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We consider a one-dimensional model of generally curved elastic arches whose cross-
sections are rectangular. The model is of Naghdi’s type which is a generalization of
the Timoshenko beam model, which allows bending, membrane and transverse shearing
deformations. Its form is basically determined in the literature, except for the value of
a shear correction factor. With this factor being set to 1, we prove that the modelling
error in the interior relative energy norm is proportional to the arch thickness. This
result holds for the full range of arch shapes and very general loads. Lower modelling
accuracy is proven to hold up to the arch ends. Any shear correction factor other than 1
makes the model diverge from the elasticity theory when a significant shear is involved
in the deformation.
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1. Introduction

For a straight beam of length L and small rectangular cross section of dimension e,
the Timoshenko beam bending model is an approximation to the three-dimensional
(3D) linear elasticity theory, which determines the transverse deflection w and
normal fiber rotation 6, both being single variable functions, by minimizing the

functional
1 [t do dw 2
— = — —{f 1.1
L aen () v (22 40) |- 0 (1)

in a space of admissible functions. In the model, f is the resultant loading func-
tional that is expressible in terms of the loading force densities, E is the Young’s
modulus of the elastic material, u the shear modulus, and x a dimensionless quan-
tity called the shear correction factor. This model is widely used in engineering
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computations and has been extensively analyzed. It has the advantages of allowing
transverse shear deformations and offering more accuracy than the fourth-order
bending model that determines the transverse deflection only, especially when a
significant shear is involved in the beam deformation.'® The form of this model
is generally agreed upon, except for the value of k. This value was determined
as 0.667 by Timoshenko,?! 0.822 by Mindlin,” 5/6 by Roark,'® 10(1+v)/(12+ 11v)
by Cowper,” and many more. (Here, v is the Poisson ratio of the elastic material.)
These values were derived, for example, from comparing the model solutions with
some known semi-analytic solutions of 3D elasticity for special problems, like the
cantilever.' In the more recent literature of mathematical and numerical anal-
ysis of this model, x is often mentioned as a shear correction factor without a
specified value.'3#16 The shear correction factor also appears in the Reissner—
Mindlin plate bending model, the Naghdi shell model, and a generalization of the
Timoshenko beam model (1.1) to curved arches. This arch model, to which this
paper is mainly devoted, is to Naghdi’s shell model as Timoshenko beam model is
to Reissner—Mindlin plate model. The value of  is one of the unresolved issues in
these models, of which the common feature is the transverse shear deformability.
The value 5/6 is often viewed as the best.>® However, there are also theories favoring
other values.!32

In this paper, we present an analysis for the arch model. For beams, our results
reduce to the conclusion that the shear correction factor should be taken as k = 1.
This is based on an asymptotic error estimate between the model solution and the
elasticity solution. The argument is as follows. We consider a sequence of beams
of varying thickness €, of fixed length L, subject to the same kind of boundary
conditions, and made of the same elastic material that is homogeneous and isotropic.
Under the usual assumption on the dependence of loading force densities on €, the
deformation determined by the Timoshenko model is either bending dominated or
shear dominated when ¢ — 0. The latter is the case in which a significant shear
arises for small €. In the bending dominated case, the relative difference in the
energy norm between Timoshenko solutions for different x values is of the order
O(€?). This is also the order of difference between the Timoshenko solution and
the solution of the fourth-order beam bending model in this case. It is the shear
dominated case in which the Timoshenko solution is sensitive to the value of &, in
which case the fourth-order beam bending model is totally useless and the validity
of the Timoshenko model requires x = 1 in it. Shear dominance occurs when the
classical fourth-order bending model yields a zero solution, in which case it is the
surface couple (odd part of the tangential surface loads) that is responsible for
the significant shear. In many of the classical works that concern the shear correction
factor, the tangential surface force was often assumed to be zero, with which the
effect of the shear correction factor is actually negligible.

Our analysis is for the more general curved arches that involve issues more than
the shear correction factor. When the curvature of its middle curve is identically
equal to zero, the arch reduces to a straight beam and the arch model decouples
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Fig. 1. An arch body and its curvilinear coordinates.

to the Timoshenko beam bending model (1.1) and a beam membrane model. In
the remainder of this Introduction, we briefly summarize our results for arches. An
arch is a curved thin body with rectangular cross section that occupies a domain
Q¢ in the 3D Euclidean space, in which the rectangular coordinate is denoted by
(X1,Xs2,X3), see Fig. 1. The body has a planar middle curve S that lies in the
X7 Xo-plane whose length is L. We parametrize S by its arclength parameter x;
through the mapping ¢ : (0,L) — R? such that S = {(X1, X»,0); (X1, X2) =
¢(z1), 21 € (0,L)}. The tangent vector a; = d¢p/dx; is a unit vector at any point
on S. At each point, we define the unit vector as that is in the X; Xs-plane and
orthogonal to a; such that ag = a; X as is the unit vector in the X3 direction. The
unit vectors a; furnish the covariant basis on S. (Following conventions, we denote
the contravariant basis by a’ that, in this case, is identical to the covariant basis
on §.) We denote the curvature of the middle curve S at the point of coordinate
x1 by b(z1) = as(z1) - daj(z1)/dxy. The domain Q° occupied by the arch is then
the image of the rectangular domain w® = (0, L) x (—¢,€) x (=Ce¢, Ce) through the
mapping ®(x1, 2, 23) = ¢(x1) + x2a2(x1) + x3a3. Le.

O = {(Xl,XQ,Xg) = <I>(:E1,:c2,x3); ($1,$2,$3) c we}.

The triple (z1, z2, z3) furnishes the curvilinear coordinates on €. The mapping ®
continuously extends to w® so that the curvilinear coordinates apply to the bound-
ary of Q¢ as well. A function defined on Q° will be identified with a function on
w* through this mapping, and denoted by the same symbol. A function of fewer
variables will be identified with a function of more variables that is constant in the
additional variables. For example, a; shall be viewed as a vector field defined on
@® such that aj(x1,z2,z3) = aj(x1) for all (z1,29,23) € @, etc. We shall often
replace z1 by x, and denote the derivative with respect to « by 0, even when it is an
ordinary derivative of a single variable function. Greek subscripts and superscripts,
except € that stands for the half thickness of the arch, always take their values
in {1,2}, and Latin scripts in {1,2,3}, except e, 0, a and m, which are used to
indicate even, odd, average, and moment, respectively. Summation convention with
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respect to repeated superscripts and subscripts will be used together with this rule.
We denote second-order tensors by boldface Greek letters, and vectors by boldface
Latin letters. Vectors and tensors will be given in terms of their covariant com-
ponents, or contra-variant components, depending on convenience. The notation
P < @ means that there exists a constant C' independent of ¢, P and @ such that
P < CQ. The notation P ~ ) means P < @ and Q < P.

