basis in the referenced equations and express the

functions in a global coordinate system P,,. with unit vectors i, j and k instead of unit
vectors tangent t, normal n and binormal b , through the direction cosines:

t v, U, U, |1
nj= Unx Uny Unz J (2)

b be vb

v vbz k
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The differential system in global Cartesian coordinates is (Gimena et al. [2]):

Dy, tgq, =
l)P; +4q, =
DV, +q, =0
-uV, +y V. + DM, +m, =
+ .l -l + DM, +m, =0
- V. +uV, + DM, +m, = 0(3)
= VoM, = V.M, - V.M. + Db, -6,=0
~ VM, —¥,M, -y, M, + Do, -6, =
~ VM, =¥ M, - VM, + D6, -6.=0
—e e, - e, 0,0, +v,0. + DS, -4,=
—e V. -V, e V. + 0,0, -0,0. + D96, -4,=0
&V e, e, - 0,0, +v.0, +D8. -4, =0
where,
v v, +20,0,1, +Uon1
7/ — nx_b nx _bx” nb bx"n
xx 2
G, EQL-1)
y = U, z)nyl Tt Zvnyvbylnh + z)hyln
w 2
GZIt 5 E(1,1,~1,) )
7/ - Utz + Unzlb + 21}!12 szlnb + szln
zz 2
G, E(I, 1,
7/ _ y _ U[x 1y Unxvnylb + (vnvay + bevny)lnb + beUbyIn
xy  Ix T 2
Gl E(1,1,-1,)
V.=V = Uerrz + Unxvnzlb + (Unvaz + bevnz )Inb + bevbzln
Xz x 2
Gl E(L,~1,)
7/ _ y _ U!yvlz Ufzyvnzlb + (v'xyvbz + Ubyvnz )[nb + Ubyvbz]n
yz = lzy T 2
GII E(In[b_lnb)
2 2 2
e = i + vn.van + Zl)mvaanb + Ub.\‘ab
" E“’Z‘1 2 GA 2
e - U, v, +20,0, 2, +0,0,
" E§4 2 GA 2
£ = & + Unzan + 2Unzvbzanb + szab
® EA GA
_ _ ULrUly UnxUnyan + (Umrvhy + bevny)anh + bevhyab
Co T T T GA
£ =¢ = le 1z + Unxvnzan + (U’L\’U})Z + bevnz )anb + bevbzab
Y% E4 GA
e =g = Utvvtz + Unyvnzan + (vnyvbz + Ubyvnz )anb + vbvvbzab
7 EA GA

This new general expression, which simulates the structural behaviour of the linear
element, has a lower-triangular form. This important property permits to solve analytically
the differential equation system using successive integrations row by row.
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3. Arches formula defined in Global Coordinates

In this section it is exposed the procedure to follow and the formulation to analyze arches.

Figure 1: Generic arch with punctual and distributed load.

Particularizing the differential system (Eq. 3) for plane curves loaded in its plane (arches):

DV, +q,=0
DVy +q, =0
—vtny +vu_Vy +DM . +m, =0
MZ -
“E +D6. -6_=0 (4)
2 vV,
_uV Uy +0,0.+D5.  —A.=0
EA EA ! ’
v V. UV
vy vy -v,0.  +D&,—A =0
EAq EA ’ s
In matricial notation, it is obtained:
De(s)=[TD(s)]e(S)+qD(S) ®)
Integrating the above system directly, row by row, the general solution can be written:
e(s)=[T;(s)]C+q, (s) (6)

where, C = {c.cC,,C, C4,C5,Cﬁ}r is the vector of arbitrary coefficients.

With the proper change of variable of the arc length s by the parameter A, Eq. (5), yields:
D,e(A) =[T,(2)D;s |e(1) +q, (1) D,s (7
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In the same manner, integrating the above system Eq. (7), general solution is as follows:
e(A)=[T, (1) ]C+q, (1) (®)

Let suppose a punctual load applied at a generic point A (see Figure 1); The equilibrium
and kinematics relate the effects (forces and displacements) at this point:

—e(4y,)te(4,y)+Q, =0 9
been Q, ={QxA’QJ’A, M. ,0,0, ()1 the load vector.

