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STABILITY OF PINNED-ROTATIONALLY
RESTRAINED ARCHES

Laszlo Péter Kiss

ABSTRACT. The article aims to find the buckling loads for pinned-rotationally
restrained shallow circular arches in terms of the rotational end stiffness, ge-
ometry and material distribution. The loading is a concentrated vertical force
placed at the crown. A geometrically nonlinear model is presented which re-
lates not only the axial force but also the bending moment to the membrane
strain. The nonlinear load-strain relationship is established between the strain
and load parameters. This equation is then solved and evaluated analytically.
It turns out that the stiffness of the end-restraint has, in general, a significant
effect on the lowest buckling load. At the same time, some geometries are not
affected by this. As the stiffness becomes zero, the arch is pinned-pinned and
as the stiffness tends to infinity, the arch behaves as if it were pinned-fixed
and has the best load-bearing abilities.

1. Introduction

Although the buckling of straight columns has long been known, such members
are still under extensive investigations with relevant new findings [1,11,16-19].
At the same time, various other structural elements, like slender arches, must also
be checked for buckling to prevent unexpected failure. Within this topic, there
are books available containing the basics and more [4, 6, 24]. Furthermore, paper
[15] analytically focuses on the static stability of pinned arches by means of a
variational principle. The model in [30] assumes imperfect shallow arches and
presents solutions for remote, unconnected equilibrium branches. Article [10] is
devoted to elastically supported steel arches. Both simulations and experiments
are described and compared. An integral equation procedure is described and
solved with the analog equation method in [28] for arches with a geometrically non-
uniform cross-section. The stability of three-pinned arches is tackled analytically
in [22] with linear and nonlinear models being compared. In [23]| a novel numerical
method is developed for the nonlinear stability analysis of various curved elements.
The model also accounts for the foundation position and stiffness. The behavior of
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various nonhomogeneous structural elements is also the subject of ongoing research
[ » 2y LT ]

Moreover, articles [5,12,20,21,25-27] should also be mentioned. These works
commonly use the Euler-Bernoulli hypothesis with geometrical nonlinearities in-
corporated to find out the circumstances, conditions and characteristics for the
buckling of shallow arches under diverse conditions. These include various support
and load conditions, uniform and varying cross-section geometries, and also the
material distribution is nonhomogeneous in some cases.

This article aims to investigate the planar stability of pinned-rotationally re-
strained shallow arches. The elastic support is modeled by a linear torsional spring.
As for the kinematics, the one-dimensional model uses the Euler-Bernoulli hypoth-
esis. The strains are small and the rigid body rotations are moderately large. The
geometrically nonlinear model incorporates nonhomogeneous material distributions
along the thickness of the arch. Static equilibrium equations are derived and solved
in closed-form. The effect of the spring stiffness and, geometrical-material distri-
bution on the (critical) buckling load is investigated. As the spring stiffness is set
to zero, the arch becomes pinned-pinned, and as the stiffness tends to infinity, the
arch behaves as if it were pinned-fixed.

2. Basic equations

The considered one-dimensional arch with included angle 6 = 24, radius p, is
supported by an ideal pin at the left end and by a rotationally restrained pin with
spring constant k. at the right end. The E-weighted centerline with the supports
and radial dead load P are shown in Figure 1. The local base is also shown in
this figure with axis 1 being the principal axis of the cross-section, £ = s noting
the tangential direction and (, furthermore, lies in the plane of the centerline.
Derivations taken with respect to the arc coordinate s and the angle coordinate ¢
are noted in short throughout the article by

ds™ Py de™

FIGURE 1. The one-dimensional arch model
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With the classical Euler-Bernoulli hypothesis [13], the axial strain at an arbi-
trary point and that on the centerline are assumed to be

(2.1) ge = P pj_ C(505 + (ko) + 0.5%0n;  €m = €¢lc=0 = €0c + 0.51/1§n
with

o du, Wo Yo = Uo dw,

T ds | py’ "y ds

The latter is the cross-sectional rigid body rotation and its first derivative is the &,
curvature. The membrane strain is nonlinear through the infinitesimal rotations.