The boundary of Q€ is composed of the upper and lower faces I'+ on which
x9 = *e, the left and right end faces I'y and I'y, where 1 = 0 and L, respectively,
and the front and rear faces where z3 = £(C'c. We assume that the arch is made of
homogeneous and isotropic elastic material whose Lamé constants are A and p. To
make the presentation more general, we let the arch be clamped (with which we
mean that it is welded to a rigid surface) at Ty, free on the front and rear faces,
loaded by surface forces on I'+ and I'y, and loaded by a body force. We assume
that all the forces are parallel to the Xy X5-plane and constant in z3. Furthermore,
we assume the body force density changes linearly in x5. (This assumption seems
reasonable when one considers a sequence of thinner and thinner arches hanging
in a given force field, gravitational or electro-magnetic.) These force densities are
denoted by p+(z1) on I'y, d(z2) on I'y, and q(z1,x2) over QF, respectively. We
define the following resultant loading functions. The average (¢%) and moment (¢%,)
of the body force density are defined by

(6% 1 ¢ (0% (07 1 ‘ (03
o = 5, %q-a dxe, q5 = ﬁ[6x2q~a dzs. (1.2)

The couple (that is the odd part p%) and resultant (that is the even part p%) of the
surface forces on I'y are defined by

(p+ —p-)-a” (p++p-)-a”
o (o . 13
Ps 5 ;P 5 (1.3)
We define the components of the resultant d and moment d, of the surface force
on the right end 'y, by

1 € 1 €

dy = — d-a%dze, dy =— Tod - a%dxs. (1.4)
2e J_ 2¢

€ —€

The arch model determines the transverse deflection w, the normal fiber rotation
0, and the membrane displacement u, all are single variable functions, by minimizing
the functional

1, [/do du 2 du ? dw ?
36E(dx+b{dx—bw}> +E(da:_bw> + KU 9+%+bu dx

— (£, (0,u,w)) (1.5)
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in the space H = [H}L(0,L)]3. Here H} (0, L) is the L? based first-order Sobolev
space whose functions vanish at 0. The loading functional is defined as

(£, (0, u,w)) = dp,0(L) + [dg — vp3(L)]u(L) + dgw(L)

L
+ / (o0 + (Pt + 4o — bop + vOP2)u+ (2 + qi + (v — 1)bpl)w]da.
0
(1.6)

This model involves the functions y(u, w) = du—bw, p(f,u, w) = 90+b(du—bw),
and 7(6,u,w) = 0 + dw + bu, which are the membrane strain, bending strain, and
transverse shear strain engendered by (6, u, w), respectively. In addition to the issue
about the value of the shear correction factor x, the definition of bending strain
also has some uncertainty.® In analogue to Naghdi’s shell model, one would have
p(0,u,w) = 00 — b(Ou — bw). Following Budianski-Sanders shell theory, one defines
p(0,u,w) = 9 — $b(du — bw). In terms of the mini-model, one simply defines
the bending strain as 06. It can be seen from our analysis that the validity of
the model is not affected by these variances in the bending strain. One way to
derive the model is integrating, with some numerical quadrature, the 3D elasticity
equation with respect to xo. If the arch is circular, then a more accurate numerical
integration scheme leads to our definition. Our definition also has the merit of more
cancellations in the constitutive residual. However, the effect of such modification
in the bending strain is insignificant as far as the rate of convergence of the model
toward the 3D elasticity is concerned. When b = 0, the arch becomes a straight beam
and the model (1.5) decouples to the Timoshenko beam bending model (1.1) that
determines (0, w) and a beam membrane model that determines w. The resultant
loading functional f decouples to a functional of (6, w) and a functional of u, both
of which are standard.

The subspace K = {(0,u,w) € H;7(0,u,w) = 0,y(u,w) = 0} C H is the
subspace of pure bending deformations (without membrane or shear). It plays a
pivotal role in the analysis. We shall assume that the above-defined loading func-
tions are all independent of €, which is consistent with assumptions in asymptotic
analysis of plate in Refs. 5 and 9. Then, the loading functional f is independent of
€. We shall assume that f # 0. (Indeed, there are very rare cases in which an arch
could be loaded in such a way that its response is very small and in which f = 0.)
When € — 0, the unique solution (6¢,u,w®) of (1.5) asymptotically behaves in
two distinctively different ways, depending on whether f induces pure bending. I.e.,
whether f|x # 0. Let B¢ = 1e’E fOL p%(0¢, u, we)dx be the bending strain energy,
S¢ = fOL [Bv2(u¢, w) + kut?(0¢,u¢, we)]dr be the membrane-shear strain energy,
and E¢ = B¢ + 5S¢ the total energy. The key features of the asymptotic behavior
are as follows.

o If f|x # 0, then B/S€ ~ ¢ 2 and B ~ ¢ 2.
o If f|; =0, then B€/S¢ ~ €2 and £ ~ 1.
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Thus the condition f|x # 0 characterizes the arch behavior as bending dominated,
and f|x = 0 membrane-shear dominated. In response to applied forces of given
magnitude, the strain energy E€ arising in a membrane-shear dominated arch is
lower in orders of magnitude than that in a bending dominated arch. So is the
magnitude of displacement. This indicates that a membrane-shear dominated arch
is much stiffer and exhibits much greater strength than a bending dominated arch.
The condition f|x = 0 is a delicate balance between the shape of an arch and the
loads on it. For example, if an arch is to support its own weight only then a catenary
shape makes this condition, and if an arch is to support vertical and horizontally
uniform surface loads, then a parabolic shape achieves such balance. The delicate
balance implies that such a situation is highly unstable (a small perturbation of the
loading and/or of the shape leads to large displacements). While arch structures
are generally bending dominated, there are important arches designed to achieve
greater strength resisting against certain, often major, load, by making the arch
shape and such load together satisfy the membrane-shear domination condition.
One such example is the Saint Louis Gateway Arch that is in the shape of catenary,
and thus strongly resists against gravity. For a similar detailed discussion on shells,
see Ref. 4. The two distinctive behaviors are peculiar to elastic arches and beams.
This is not valid for Naghdi shell or Reissner—Mindlin plate, for which there are the
so-called intermediate behaviors.*:19:24,25

Let u¢* be the arch displacement solution of the 3D elasticity. Based on the
solution of the model (1.5), we define a displacement field u®, by explicit formulas,
on the arch such that u¢|s = (u‘a; + way), and it deforms a flat rectangular
cross-section to a warped surface. We estimate the difference between u¢* and u®
in the interior energy norm. The energy norm of a stress tensor field o on a subset
Q C Q° is defined by ||o| g@) = [(AO' : O')LZ(Q)] 1/2, and for a strain tensor field e,
the energy norm is ||e[| pq) = [(Ce : 6)L2(Q)] 12 Here, C is the elasticity tensor of
the arch, and A is the compliance tensor that is the inverse of C. We prove that
in the bending dominated case

e(u —u) |z
|e(u) || 2

)

which is valid for x being any number. Here €2f is the interior portion of {2¢ obtained
by cutting off the two end portions of length C'e. Changing the value of x will only
change u¢ by O(e?) in the relative energy norm. In the membrane-shear dominated
case we prove the same estimate for k = 1. In this latter case, if kK # 1 and the
applied couple pl is not zero then

le(u —u)|mag)
lle(u) | p(ae)
Thus k # 1 makes the model diverge from the elasticity theory in this case.