ZA

Solution given in Eq. (8) is particularized in the extremes of both parts:
A) =[ T (A )] (e(4) ~ar (4)) +ay (4,) for the first part 2> 2> 7,

where [T, (2,.4)]=[T; (4)][T: (4)]
A II [T :| /111 ) qr (ﬂn )) +qy ( ) for the second part A ZAZ A4,

where [TT (Asn) )= [T (A)[ T ()]
Substituting former values in Eq (9) it is obtained:
[T (A )] (e (A A))+[ T (A An) J(e(Au) = (4))+Q =0 (10)

Latter, support conditions are introduced in Eq. 10 to obtain values at both extremes initial
e(4) and final e(Ay).

Once knowing these values, the exact solution in both parts is written:

(D) =[T, (4.4)](e(4)-ar (4))+a, (D) for 42424, (o
(D)= (4.4)](e(A) =y (A)) +a; (2) for 4,222 4, (12)

4. Examples. Parabolic arches

In the previous section, a general procedure has been presented for analyzing arches with
distributed and a punctual load.

In the following examples, the geometry of these arches is restrained to parabolic shaped
arches, with variable cross-section and different heights and spans.

4.1. Parabolic arch with variable cross-section

The Cartesian equation that represent the geometry of a parabolic arch in terms of the
height f'and span / is given by y=4fx*/I>.

In parametric equations: x(1)= pA; y(1)= pi*/2; z(1)=0.
being p = 12/8f and 4 = Sfx/12 , in this example for —] = AZA2 A, =1 (see Figure 2).
A punctual load Q, ={0, 0,0,0,0,0, o}T is applied at the point 1, =1, =0.
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Direction cosines of the curve are v, = 1/ \/m and v, = ﬁ/ m .

The derivative of the arc length s with respect to the parameter A is D S=p A2 +1.
Properties of the variable cross-section (with height %4(A1) =4 and width (1) = bom )
are: A =boh, Lo =bh*/12, A(A)= AN +1. I.(A) =1 ,NA> +1 and 2=1_ /4, -

Ap=1

| P

t

Figure 2: Hinged parabolic arch with hyperbolic variable cross-section.

The differential system Eq. (4) with these geometry, will be:

DV, =0
Dy, =0
- PAV, + v, + DM, =0
__P -
- Py rr__y + pA6. + D,5. =0

(A+DE4, * (A+DE4,

2
- pﬂ Vx _ 2pﬂ V} — pﬁz + D;Lé‘y =0
(22 +1) E4, (22 +1) E4,
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Its direct integration, row by row, gives:

V.(4) = C
VJ,(/I) = G,
2
M_(2)= pj o -pAC, +C,
223 2/12 /1
0.(4) = el NG +24 0 4,
: 6EL, 2EL, EL, (14)
5() = p[30i§arctan/1—p2/15]C +p[4i§ln(/12 +1)+p2ﬂ.4]C _pA c —p—ﬁzC wc
g 30EIL, : 8EIL, Po3pr, o2 YT
122 In(A* +1) + p*A* 6i. (A —arctan A) — p°A° 22
é",(/l)=p[ i21n( )+p ]CHLP[ ic (A—arctan A) — p ]CZ_l_p/l C, +piC, i,
24EL, GEL, 2EL,

Following the procedure explained in section 3, considering the parabolic arch hinged in
both extremes, values at both ends of the first part of the curve are given:

e(ﬂl)={

5[12i2In2-5p" |
4[15i27+8p* |

p[152 (41n2+37)- p* |
12E1,[ 1517 +8p* |

T
1
QyanQyoaoa Qy()aoa 0}

_[slizigm2-5p*] 1 p[60i; (n2+2)+7p" ]
¢(A) _{ 4[ 157 +8p*] Q}"”zQ”"’ 8[ 152z +8p* | Qro-