Possibly, there is cross-sectional inhomogeneity, meaning that the material pa-
rameters — like the elasticity modulus F — can be the function of the 7, { coordinates:
E(n,¢) = E(—n,(). As the material is linearly elastic, isotropic the constitutive
equation yields

I
(2.2) N = / FEeedA = Acey, — ko,
A Po
d®w, w,
(2.3) M = /AEé‘ngA = _Ien(ﬁ + 7(2))
for the axial force and the bending moment. Here,
(2.4 A= [ B0 1= [ B

are called the E-weighted area and moment of inertia.

From now on, an * symbol denotes that a quantity is considered in the post-
buckling equilibrium and 4 is the increment, i.e., the change between the pre- and
post-buckling states. With this decomposition, the following relations hold for the
various kinematical quantities [12]:

Uob dwob duob Wep
d):n — won + ’l[/onb, 11[}0711) = E — dS , 505}) — ds po ’
(2.5) Eeb = L(Eoﬁb + Cfiob) + wonwonb; Emb = Eotb + wonb"/’on-

po+C¢
With (2.2), (2.3), (2.4), and (2.5) the total and incremental parts of the axial force
and bending moment are

Ie
N* = / E&‘sz =N+ Ny, Ny = Acemp — Jlﬁob,
A

Po

N N d?w, W,
M :/EEECdA:MJrMb, M,,:—Ien(?;ﬁr ;’).
A Po

We introduce notations

Aepg/Ien = (PO/T)2 =m, T =4/ Ien/Ae )

which are referred to as the E-weighted radius of gyration r and the modified
slenderness ratio of the arch m.
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3. Pre- and post-buckling equilibrium

Similarly to [14], from the principle of virtual work for the pre-buckling static
equilibrium, the following equations must be satisfied

AV | Ld

ds (N + %)wm’} =0,

s po

A - (v o] -2 o

(3.1)

while the associated boundary conditions for a pinned-rotationally restrained arch
are

Wol+y = M|y = (M + kython)|s = 0.

Furthermore, the discontinuity condition

[ (o], = ()] ==

must also be satisfied.
Equilibrium equations (3.1) with the use of Equations (2.1)—(2.4) can be given

[12] by

d
(3.2) £(Aesm) =0 — &, = constant
and
(3.3) WD L0+ DWW +32W, =X =1, x> =1—mey,

with the dimensionless radial displacement W, = w,/p,. It is, therefore, found
that the membrane strain is constant under the action of a central concentrated
load. As for (3.3), the general solution is

21 ) A Ay .
W,(p) = XX2 + Ajcosp+ Agsinp — X—;’cosxgo— X—;smxgo

in the range ¢ € [-9;0] and is

21 B B
Wo(p) = XX2 + Bicosp + Bysing — X—gcosxgp— X—gsinxga

in ¢ € [0;9]. The former constants A;; B; can be given using the boundary, con-
tinuity and discontinuity conditions, which yield a homogeneous system of linear
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equations for the unknowns:

cos v —sing = —<esxd  sinxd 0
—xsind —xcos? sinxd cosx? 0
1 0 -L 0 -1
X
-1 0 1 0 1
0 1 0 —X 0
0 0 0 0 cos ¥
L 0 0 0 0 Sxsind — cos
0 0 0 0 1
0 0 0 0
-1 0 712 0
0 X 0 -1
1 0 -1 0
0 -1 0 Y
cos v sin ¢ —CO;—;& —Si;—;ﬂ
Sxsind —costy —Sxcos? —sind cosx — Ssinx?d Scosyxd+ sinxd |

- - r 27 T
Al - sz !
As 0
As 0
Ay | 0
1B |~ 0
B =L
B3 _ x*—1
X2
| Ba | 0

The new notations S = pok. /I, and P = —P;p29/21.,, are for the dimension-
less spring stiffness and the dimensionless load. Clearly, if S =0 / S — oo the
results are the same as for a pinned-pinned / pinned-fixed arch [13].