Since the behavior of u®* is very elusive when e — 0, it is rather hard to obtain
these estimates by directly comparing u® with u¢*. We shall use the Prager—Synge

~ |1 — K|
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hyper-circle theorem'” and Saint-Venant’s principle?? to establish these estimates.
For this purpose, we need to construct a statically admissible stress field and a
kinematically admissible displacement field. This is done in several steps. The most
difficult part is the construction of a stress field o€ that satisfies the equilibrium
equation dive® + q = 0 in ¢ and the surface force conditions o°n = p+ on I'y
and the free condition on the front and rear faces. The force condition on the right
end is not precisely satisfied since we can only make o‘n = d on I'z,. Here, d bears
the resultant and moment of d, d - a; is linear in x5, and d - ay is quadratic in
x5 such that the continuity condition d - as(+e) = £p+ (L) - a; are satisfied. Thus
the residual d — d has zero resultant and moment. The construction of o€ and
the definition of u® ensure the smallness of the constitutive residual o€ — Ceu®.
However, neither u® nor o€ is admissible, and they fail to meet the requirements of
the Prager—Synge theorem. They both need some modifications at the arch ends.
We define o9, and uf as the stress and displacement solutions of the 3D elasticity
theory on the arch such that u§|r, = 0 and 6$n = d — d on 'z, and the arch
is free on upper, lower, front and rear faces and free of body force. Saint-Venant’s
principle shows that such fields exponentially decay from the right end, and they
are negligible at a distance Ce away from the right end. (Although the proof of
the principle given by Toupin?? assumes that the thin body is infinitely long, his
argument actually applies to our case.) On the left end, due to a modification
involved in u, the welding displacement condition is not satisfied. We define u§ as
the solution of the elasticity theory on the arch such that u§ = —u® on I'p, and
the arch is free on all the other faces and subject to zero body force. The stress
field oy = Ceuj then exponentially decay from the left end. This is because the
reacting force (the Lagrange multiplier) on I'g has zero resultant and zero moment
there, and Saint-Venant’s principle applies. Our statically admissible stress field
is then 6¢ = o + o + 0% and kinematically admissible displacement field is
0° = u® + uf + ug. And we have 6¢ — Ceu® = 0° — Ceu®. According the Prager—
Synge hyper-circle theorem, we have

le(@® —u) %0y + 67 = (50 = [0 = Ce(u) | F 00
Since u® and u° are virtually equal on 2§, it follows the estimate
le(u) — e(u™) [ 5oy < llo° — Ce(u)|p@e),

of which the right side is amenable to a rigorous analysis.

Although @¢ well approximates u¢* up to the arch ends, it could be very
complicated near the ends, and hard to compute. However, we prove that
lle(uf) |z /lle(u)]| g S Ve Thus the relative error /e between u® and u*
holds up to the clamped end. Since the arch model can only incorporate the resul-
tant and moment applied on 'z, and the missed residual d — d could cause arbi-
trarily large strain at the end, it is impossible for the arch model to provide valid
approximation up to the right end, except if one assumes that d — d is small.
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The paper is organized as follows. In Sec. 2 we analyze the asymptotic depen-
dence on € of the solution of the arch model (1.5). For this purpose, we introduce
a functional equation and present an abstract analysis, from which the asymp-
totic estimates on the model solution follow. This abstract estimate will also be
used to analyze the dependence on € of the stress field o€ that is constructed
in Sec. 3. The construction of this stress field represents the main effort of this
work. We introduce new rescaled components that differ from the physical compo-
nents commonly used in the classical literature.!?1%:20 It seems that only by this
rescaled components one could write the 3D equilibrium equation in a form that
allows construction of stress fields that are essentially one-dimensional functions.
It seems advantageous to use this method to deal with the more general surface
loads that could reveal the necessity of defining a certain shear correction fac-
tor. Finally, in Sec. 4 we prove the modelling error estimates using the techniques
outlined above. Some of the results of this paper can be extended, in weaker ver-
sion, to general elastic shells.?? Relevant results for plates can be found in Refs. 2
and 25.

2. Asymptotic Estimates on the Arch Model Solution
2.1. An abstract theory

Notations in this subsection are independent of the rest of the paper. By properly
defining spaces and operators, the beam model (1.1) and the arch model (1.5) can
be written in the form of the functional equation (2.2) below. Let H, U and V be
Hilbert spaces, B : H — U a bounded linear operator, and S : H — V a bounded
linear operator with closed range. We assume that

|Bullg + ||Sullv ~ ||ullg YueH. (2.1)

Given an f € H*, the dual of H, we consider the variational problem of finding
u® € H such that

€(Bu, Bo)y + (Su, Sv)y = (f,u) VveH. (2.2)

The problem obviously has a unique solution u¢ € H whose asymptotic behav-
ior is drastically different depending on whether f|x = 0 or not. Here K C H is
the kernel space of the operator S. The two lemmas below describe the distinc-
tive behaviors. By the equivalence assumption (2.1), the bilinear form (u,v)y =
(Bu, Bo)y + (Su, Sv)y defines an inner product on H, which is equivalent to the
original one. With this new inner product, the space H will be denoted by H. With-
out loss of generality, we assume that the operator S maps H onto V. Otherwise,
we just replace V' by the range of S in it. The operator S is then an isomor-
phism between Kﬁ, the orthogonal complement of K with respect to the H-norm,
and V.
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Lemma 2.1. If f|x =0, by the closed range theorem, there exists a unique £ € V
such that (&, Sv)y = (f,0) for allv € H and ||€||v = ||f||z+. We have the estimate
luller + €2 [[Suc — Ellv S 1l (2.3)

Proof. First, it is easy to see that when f|x = 0, the solution u¢ of (2.2) lies in
the subspace Kﬁ. As S is an isomorphism between Kﬁ and V| we have

[ulla =~ [[Suclv. (2.4)
Since €2(Bu¢, Bu®)y + (Su€, Su)y = (&, Suc)y, we have
(Sus, Su)y < (& Su)v| < [llvI[Su]lv.

Therefore, [[Suc|lv < [[€llv = || fllar~. Thus |u||lzr S || fller-- Let u® € K3 be the
unique element such that Su® = £. Note that

€(But, B(u® —u°))y + (Su, S(u* —u”))y = (&, S(u —u?)v.

We see
[Su — &|f3 = [(BuS, B(u® —u®))u| S €[|uc[|m[|Suc = llv.
Therefore,
1Sue —€llv S Eulla S €N flu--
The desired result then follows. O

Lemma 2.2. If f|x # 0, then there exists a unique nonzero element 1’ € K such
that

(Bu’, Bo)y = (f,0) VovcK.
Obviously, ||8°||z < || fllz-. We have the estimate on i€ = €?u€ that

[ = @l + 155y < [ £l (2.5)

Proof. The key observation is that 1€ — 1 satisfies the equation
(B — %), Bv)y + (S — %), Sv)y = [(f,0) — (Bu’, Bo)y] Vv H.

The right-hand side of this equation is a functional that annihilates K. Therefore,
the estimate (2.3) of Lemma 2.1 is applicable to estimating ¢ — 1. We have

15 = 50|z + e2[[ST = nllv S €1f |-
Here n € V is the unique element such that (f, v) —(Bu°, Bo)y = (n,Sv)y Vo € H.
It is easy to see that ||n|ly < ||f]lz~. Obviously, e=2||Suc|ly < |nllv + €[ £l z--

~

Therefore, ||Stu¢|ly < €2||f||z+. The estimate (2.6) then follows. |

From these lemmas we see that if f|x = 0 then u¢ converges to a nonzero limit
in the H norm at the rate 2. The limit resides in the subspace Kﬁ. We have
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the S-domination in the sense that €2(Bu¢, Bu)y /(Su¢, Su¢)y ~ 2 and the “total
energy” tends to a nonzero constant since we have €2(Bu¢, Bu®)y + (Su¢, Su¢)y —
(Su®, Su%)y #£ 0.