T
p[p“+8p2i§(67z+251n2+16)—60ig(7z2—4n+4(1n2)2)} }
0

0,0,

32E1,[ 1517 +8p* |

Neglecting the axial deformation, the differential system Eq. (13), yields:

D)V, =0
DV, =0
-pAV. + pV, + DM, =0 (15)
-2 M + Do =0
E z0
+ pA6. + D,6, =0
- pb. + D6, =0
Its direct integration, row by row, gives:
qu') = G
V(A) = G,
) .
M.(A) = ”2 C,  -piC,  +C (16)
213 2192
o) = Lo PA o e
6EL, 2EL, EL,
3195 314 213 2
5x(/1):_pﬂ C1+p/1 Cz_p/l C3_&C4+Cs

30EL, ' SEL, > 3EI, 2

314 313 2192
PA o PA o PR g
24E1, :

6,(A) =
: 6EL, ° 2EI,
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In the same way, values at both ends of the first part of the curve are obtained:
25

T 25 | » r
e(ﬂ'l)_{ 32Qy0’ QyO’O 96E1 Qyo’o 0} (/1‘”)_{ 256E1 Q}

2905
In next Figure 3, results of forces, moment, rotation and displacements, particularized for

;
0,0— ”Q‘O,o,o

data given in Benedetti and Tralli [1],
[=42m; f=10.5m; b, =4m; h=1m; E=10000MPa; Q , =200MN,

are plotted with or without axial deformation:

200 200

V. (kN) — V,(kN)

——— V(KN —— V (kN
100 | ; (kN) " (KN) 100

s
i 3
- -
0 B - 0
-
-

-100 + < -100
200 EE==FTT . TTS==e : : : 2200
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
500 0.4

M, (kNm) 10° 6, (rad)
250 | / 0.2
0 0.0
-250 1 -0.2
-500 ‘ ‘ ‘ ‘ : : -0.4
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
4 4
— with axial deformation — with axial deformation
37 ——— without axial deformation ——— without axial deformation| 3
21 10° 9. (m) 10° (Sy(m)f 5
1+ 1
0 0
a1t _/ N 1
A A
-2 w w w w w w -2
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

Figure 3: Forces, moment, rotation and displacements of the parabolic arch.

This graph shows how the hypothesis of neglecting axial deformation is acceptable.

2787



Proceedings of the International Association for Shell and Spatial Structures (IASS) Symposium 2009, Valencia
Evolution and Trends in Design, Analysis and Construction of Shell and Spatial Structures

4.2. Parabolic arch with constant cross-section

The Cartesian equation that represents the geometry of a parabolic arch in terms of the

height f'and span / is given by: y = f/I*[1* —4x*] (see Figure 4).

In parametric equations: x(1)= pA, y(1)= f - pA*/2 and z(1)=0.

being p=/?/8f and 1 =8fx/I*.

Direction cosines of the curve are y,_ = 1/\/12 +1 and o, = _ﬁ/\/,V +1.

The derivative of the arc length s with respect to the parameter Ais p S=p A2 +1.

A distributed load is applied g, in the y direction and the section remains constant.

11 Au |
, A=-1 / ‘
| / A
T T N vl /1 _>
mm\uu LLLLLLLLLLLLLLL] -9
\\ : / /// i
. | I
i
|
X
|

Figure 4: Parabolic arch with constant cross-section vertically loaded.

The differential system Eq. (4) in this example, will be:

D)V,
Dy,
- pA, - rV, + DM,
,2
_uMZ.FDﬂHZ
El
2y 2Ly ~ pi6, + DS,
VA2 +1E4 VA2 +1E4
2
P R - po.