Recalling now equilibrium equation (3.2), because the membrane strain is con-
stant, the mathematical average of the strain, i.e., the strain itself, is given by

1 [ 1Y 1,
Em = @[ﬂfmd@— %ﬁﬁ <€0£+§w07l)d(p'

After carrying out these integrations, the resultant is a quadratic formula, which is
the nonlinear connection between the load and strain

(3.5) CoP?+C1P+Co =0, C;(m,9,x,S)€R,  j=0,1,2
and it must hold for any parameter set.
The principle of virtual work for the buckled configuration yields [14] coupled

differential equations
dN, n 1dM, 1

T fE(NJr%)?/)onb*i(NbJr%)?ﬁonb:Ov
d;i\;[b - % - %[(NJrNbJr M;()Mbﬂonwr (Nb+ Zb)won} =0.
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The boundary conditions are
wobl:ﬁ:i? = Mb‘fﬁ = (Mb + k’ywonb”ﬁ =0.

Moreover, as there is no increment in the load, all the typical fields are continuous
throughout the arch. Equations (3.6) can be manipulated [14] so that

d
(3.7 P (Acemp) =0  —  &mp = constant
and
(3.8) WS+ (0 + WS + X Wop = mem [l — (W + W,)].

The solution to (3.8) assumes

Wob(¢) = D1 cosp + Dy sing + Dssin xe + Dy cos xg

_ Db (2 + Xapsin xp — Xagp cos w),
2x% \x

with X; being A; if ¢ € [—9;0] and B; if ¢ € [0;9] — these are known from (3.4).
The new coeflicients D; can be expressed in closed-form from the boundary and
continuity conditions.

With the strain increment being constant, equilibrium equation (3.7) yields
another quadratic relation between the dimensionless load P and the strain param-
eter x:

1 19
(3.9) emb = 55 / (Emb + Yontboys)dp = FyP? + F1P + F.
-9

Solving Egs. (3.5)—(3.9) simultaneously for the two unknowns P, y makes it possible
to tackle the stability issue.

It must be noted that, in a special case, when S = 0 (the arch is pinned-pinned)
and the pre-buckling deformations are symmetric to axis (¢ = 0), it is possible for
bifurcation buckling to occur. It means that with zero strain increment, the arch
buckles to an infinitesimally close equilibrium configuration [5]. Hence, equation
(3.8) becomes homogeneous and since it is paired with homogeneous boundary
conditions, the following characteristic equation can be established:

(1 —x)*(1 4 x)?sin x¥ cos Y cos ¥ sin ¥ = 0.

The lowest true solution for the strain (actually, the critical strain for bifurcation
buckling) follows from the term sin x¢ and is

9?2 — 72
(3.10) Em = — 5
Plugging (3.10) back to (3.5) makes it possible to evaluate the buckling loads for
bifurcation buckling.

In relation to pinned-pinned arches, it is proven in [13] that for smaller central
angles, limit point buckling can be expected as there is either no bifurcation point
or it is on an unstable equilibrium branch. Then, increasing #, the bifurcation
point moves to the primary stable branch so that type of buckling occurs first (at
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a lower strain). As for pinned-fixed and pinned-rotationally restrained members,
clearly, there is only limit point buckling.

4. Computational results

The detailed investigations are carried out in terms of various parameters like
the dimensionless spring stiffness S € [0; 00], semi-vertex angle ¢ € [0;0.47], quo-
tient of the arch length and radius of gyration S/r € [75;150]. In the following
figures, always the lowest buckling loads are plotted.