If f|x # 0 then 1€ = €2u¢ converges to a nonzero limit 4° € K in the H norm at
the rate €2. Therefore, u¢ has the magnitude of order e~2. In this case, we have the
B-domination in the sense that €2(Bu¢, Bu€)y/(Suc, Su¢)y ~ ¢2, and the “total
energy” blows up at the rate e =2 since we have ¢2(Bu¢, Bu®)y + (Su¢, Su)y ~ e 2.
In this case, if we assume that f = €2F with F being independent of €, then uc
itself converges to a limit u® € K defined by

(Bu’, Bu)y = (F,v) VoveK.
And we have the estimate
Ju® =)l + [[1Sucllv < €[1F | a-. (2.6)

The B-dominance remains, but the “total energy” will be reduced from the order
€72 to €2. This result will be used in this way.

Remark 2.1. Both the estimates (2.3) and (2.5) are sharp, and so is (2.6). Actu-
ally equivalence holds.2* The estimates of this subsection crucially hinge on the
assumption that the operator S has closed range in V. This condition shall be ver-
ified for the Timoshenko beam bending model (1.1) and the arch model (1.5). But
it is not met by Reissner—-Mindlin plate model and Naghdi shell model, for which
refined analysis is needed.?*

2.2. Asymptotic behavior of the model solution

The arch model (1.5) fits in the abstract framework (2.2) in an obvious manner.
We let H = [HL]3, U = L?, and V = [L?]?. Here and henceforth, in default of
the domain, a function space is a space of functions defined on (0, L). The inner
product in H is the usual one. The inner products in U and V need to be changed
slightly but equivalently. For p1, po € U, we define (p1, p2)uv = E%(pl, p2) 12, and for
[v1,71]; [12, 2] € V, we define ([y1,71], [v2, 72])v = E(71,72)r2 + (71, 72) 2. We
define the operators by B(6, u, w) = p(0,u,w) and S(0,u,w) = [y(u,w), 7(0, u, w)].
Recall that

~¥(u, w) = 0u — bw, p(8,u,w) =090+ b(0u — bw), 7(0,u,w) =0+ 0w +bu (2.7)

are the membrane, bending, and transverse shear engendered by the displacement
functions (6, u, w), respectively. To apply the above lemmas, we need to verify the
equivalence (2.1) and prove that the operator S has a closed range in V. These are
addressed by the following lemmas.

Lemma 2.3. The equivalence
o060, w, w2 + [ (w, )l L2 + [|7(0, w, w)|[ L2 ~ ||, v, w)l|m ¥ (0,u,w) € H
(2.8)
holds.
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This result establishes the equivalence (2.1), and also the well-posedness of the
model (1.5) as long as the resultant loading functional belongs to the dual of H.

To prove this result, we need Peetre’s lemma'!:

Lemma 2.4. Let X, Y1, Y5 be Hilbert spaces, and let Ay : X — Yy and Ay : X — Y,
be bounded linear operators with Ay injective and Ao compact. If there exists a
constant ¢ > 0 such that ||z]|x < c(||A1z]ly, + [|A22|ly,) ¥V « € X, then there exists
a constant ¢ > 0 such that ||z||x < d||A1z|ly, ¥V oz € X.

Proof. (of Lemma 2.3) It is obvious that the right-hand side is an upper bound
of the left-hand side. We need to show that it is also a lower bound. We first see
that the left-hand side is bounded from below by a constant multiple of ||08|| 2 +
[[0u — bw]||p2 + ||Ow + 6 + bu||L2. We consider the operators A; and As from H
to [L%)? defined by A;(6,u,w) = (90,0u — bw,dw + 6 + bu) and As(0,u,w) =
(0, bw, 8 4+ bu). The operator A; is injective, since if (6, u, w) € ker Ay, then 96 = 0,
Ou —bw = 0 and dw + 6 + bu = 0. Since §(0) = 0, we have § = 0, and so
udu + wdw = 0. Therefore, u? + w? = const. Since u(0) = w(0) = 0, we must have
u = w = 0. The operator As is obviously compact. The statement then follows from
Lemma 2.4. O

Lemma 2.5. If the curvature of the middle curve S of the arch is not identically
equal to zero, then the operator S maps the closed subspace [H3]> of H onto V.
Therefore, S maps H onto V.

Proof. We consider the restriction of S on [H}]?, which is still denoted by S.
We show that the dual operator S* of S is injective and has closed range. The

surjectivity of S then follows from the closed range theorem. The dual operator
S* 1 [L%)? — [H~']? is defined by

S*(¢,m) = (n,bn — ¢, —dn —bC) ¥ (¢,n) € [LA%

We first show that S* is injective. If (¢, n) € ker S*, then ||n||-1 =0, ||[bn —9(||-1 =
0, and ||On + b(||-1 = 0, so we have n = 0, ||0¢||l-1 = 0, and ||b¢||-1 = O.
Since the curvature b is not identically equal to zero, we must have ( = 0.
We then show that S* has closed range. By viewing S* as the operator A; in
Lemma 2.4, and considering the compact operator Ay : [L?]? — [H~1]? defined by
As(n,¢) = (0,bn,bC) ¥ (n,¢) € [L?)?, the fact that S* has closed range will follow
from Lemma 2.4. |

Remark 2.2. If the curvature of the middle curve S is identically equal to zero,
i.e. the arch is a straight beam, the operator S maps [H}]? onto the closed subspace
[L?/R] x L? of V. However, S still maps H onto V.

According to Lemmas 2.1 and 2.2, the behavior of the model solution (¢, u¢, w*)
is dramatically different for whether f|x = 0 or f|x # 0. Here K is the kernel space
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of S. The former means S-domination. For our arch problem, this is the membrane-
shear dominated case. The latter means B-domination that is the bending domi-
nated case. For brevity, in the following we denote p¢ = p(0¢, u¢, w®), v¢ = vy(uc, we),
and 7¢ = (0¢, u¢, w®). We will need the following sufficient condition for the problem
to be bending dominated. We recall that

(£,(0,y,2)) = dpd(L) + [dg — vpl (L)]y(L) + dgz(L)

L
4 / [ph6 + (P + g — bl + vOp2)y + (0 + @2 + (v — 1)bp)2] da.
0
(2.9)

This can be rewritten as

L L L
_ 1 _ 2 1 1 o1
(£,(6,9,2)) = /0 Pir(6,y, 2)da /0 vpiy(y, 2)dz + /0 (5} + q — 2bpl)y

+ (2 + g2 — bp2 + Opl)zlde + dhy(L) + [d2 — ph(L)]=(L) + d, ¢ (L).
(2.10)

Lemma 2.6. Ifd} , the bending moment applied on T, is not zero, then the defor-
mation determined by the arch model is bending dominated. ILe. f|x # 0.

Proof. If f|x = 0, then by the closed range theorem and Lemma 2.5, there would
exist two functions 7o and 7y in L? such that

L L
<f7 (¢7yvz)> = E/ ’YO’V(:% Z)d.’l) + H:u/ TOT(¢7 y,Z)de v (¢7y7 Z) € H. (211)
0 0

We choose a sequence {(¢,,,0,0)} C H such that ||¢,||r2 is bounded but ¢, (L) — oo
when n — oo. We see that (f, (¢,,0,0)) = ku fOL To¢pndx would be bounded. On
the other hand, from the formula (2.9), we see that if d’, # 0 then (f, (¢,,0,0)) =
d én(L) + fOL plondr — oo when n — oc. O

We shall need to estimate the derivatives of v¢ and p¢ in the modelling error
estimate. For this purpose, we write the arch model (1.5) in differential form to
obtain the following two equations.