A2 +1EA " N +1E4
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Its direct integration, row by row, gives:

V.(4) = C
v,(A) = C,
2
M.(A)= —pj C,  -piC, +C,
2 2
0.1 - LaB o prald),  pad)o o
16EI 3EI 2EI
3 3 2 2
5.(2) = p 054(}»)01 P aS(/DCZ WP 0{6(/1)03 +p/1 C, +C,
192E1 15E1 161 2
3 3 2
5,(2) =-£ ). prad, ral. oo
240EI 24EI 6E
where,
o, (1) =(24° +1)/1\//12 +1- ln(/1+\//12 +1)

a, (1) =4 +1)’

o, ()= ANA* +1 +1n(/1+\//12 +1)
a,(A)=—(42* + 42> +3) ANA> +1+3(24° + 642/ p° +1)ln(/1 NE +1)

a(A)=(A"+227 +15i2 [ p

+1)VA +1

o, ()= (247 =) ANA 41+ (422 +1)in( 2427 +1)

a, (1)
a, (1)
a,(2)=(# -2)N4

a, (1) =(327 - )\/ A +1)

(
a,(A)=(64* —24* =315i2 [ p* A— 8)\//12+1+315i2/p21n(,1+\//12+1)
(

(
(
(64° +747 +16(1522/ p? +1))\/7-15,11n(,1+\/7)
(-
(

2/12+1212/p =S\ +1- (1222 p? +3)ln(/1+\//12 )
V241430242 +1)

+C -

p30!10 (4)

+pAq,

+

45E1

z

630E1,
p40!12 (1)
T20E1,

0, (1) = (84° +64° = 24012 p* 2% ~174+ 48072 | p* )N A* +1-15In (2 + /2> +1)

with ,'j:]z/A.

q, (18)
+p46¥11 (4)

y

¥

The general solution in function of the arbitrary coefficients is obtained (Eq. (18)
equivalent to Eq. (8)) integrating row by row the differential system (Eq. (17) equivalent to
Eq. (4)). Then, support conditions could be applied to determine the particular solution, as
it happens in a straight beam.
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4. Conclusions

Normally, authors use the mobile Frenet system of reference with flexure and torsion
curvatures to approach the structural problem of curved beams elements, when trying to
reach exact analytical results. Otherwise, they can use different numerical approximations
or simplifications in geometry (considering the curved composed of straight beams) to
obtain acceptable results.

In this article, this problem is approached analytically with differential equations and
solved using the global Cartesian reference system. The system of equations to determine
the internal forces and displacements of curved eclements is presented. The method
considers in general, a twisted element with varying cross-sectional area with generalized
loads and different boundary conditions.

Frenet frame P,;, moves along the curve and changes its direction, which makes the
equations of the differential system to be assembled (Gimena et al. [3]).

Directions in the global reference system P,,. do not vary. Equilibrium, constitutive and
kinematics relations permit to obtain a unique system of twelve linear ordinary differential
equations (Eq. (3)). It is important to note the strict order of the twelve functions: forces
produce moments, moments produce rotations and rotations produce displacements, in
terms of the load applied. All functions are interconnected.

The principal advantage of the proposed model is that this differential system has lower-
triangular form (see Eq. 3, 4, 13, 15 and 17), which permits its successive direct integration,
row by row, obtaining the general solution straightforward.

Traditional analytical method can be applied to obtain exact results, and solve the problem
irrespective of the boundary conditions applied, that could be statically indeterminate or
not. No need to define or use energy procedures to formulate or solve this structural
problem was necessary.

Analytical transfer matrix is derived directly. Displacements are obtained in global
coordinates J;, d, and &, which have more physical sense than displacement components in
natural coordinates &, o, and 9.

The general arch formulation is given and then particularized for parabolic arches.

Exact analytical solutions are given and can be computed to compare different shapes and
conditions of arches. Graphs of accurate results of components of internal forces, moments,
rotations and displacements presented in the literature are provided for verification

purposes.
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