@ ®

P(S +0) 1150 P(S # 0) 1.250
S = ( S=0
PE=0 4100 — — — P( ) 1.200
1150 — T — = —
1.050 1.100
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1.000
0.950 S 0.950 S
e 1o 20 %0 4 0o 10 2 30 40
(c)
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115 ———- pinned-fixed
1.05
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FIGURE 2. Variation of the critical load ratio in terms of the spring
stiffness if (a) ¥ = 0.4; (b) ¥ =0.8; (c) ¥ = 1.2

It is first shown how the critical load ratio P(S # 0)/P(S = 0) varies with S
and ¥. Three semi-vertex angles are selected this time: 0.4, 0.8 and 1.2. According
to the computational results, the curves in Figure 2 are independent of S/r. The
dashed lines represent the limit solution (§ — o0)/(S = 0). Moreover, as 9 is
increased, the load ratio visibly increases. Furthermore, convergence in S is quite
quick — it can be said that, in this respect, arches with spring stiffness above 40
behave like pinned-fixed members. This finding is independent of both S/r and 9.

In Figures 3 and 5, four values of S are selected (0;2;5;10%°) to show the effect
of the stiffness of the rotational end restraint in terms of S/r and ¥. In Figure 3, it
is clear that the softest support condition is the pinned-pinned one with the related
lowest buckling loads. However, in a small central angle range — ¢ € [0.28;0.32] —
the buckling load is actually independent of the support stiffness. Otherwise, the
effect of S is greatest when the angle is greatest. It is clear that the spring stiffness
has considerable effects. Similar findings are valid for S/r = {100; 150} in Figures 4
and 5. For the pinned-pinned case, the buckling loads tend to decrease after a while
but for other supports, there is a monotonous increase. The curves shift to the left
with S/r increased.
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0 0.25 0.5 0.75 1 1.25

FIGUuRrE 3. Critical loads for S/r =75

1 9
0 0.25 0.5 0.75 1 1.25

FIGURE 4. Critical loads for S/r = 100

0 0.25 0.5 0.75 1 1.25

FIGURE 5. Critical loads for S/r = 150

Fixing the end-restraint stiffness to 5, Figure 6 shows how S/r affects the
buckling loads. For smaller central angles, the buckling load increases together
with S/r and the solutions are quite distinct. However, around ¢ ~ 0.6 the curves
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coincide with a good accuracy and tend to the same limit. Therefore, it can be
concluded that starting from ¢ > 0.6, the buckling load in independent of S/r.

6
5
4
3 Shr = 150
Sir = 100
2 e
1
0
0 0.25 0.5 0.75 1 125 9

FIGURE 6. The effect of S/r when § =5

Finally, Figures 7 and 8 depict the in-plane static behavior of arches. The
dimensionless load P is plotted against the strain ratio — this latter is the ac-
tual strain divided by the critical (buckling) strain for pinned-fixed members:
em(S)/em(S = 10'°). Two angles are selected (9 = 0.15;0.3) with S/r set to
100. In Figure 7, it is clearly visible that while the critical strain is lowest for
the pinned-fixed case, it holds the greatest buckling load. One branch in all these
curves starts from the origin, while the other branch starts from a different level —
this latter value increases with S. At the upper point where the tangent becomes
zero, there is buckling.

7
P
6~ S=0
S =
h S=5
5 < s
. § = 1010

em(S)
en(S=10")

0 0.2 0.4 0.6 0.8 1 12 1.4

FIGURE 7. Load-strain relationships for S/r = 100 and ¢ = 0.15

Meanwhile, in Figure 8 (¥ = 0.3), the behavior is much more complicated. For
the pinned-fixed case, there is only one upper limit point (it holds the greatest
buckling load), and for other spring stiffnesses, this number is two. Also, the
buckling loads are quite close to each other — compare it with Figure 4. It turns
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out that for pinned-pinned supports only, the critical behavior is characterized by
bifurcation buckling as this bifurcation point is closer to the origin as the limit
point — see the marker.