1
=€ E0p° = kut* —p},

3 (2.12)

1
By = — 5 Ep‘db— (p} + 4 + v0p}).

We first consider the case of | = 0. In this case, we have d., = 0 in (2.10).
Comparing it with (2.11), we see that 70 = ;-p} in (2.11). Therefore, £ € V defined
in Lemma 2.1 has the expression & = [y, N—lﬂpi] The following result follows from
the estimate (2.3).
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Lemma 2.7. If the resultant loading functional £ does not induce pure bending
deformation, i.e. f|x = 0, then the arch model solution is membrane-shear domi-
nated. We have the estimate

PNz + €217 =2 °llee + € 2|lwnt = pollrz S [IE]|ar-- (2.13)

From this estimate, we see that if f|x = 0 and the applied surface couple p} # 0,
then the shear strain 7¢ converges to a finite limit ﬁp; This is the case in which
a significant shear arises in the arch deformation, and the shear strain sensitively
depends on the shear correction factor . In this case, it follows from (2.12) and
(2.13) that there exists a constant C' independent of € such that

10012 < C, (072 < C. (2.14)

If f|x # 0, the model solution blows up at the rate of e2. To ease the analysis,
we scale loading force densities by €2. This is to say that we assume

a . _2pa « _ 2« « _ 2N«
po,e =€ Po,ev qa,m =€ a,m’ da,m =€ Da,m?

(2.15)

in which the quantities denoted by P, @ and D are independent of €. This makes
f = €2F with F being independent of €. Since we will estimate the relative error
of the model solution, this assumption is not a restriction on the loading forces.
The expressions for F is the the same as (2.9), had p, ¢ and d been replaced by
P, @ and D, respectively. The following result follows from Lemma 2.2 and the
estimate (2.6).

Lemma 2.8. In the bending dominated case, i.e. f|x # 0, we assume that f = &F
with F being independent of €. Then we have

19 = P°llze + 17Nz + 1722 S E1F|a-- (2.16)

Here, p° = p(6°, 4%, w®) and (6°,u° w®) € K is the solution of the limiting
bending model

L
35 / pl6%, 40, 00)p(6,y, 2)dz = (F, (6,9,2)) ¥ (dy2) €K (217)

Since F|x # 0, we have p° # 0.

It follows from this estimate and Lemma 2.3 that in the bending dominated
case, we have [|0¢ — 0°|| ;1 < €2, |lu¢ — w0 g < €2, and ||w® — w1 < €2 So the
arch model solution is very close to that of the limiting bending model. It is also
obvious that a change in the value of x shall only lead to a small change in the arch
model solution by a magnitude of O(e?) in the H-norm. This is the insensitivity to
the shear correction factor in the bending dominated case, which we mentioned in
the Introduction. In this case, and under the loading scaling (2.15), there exists a
constant C' such that

106 NlL2 < O, [[07°|z2 < O, (2.18)
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3. The Admissible Stress Field on the Arch
3.1. Construction of the stress field o€

The mapping ® from the slender rectangular domain w€ to the arch body Q¢ fur-
nishes curvilinear coordinates x; on the latter, in terms of which the linear elasticity
theory of the arch can be written as a set of equations on w® and its boundary. Per-
taining to this curvilinear coordinates, the covariant basis vectors g; = 0®/0x;
are g1 = (1 — bxo)as, g2 = as, and gz = as. The contravariant basis vectors are
gl =1/(1 — bry)al, g? = a?, and g = a®. Recall that a; and a’ are the covariant
and contravariant basis on S, respectively, and b is the curvature, at the point of
coordinate z;. The covariant components g;; = g; - g; of the metric tensor are
g1 = (1 — b$2)2, go2 = gs3 = 1, and all the others are zero. The contravariant
components of the metric tensor g* = g®- g7 are g!* = 1/(1 —bx2)?, g?2 = ¢ =1,
and all the others are zero. Many of the Christoffel symbols I’z-k = g' - Oyg; are
zero. The nonzero ones are I't; = —z20b/(1 — bxs), 'ty = T3, = —b/(1 — bxa),
I'?, = b(1 — bxa). A vector v can be given by its covariant components v; or con-
travariant components v’ such that v = v;g* = v’g;. A tensor T can be given in
terms of its covariant 7;; or contravariant 7%/ such that 7 = 7;;g' ® g’ = 7g; @ g;,
etc. The components of the body force density q, of the surface force densities p+
on 'y, of the end force density d on 'y, and of the normal n to the boundary of
Q¢ can all be calculated.

We assume that all the applied forces are in the X; Xo-plane and constant in x3.
Therefore, the third components of these force vectors are all zero, (for example,
pﬁ_ = 0) and the nonzero components depend on z; and x5 only. We also assume
that the arch is free on the front and rear faces, and clamped on the left face I'y.
Further, we assume that q is linear in zo, and we shall replace d by d such that
(a) d - a is linear in 2o and d - ap quadratic in x5, (b) p4(L)-a; = d - ay at
3 =¢ and p_(L)-a; = —d-ay at 9 = —¢, and (c) d bears the resultant and
moment of d. Subject to these assumptions, we seek for a statically admissible
stress field o such that 03 = 0 and 0®? depend on z; and x5 only. Such field
obviously satisfies the free condition on = 0 on the front and rear faces. For o to
be statically admissible, it must satisfy the equilibrium equation dive +q = 0 in
Q¢, the surface force condition en = p4 on I'y, and on = d on I'z. In terms of
components, the equilibrium equation is 0%||; = 9;0% + F;kojk + F?kaik = —¢', of
which the third one o37|| j= —q? is already satisfied, and the first two require that

T20b 4y b 12 _ 1
17()1’20’ 17b$20 -9

_ 220b o2 _ b 22 _ 2
1— b.’[Q 1-— bl’g

ot = 010" + 0p0'? — 2

(3.1)

o¥|; = 010" + 0202 + b(1 — bxy)ot!

The force conditions o¥n; = p’ on I'y and 0%n; = d' on I';, are as follows.
Note that the covariant components of the unit normal are ny = 0 and no = 1 on
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I'yyni=0andne=—-1lonl'_,and ny =1—bxy and no =0o0n I'.
o' (1, £e) = £pl(21), o2 (xy,+e) = +pi(z1), w1 € (0,L), (52)
3.2
ll(L,.’L'Q)(l — bLL'Q) = d‘l(l‘g), 0'12(.[/,1'2)(1 — bl‘g) = ﬁz(l’g), XTo € (—6, 6).

It seems rather difficult to find a 0®? that exactly satisfies (3.1) and (3.2). We
introduce the following rescaled components indicated by tilde, which reveal the
possibility for these conditions to be satisfied. We define

= (L-b)’0™, 62 =6 = (1-bra)o'?, 6% =(1-bws)o™.  (3.3)

In terms of the rescaled components, the row divergence in (3.1) becomes

. 1 B ~ ~
Vi = G @0+ (1= bwa)0ud ' - 25,
. 1
o5 = T 101517 + 057 + 6],

which is noticeably simpler. We define the rescaled force components as ¢! = (1 —
bt)%2q g2 = (1 —bt)g?, pt = (1 F be)pq, d' = (1 — bay)d', and d? = d?. In terms
of the rescaled components the equilibrium equation (3.1) and the surface force
condition (3.2) becomes

O + (1 — brg) 0612 — 206" = —¢', 3.4
01612 + 8,622 + b5t = —52 ’
and

5°%(-, ke) = £pF, (L, -) =d™ (3.5)

In terms of the resultant loading functions (1.2)—(1.4), we can express the rescaled
force components as

PL =pytepy, Ph =p,—€bpl +e(p? —bpl),
- ~ 2
B = bt 3 b, @ =)+ k(D + 51 = b (1 22

q* = q2 + (3¢5, — bgl ) w2 — 3bga3.

The last one used the assumption that q is linear in 5. A close inspection of (3.4)
suggests that it is possible to exactly satisfy the equilibrium equation by choosing
&' and 6'? as quadratic polynomials in o, and 22 cubic polynomial in 5. We
define three polynomials
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Taking the surface force condition (3.5) into consideration, we choose the following

forms for the re-scaled stress components in which ojt, oil, oit, 0i2, 032, 022 are

six single variable functions of z;.
Gt =odt +ottas + o3t (),
512 = 6% = py + pews + 03°q(x2), (3.6)
5% = (p; — €bp2) + (P2 — bp3)x2 + 032q(22) + 052 s(x2).

The surface force conditions on I' are automatically satisfied. To satisfy the force

condition on I';,, we require that
3
00" (L) = dg, 01’ (L) =3¢ dyy, 03*(L) = S[dg = po(L)], 02 (L) = 0. (3.7)

Both sides of the equilibrium equation (3.4) are quadratic polynomials in z5. By
equating coeflicients of the polynomials, the equilibrium equation can be equiva-
lently written in terms of the following system of ordinary differential equations.

1
Doy’ — 3003 — 2bo3” + p; — 2bp, = — g,

2
doit — 6—20%2 — 3bpl = bql — 3¢}, (3.8)

80%1 + 4ba%2 = 362bq71n7
and

1 1
do3” +bog' — gboy! + —03” + Ipy +p; — bvg = —dq,

2
boy' — ;2052 + 9pl = bg2 — 342, (3.9)

3
boyt — 0o3? — “03? = 3e%bg?,.
€

The set of equations (3.8) is equivalent to the first equation in (3.4) and (3.9) is
equivalent to the second one. We number the above six equations by the Roman
numerals - VI, and take the linear combinations

1 1 1, 1, 1
I+§HI, II/JrgVI7 3¢ I, 1, 3¢ v, 56(1V+ VI),
to form a system of six equations, which is equivalent to (3.8) and (3.9):

2
dog' — gbﬂf? =2bp) — pi — 4o + €2bgyy,

2
boy' + 58052 = bp? — p? — Ip) — ¢% + *bg?,, (3.10)

1

bl P,

1 2
gezaail — §0§2 = bpl +

with the boundary condition

m?

_ 3
00' (L) = dg, 01" (L) =3¢ dy,,  03*(L) = S[dg — po(L)]. (3.11)
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And
Doyt = —4bod? + 3é%q},

022 = eQ(bai1 +0pl — ba? — 3q2,), (3.12)

1 2
032 = 5€ <3ba%1 + baél +pz — bpi + 8p}, + q?l — 362bq,2n> ,

with the boundary condition U%l(L> = 0. Equations (3.10) form a closed system for

the three functions 0617 0’1 and o3?. Equations (3.12) determine 03!, 032 and 032

in terms of of!, oi!, 03? and the loading functions. The problem of determining
statically admissible stress fields with rescaled components of the form (3.6) then
is reduced to solving the system of three ordinary differential equations (3. 10) with

the boundary condition (3.11) for the three bingle variable functions o}!, ot and

042, In a sense, the functions o}!, 01!, and o3? play a principal role in building the
stress ﬁeldb We thus call them principal stress functions. The remaining functions

oil, 032, and 03? are supplementary.

Remark 3.1. Under our assumption that the arch is clamped on I'g and subject
to forces on I', the system (3.10) and (3.12) uniquely determine the stress field of
the assumed variance in xo. If the arch is clamped at both ends, then we have a set
of such stress fields. If the arch is subject to forces on both ends, the stress field is
unique. In this case, the existence is not obvious. It follows from an compatibility
assumption on the overall loads on the arch.

We now connect the principal stress functions to a displacement field by min-
imizing the constitutive residual. We choose displacement fields ¥ with covariant
components

By = (1= bxa)(d+ x20), by =1b, B3 =0. (3.13)
Here, (0,4, ) are three single variable functions satisfying 6(0) = @(0) = @(0) = 0.
We construct a stress field & whose rescaled components are of the form (3.6) with
the supplementary functions being zero. Thus

(]. — bx2)2&11 = 0'0 +.’£20%1,
(1 —bao)o'? = pL + tpl + q(x2)08?, (3.14)

(1= ba2)6* = [p — €bp] + w2[p? — by,
in which the undetermined functions o', o and oi? satisfy the boundary con-
dition (3.11). For any v, we determine & such that the constitutive residual

|6 — Ce(V)||E(qe) is minimized. This leads to the equations
= Ep+v(l —2b)p?,
b62 1+ By v(p) — €0p7), (3.15)

5 5 1
o3 = 4;1% — Zptl, + ibezpl
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Here 4 = ~y(i,®), p = p(0,0,®), and 7 = 7(0,4,w), cf. (2.7). Through these
expressions, Eq. (3.10) and the boundary condition (3.11) are enforced on the dis-
placement functions é, 4 and w. We write the upshot in a weak formulation which
better serves our purpose of modelling error estimates. Adding to and subtracting
from o' the term 1 260}1 in each of the first two equations of (3.10), we write the
system as

1 1 2
9 (o8~ 3etolt) + pe0lbol’) ~ Zook? = 20} bt~ +

1 1 2
b (aél — 362170}1) + §€2b20'%1 + 580%2 =bp2 —p? — Opl — % + €23, (3.16)

1 2
—2001t — Zo3? = E2bpl +

3 3 egbq; — 62q71n.

3

Multiplying these three equations, respectively, by smooth single variable functions
Yy, 2, ® which vanish at 0, integrating by parts on the interval (0, L), incorporating
the boundary condition (3.11), adding, and invoking the definition (2.7), we get

5 [ atoom i [ G#38MP>W%MM+3/“@%WWJMx
0 0 0

L
= / [(pe + 4o — 2bph — by, )y + (P2 — bp? + 4 + Opy — €°bqp,)z] dx
0

L
- %62 / (bay + 3bpl — 3qy,)pdx + diy(L) + [d — pi(L)]z(L) + d), ¢(L).
0

This is the weak formulation of the equilibrium equation (3.10) together with its
boundary condition (3.11). Substituting (3.15) into this equation, we obtain the
variational equation

42 u/ (6, 0,0)7(6,y, =)z = (. (6,1, 2)). (317)

Here f = fy + €2f; + ¢*f, and

L

: _5 _ >
<f03(¢7yaz)> - 6\/0 pOT(¢,y,Z)d$ V/C; po’}/(yaz)dx

L
+/ [(pd + g2 — 2bpl)y + (2 — bp2 + g2 + Opl)z]da
0

+day(L) + [di — po(L)]2(L) + dp, é(L), (3.18)
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. 1 L L 1 L
(. (0.0.2) =~ [ sEp(o e v [ wirw e - g [ bl 2o
0 0 0

L
1
_ / [bq}ny + b3z + g(bqé + 3bp? — 3q}n)¢} dz,
0

L
(. (0.) = 3 [ W02

It follows from Lemma 2.3 that Eq. (3.17) has a unique solution (8¢, @€, &¢) € H.
These functions then define the principal stress functions by the formulas (3.15),
which exactly satisfy Eq. (3.10) and the boundary condition (3.11). The supple-
mentary functions are determined by the formulas (3.12). We thus obtained the
rescaled components (3.6) of a stress field o that satisfies the equilibrium equation
(3.1) and surface force condition (3.2) exactly.