o bifurcation point

FIGURE 8. Load-strain relationships for S/r = 100 and 9 = 0.3

5. Conclusions

The in-plane stability of pinned-rotationally restrained shallow arches under
a concentrated load was investigated. The rotational restraint was modeled by a
linear torsional spring. The model is applicable if the material distribution is non-
homogeneous and it changes along the cross-section. The classical Euler—Bernoulli
hypothesis was used for the kinematical relations. The geometrically nonlinear
model assumes infinitesimal strains and moderately large rotations. From the prin-
ciple of virtual work, it was found that the membrane strain is constant not only
in the pre-, but also in the post-buckling equilibrium state. The nonlinear rela-
tionships between the membrane strain parameter and the dimensionless load were
given in closed form. It was found that when the spring stiffness is zero, the arch
behaves as if it were pinned-pinned, while as this stiffness tends to infinity, the arch
is actually pinned-fixed. The analytical results were evaluated in terms of various
parameters, like the spring stiffness and geometry. The buckling loads were always
the greatest for pinned-fixed and lowest for pinned-pinned arches. However, in a
small range in the arch angle, the critical loads were actually independent of the
spring stiffness.
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CTABUJIHOCT ITPOCTO-OITPAHNYEHO OBPTHO
OCJIOIbEHUX JIVAHNX HOCAYA

PE3uME. OBaj paji numa 3a 1iuib ojipehuBarbe KpUTHIHE CHIe N3BUjarha ININTKAX
JIYYHHX HOcCada, KOji UMajy jellaH Kpaj IIPOCTO OCJIOHEH JO0K je NPYI'H Kpaj Be3aH
3a €JIACTHYHY POTAIMOHY OIPYTY, a Y MYHKIMjU KPYTOCTH POTAIOHE OILIPYTe, [eo-
MeTpuje u gucTpudbyrmje Mmarepujasia. Ourepeheme je 1aTo y BULy KOHIEHTPHCAHE
BepTHUKAJIHE CHUJIe KOja /IejCTBYje Ha BpXy Hocada. JlaT je reoMeTpujcKn HeJIMHeapHH
MOJIeST KOjU TTOBE3yje He caMO aKCHjaJHy cuay Beh m MOMEHT caBHjamba ca jedop-
Marnujama MeMmOpaHe. YcIocTaB/beHa je HeJnmHeapHa Be3a uaMely medopmariuje u
napamerapa onrepehema. OBa jegHaunna je moToM perieHa aHaauTudku. [lokaza-
HO je fa KPYyTOCT eJIACTHYHOT OCJIOHIA MMa 3HadajaH yTUIA] HA HAJHIDKY BPETHOCT
KPUTHYHE CHUJIe M3BHjama. Y HCTO BpeMe MOKa3yje ce Ja HeMa 3HAYAJHOT yYTUIaja
OBOI' TIapaMeTpa Ha TeOMeTPHjy. 3a HYJTY BPEJHOCT KPYTOCTH DOTAIOHE OIpY-
re JIy9HI HOCAY I0CTaje 000CTPAHO IIPOCTO OCJIOH-EH JIOK 33 CIIy4aj KaJa BPEJHOCT
KPYTOCTHU T€XKHU OECKOHATHOCTH HOCAY Ce ITOHAIIA KAO JIa je Ha je/THOM Kpajy IPOCTO
OCJIOFbEH a Ha JIDYTOM YKJIEIITEH U MMa HajOboJby HOCHBOCT.

Institute of Applied Mechanics (Received 02.04.2020.)
University of Miskolc (Available online 02.09.2020.)
Miskolc-Egyetemvéaros

Hungary

mechkiss@uni-miskolc.hu



	1. Introduction
	2. Basic equations
	3. Pre- and post-buckling equilibrium
	4. Computational results
	5. Conclusions
	References