3.2. Asymptotic estimates on o€

The stress field constructed above varies with €. The key ingredients in this stress
field are the functions (ée,ﬂﬁ,uﬁf) € H determined by Eq. (3.17). We can split
the solution as (6,4, w) = (85, a5, w5) + €2(05, 0y, ws) + €*(85, a5, w5), with
(6, i5;,S;) being the solution of (3.17) in which the loading functional is the
e-independent fy; for i = 0,1, 2, respectively. Each of these equations now fits in
the abstract framework of Sec. 2.1. And we can estimate the three set of functions
as we did for the model solution in Sec. 2. We then get the estimates on (ée, U, we)
by superposition.

The only difference between (3.18) and the model loading functional, cf. (2.10),
is the factor 5/6 in the former. From this observation, we see that f|x = f'g\K. So
the behavior of (ég, 4, W) is similar to that of the model solution as described in
Lemmas 2.7 and 2.8. The functions (5, 45, wS) and (05, a5, ©5) affect the behavior
of (ée, @€, 0°) only slightly since they are scaled by the factors €2 and e?, respectively.
We have the following estimates, in which p¢ = p(éf,af,m), A€ = y(ac, we), 7 =
T(ée,ﬁe,dﬁ), and C is a constant independent of e.

If f|x = 0, then

1N ez + €213 = A°llze + € 2|l u7€ = pgllrz < C. (3.19)

It is important to note that the 7° is the same as that appeared in (2.13).
If f|x # 0, we scale the loading functions by €2, cf. (2.15). Then we have

15° = P°llzz + 115°Il 22 + [|7°] 22 < €C. (3.20)

Here, p° = p(6°,u°, w®) # 0, and (0°,u° w®) € K is defined by (2.17), which also
appeared in (2.16). Estimates on the principal and supplementary stress functions
involved in o€, cf. (3.15) and (3.12), then follow from these estimates.
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4. Modelling Error Estimate

Based on the model solution (¢, u¢,w*), we define a displacement field u® with the
covariant components

= (1 — bxy)(u® 4 0x2),

1 1
€ __ € € €,.2 €,.2
uy = w + wize + SWaly — 5733, (4.1)
ug = 253 + 25T2x3.

Here w§, ws§, 2{ and z§ are single variable functions defined by

€ 1_1/22 € € 1 2\, 2 2 €
wi = P — vy, wy = —[(1—v")p; — bpg] — vpS,
FE E
( ) (4.2)
. v(l+v . .
ATTT pa—vS, 25 =-— E[(1+V) — bpl] — vp".

We prove that the displacement field u€ is close to the displacement of the arch
determined by the 3D elasticity theory in the interior energy norm. A major step to
achieve this is to estimate the constitutive residual A(o€) — €(u®) in which o€ is the
stress field built in the previous section. The following formulas for the covariant
components of the strain tensor e€(u€) are results of direct calculations. Note that
€;i(uc) = (ujHJ Jl\z)/Q where uf) ;= 0;uj — Tk ug, is the covariant derivative.

1 1
e11(u) = (1 — 2bxz2)y® + x2p° — b(1 — bxs) Gufxg + §w§x2 — 222:r3> — bx306°,

1 1 1 1
612(116) = 57'6 + 5 (ajgawi + ixgawg — 21‘%825) s 622(116) — ’U)i + .’L‘gwg, (43)

1
e13(u’) = = (023 + 0z5xaw3), €23(u®) =0, e33(u) = 2] + 25z0.
2

The compliance tensor A acting on a stress tensor o with contravariant components
" yields a tensor with covariant components given by

_ 1 ki A kl
Ao = 2 (gzkgjla 2‘u+3)\gwgkla .

Using the formulas (3.15), (3.6) and (3.3), we obtain the following expressions for
the covariant components of Ao denoted by é;;:

€11 = (1 — 2bx2)Y® + x2p® + 111, €12 =

5
(7 207 = patan) ) +

1— 2
€22—TV2—V7 +< [(1—v2)p? —bpo]—VP>I2+T22a (4.4)

E
R v(l+v
€33 = — (E ( —bpo}+Vﬂ)$2+T33,
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and €13 = €93 = 0. Here
1 1
ri = E(1 — 2bxy)r(z2) 03t + Ebzxg[oél + zo0it + r(x0)os?]

11
+ 5 §b62(1 — 2bxo) — 2bx3 | o}t

— 5 {(1 = bea)la(a2)of? + s(aa)o??) - bed(p2 — bp2)},

bxo 5 1 v
Ty = mgﬂ + E(V2 — 1+ v22o)bpZe® — @baileQ
1
+ = [052q(w2) + 037 s(w2) — voy'r(z2)],

E

1 1 1
ri2 = % [Ccz + 4(1(952)1?62} Pe — ﬁb@ g + w2pe + q(22)057],

vbr ~ v v
ra3 = 2 5224 —(v+1+4 1/1:2)bpze2 — S—Ebaile2

" E(1 — bxy) E

v
= 5108%a(w2) + 03%5(x2) + 0311 (w2)]-

The constitutive residual g = Ao — €(u®) then has the expression:

011 = (1= 2bz2) (5 — ) + x2(p° — p°)

1 1
+0(1 — bxo) <wfx2 + §w§m§ — 2z§x§> + bx300° + 111,

€ 1 € 5 ~E
dia =75, (p(l, —prt S (eF —pi)Q(wz)>

1 1 1
~3 <x28wi + §x§8w§ - 2x§8z§> + 712,

0fy = —5 (0255 + 05mars), 05 = (" —3) + V(0 — )+,
053 =0, 0533 =v(y —5°) +v(p® — p)wa +733.
Since |z3| < € and |x3| < Ce, we have
| S o3t + 1032 + 03] + € (log'| + ot + 2] + [p3])

raal, [rasl < lo3tl + (052 + |03%| + € (Ip2] + [p3]) + €lot],
Ir12| S e (Ipkl + Ipd] + |o3?]) -

001 S 15 = |+ €lp® = pfl + e|wi| + Ews| + €2|25] + 2[06°| + [r1a],
052l S pb — 7| + [u7€ — pil + elows| + €[ows| + €2[025] + |r12],
lo1al S €ldz{| + 025],  lobal S 17 — 41+ €lp® = p°] + raal,
0531 =0, 053l S |ve — 4°| + €lp® — p°| + ras).
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(4.5)

(4.6)



438 S. Zhang

At this point, the analysis must proceed separately for the cases of f|x = 0
and f|x # 0.

Lemma 4.1. If f|x = 0 and the shear correction factor k = 1 in the arch model
(1.5), then there exists a constant C' independent of € such that

7‘@6”’3‘9") < Ce. (4.7)
le(u) [z
Proof. In (3.19), we proved
1Az < C, JA° = llee < O, [lnt® = ppllre < Ce™. (4.8)

Here L? is L*(0, L). Insert these estimates into the expressions (3.15), we get
loillze < C, log'llze <C,  log®|lz < C€.
From (3.12) and the boundary condition o3'(L) = 0, we see
lo3?llz2 < Ce*, o[l < Ce,  log' [l < Ce?.
Using the estimates (4.5), we thus have
||7"11||2L2(we) + ||7"12||2L2(u<) + ||7“22||%2(w<) + ||7"33H%2(w) < Cet.
Recall (2.13), we have
Ille < C, I —0llie < Ce, e — pllue < O (4.9)

This and (2.8) shows that ||0¢]| g2 < C. Also, from (2.14) we have ||0p|| 2 < C and
l07¢]l2 < C. We thus have |w§||g: < C, |Jw§l|lgr < C, ||25||gr < C, ||25]|gr <
C. From (4.8) and (4.9), we see ||[7¢ — 4¢||r2 < Ce?. All these together with the
estimates (4.6) establish the estimate |\Q§J-||2Lz (we) S Ceé*. Since the elasticity tensor
and the compliance tensor are uniformly positive definite and bounded, we have
el p(ae) < Ce.

On the other hand, we see from (4.3)

lenn ()] 2 V01 = 10" =7 = el |+ o] + [ws | + e|ws] + €[96°]),
le2(u)] 2 7% = 7% = 7] = e(|owi| + eows]).

Therefore, when e is sufficiently small, we have ||611(u5)|\%2(wg) + |ler2(u )||L2 (we) R
(|72 + ||7°)|2,). Since |72, + [|7°]12, ~ ||£]|%;- # 0, we thus get the lower
bound [|e(u®)| g(qe) > Ce. O

Remark 4.1. The bound ||912HL2(W€) < C¢* crucially hinges on x = 1 in (4.9). If

k # 1, then we only have || 0§, ||L2(we) < C€?. If we use uf, to denote the displacement
field on the arch obtained from the solution of the model (1.5) with the shear
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correction factor k, and use u§{ when x = 1, then we see from the formulas (4.3)
that

|e(uf — u;)”E(Q‘)
le(ui)ll e
Therefore, there is a finite relative difference between u{ and uf, when s # 1 and

py # 0.

Lemma 4.2. If f|x # 0, then there exists a constant independent of € such that

=~ |1 — |[lpollz- (4.10)

ol (e

NEVB@) o (e, (4.11)
le(us) | 2o

This estimate holds for k being any positive constant.

Proof. In this case, we need to scale the loading force densities by €2, cf. (2.15),
such that the model solution converges to a finite limit. We have already proved,
cf. (3.20), that ||p¢ — p°||2 < C€2, [[A¢||L: < Ce?, and ||7¢]|2 < Ce?. In (3.15), p?
and other loading functions now are replaced by €2 P2 etc., from which we see

lottlze <€, llogtlze < Ce, log’|lze < O,
From (3.12), we have
loz | < Ce%, o3|l < O, |lo3?||12 < C€.
These bounds lead to
12 ey + 1722l T2 ey + 17330172 ey < C€®, Irial|7ageey < C€.

Recall the asymptotic estimates (2.16) and (2.18), we have |p¢ — p°||zz < Cé2,
1v¢llzz < Ce%, ||7¢|| 2 < C€?, ||0p||L2 < C, and [|07¢| 2 < Ce®. From these, we get
lw]| g < Ce?, |ws|lgr < C, |25l < Ce?, ||25] g < C. All these together with
the estimates (4.6) establish the estimate HQ%HQLQ(W) < CéS. Thus || 0| pae) < Ce.

We see that in the expression of e11(u€), cf. the first equation of (4.3), the
second term x9p° has a dominating magnitude When € is sufficiently small, we
have ||e11(u )||L2 () 2 > ||z2p® ||L2 (we) = 41°13 2. Since p® # 0, cf. Lemma 2.8, we
see the lower bound ||e(u®)|| gy > Ce2. |

We need some modifications on both o€ and u® on the ends of the arch, since
neither of these fields is admissible, and they fail to meet the requirements of the
Prager-Synge theorem. We defined o and u§ as the stress and displacement solu-
tions of the 3D elasticity theory on the arch such that u$|p, =0 and o5n=d —d
on I';, and the arch is free of traction on upper, lower, front, and rear faces and free
of body force. It follows from Saint-Venant’s principle that such fields exponentially
decay from the right end, and they are negligible at a distance C'e away from the
right end. On the left end, the welding displacement condition is not satisfied by u®
due to corrections (4.2). We define uf as the solution of the elasticity theory on the
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arch such that uj = —u® on I'g, and the arch is free of traction on all the other faces
and subject to zero body force. The stress field of = Ce(u§) then exponentially
decay from the left end. This is because the reacting force on I'g has zero resultant
and zero moment, and Saint-Venant’s principle applies. Our statically admissible
stress field then is 6¢ = o + o + o¢, and kinematically admissible displacement
field is @° = u® + uf + uj. And we have ¢ — Ce(u) = p°. According to the
Prager—Synge hyper-circle theorem, we have

le(@ —u)[fqae) + 10 = & IE@) = o)

Since u® and 4° are virtually equal on the interior portion f of Q€ it follows the
estimate

le(u®) — e(u™)|[p@g) < lolle@e-

We, therefore, proved the following theorem.

Theorem 4.1. Let u®* be the displacement solution of the 3D elasticity theory
for the arch. Let u€ be the displacement field defined on the arch by modifying the
solution of the arch model (1.5) using the formulas (4.1). The arch deformation
is either bending dominated or membrane-shear dominated, depending on the arch
shape and the loading. If the arch deformation is bending dominated, then we have
the error estimate

[e(u) — e(u)||m(as)
[e(u) | 2o

< Ce, (4.12)

which is valid for the shear correction factor k in the model being an arbitrary
positive number. Here £ is an interior portion of {1 obtained by cutting off the two
end portions of length Ce and C' is a constant independent of €.

If the arch deformation is membrane-shear dominated, and if we set k = 1 in
the model, then the same estimate (4.12) holds. In this latter case, if k # 1, the
model fails when there is a significant shear in the arch deformation, which occurs
when there is a nonzero surface force couple applied on the upper and lower faces
of the arch. In this case, we have

e(u®) — e(u‘* c
le(w) ey
le(us) ||z

Finally, we prove the lower order accuracy of u® up to the clamped end I'y by
showing that |le(uf)|| g /ll€(u®)l ) S Ve From this we see that

e(u®) — e(u™) | pas)

le(u) |z

< Cve.

Here €2 is a subset of Q¢ obtained by cutting-off the right end a portion of length
Ce. We define a displacement field G by giving its covariant components @] = 0,
@5 = W§ws + twsa3 — 17523, u§ = Z{z3 + F5xaws. Where, 0 = —w§(0)e™2/¢, 0§ =

—w§(0)e=?/¢, 2 = —25(0)e~ /¢, 25 = —2z5(0)e~*/¢. This makes @ = u§ on Ty.
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By the minimum potential energy principle, we have [[e(uf)|| g < [|€(Q€)|| g(qe)-
It is straightforward to show that |€(a€)| g(qe) is bounded by Ce'® under the
condition of Lemma 4.1, and bounded by Ce?® in the case of Lemma 4.2. As for
the right end 'y, we remark that the estimate

le(uy)]l g < CVelld = dl g1~

holds.?? Based on this, one can impose a condition on variance of the end force d
in x5 so that the relative modelling error of the order /€ holds up to both ends.
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