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EXISTENCE OF SOLUTIONS FOR THREE-POINT BVPS
ARISING IN BRIDGE DESIGN

AMIT K. VERMA, MANDEEP SINGH

ABSTRACT. This article deals with a class of three-point nonlinear boundary-
value problems (BVPs) with Neumann type boundary conditions which arises
in bridge design. The source term (nonlinear term) depends on the derivative
of the solution, it is also Lipschitz continuous. We use monotone iterative
technique in the presence of upper and lower solutions for both well order and
reverse order case. Under some sufficient conditions we prove existence results.
We also construct two examples to validate our results. These result can be
used to generate a user friendly package in Mathematica or MATLAB so that
solutions of nonlinear boundary-value problems can be computed.

1. INTRODUCTION

In the past few years, there has been much attention focused on multipoint BVPs
for nonlinear ordinary differential equations, see [T1, 4, [6], @} 16, [17]. Multipoint BVPs
have lots of applications in modern science and engineering.

It is observed [7] that a linear model is insufficient to explain the large oscillatory
behavior in suspension bridges also suspension bridges have other nonlinear behav-
iors such as traveling waves. If the roadbed of a suspension bridge is treated as a
one-dimensional vibrating beam the following equation is derived (see [7, Section

3])
Ut + ElUgprs + 0up = —kut + W(x) +ef(x,t), (L.1)
w(0,t) = w(L,t) = tpe(0,t) = uzr (L, t) = 0. (1.2)

Thus the suspension bridge is seen as a beam of length L, with hinged ends, whose
downward deflection is measured by wu(z,t), with a small viscous damping term,
subject to three separate forces; the stays, holding it up as nonlinear springs with
spring constant k, the weight per unit length of the bridge W (z) pushing it down,
and the external forcing term ¢ f (x,t). The loading W (x) would usually be constant.

If W is replaced by the term W (z) = Wy sin (z/L), an error of magnitude around
10% is introduced in the loading and little less in the steady-state deflection. Sec-
ond, if the forcing term is given by f(z,t) = f(¢)sin (x/L) and general solutions of
(L.1)-(L.2), is of the form u(z,t) = y(t) sin (z/L). These no-nodal solutions were the
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most commonly observed type for low velocities on the Tacoma Narrows Bridge.
When this u(z, t) is substituted into (1.1f), this results into the differential equation

—y'(t) = fty,y") (1.3)
were f(t,y,y') = 6y’ + EI(w/L)*y + kyt — Wy — ef(t), where y* denotes y if y is
non-negative, and zero if y is negative.

Large size bridges are sometimes contrived with multi-point supports, which
gives rise to multi-point boundary condition.

In this paper we focus on monotone iterative technique related to upper and
lower solutions. Lot of aspects of this technique has been explored for two point
BVPs. When upper (g and lower ag solution are well ordered; i.e., By > ag lots
of results are available (see [I0]-[I1] and the references there in). When the upper
and lower solutions are in reverse order, that is Sy < ag some results are available
(see [3, 8, M4} [15] and the references there in).

As far as three-point BVPs are concerned, different techniques are used to prove
existence results. The case when source function is independent from first derivative
results are available. But there are very few results when the first order derivative
is involved explicitly in the nonlinear term f.

Guo et al [0] consider the three point BVPs

y'@) + flt,y,y) =0, 0<t<I, (1.4)
y(0) =0, y(1)=dy(n) (1.5)

where f is a nonnegative continuous function, § > 0, n € (0,1) and an < 1.
They used a new fixed point theorem in a cone. Bao et al [2] proved some existence
results for three-point BVPs —. They used fixed point index method under
a non-well-ordered upper and lower solution condition.

Recently Singh et al [I2] 13] used monotone iterative method with upper and
lower solutions when they are well ordered as well as reverse ordered, and proved
some existence results for a class of three point non-linear BVPs.

The aim of this article is to explore the monotone iterative method with up-
per and lower solutions (for both well order as well as reverse order case) for the
Neumann type nonlinear three point BVPs given by

y') + flt,y,y) =0, 0<t<I, (1.6)
y'(0) =0, ¢'(1)=0dy'(n), (1.7)

where f e C(I x R,R), I =[0,1],0<n<1,0<d< 1.

This article is organized in six sections. In Section 2 we discuss the correspond-
ing linear case of nonlinear three point BVPs and construct Green’s function. In
Sections 3 and 4 we discuss some other important Lemmas and maximum and anti-
maximum principles. In Section 5 we derive sufficient conditions which guarantee
the existence of solutions of nonsingular nonlinear three point BVPs for both case;
i.e., when upper and lower solutions are well ordered and also when reverse ordered.
Finally in Section 6 two examples are constructed to validate our results.

2. LINEAR CASE AND GREEN’S FUNCTION

This section deals with linear three-point BVPs with Neumann type conditions.
We construct Green’s function for these problems to be investigated in later sec-
tions.
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2.1. Construction of the Green’s function. Consider the corresponding linear
three-point BVPs as given by

Ly=—y"(t) — \y(t) = h(t), 0<t<1, (2.1)

y'(0)=0, y'(1)=0dy'(n)+0, (2.2)

where h € C(I) and b is any constant. Based on the sign of A we can divide the
construction of Green’s function into two cases. In one case A > 0 we get Green’s

function in terms of cos and sin. In the case when A < 0 we get Green’s function
in terms of cosh and sinh.

Lemma 2.1. Assume
(HO) X € (0,72/4), sin(v/A) — dsin(nv/A) > 0 and cos(v/A) — 6 cos(nv/\) > 0.
When A > 0, Green’s function for the three-point BV Ps
y'(t) + A y(t) =0, 0<t<l, (2.3)
y'(0) =0, y'(1)=0dy'(n),

18
cos(VAt)(cos(vVA(s—1))—6 cos(vVA(s—n)))
VAGsin(v/3)—6 sin(nv/x)) ) Ost<s<m,
cos(v/As) (cos(vVA(t—1)) =38 cos(VA(t—7)))
G(t S) _ VA(sin(vA) =6 sin(nv/\)) ’ sSt ss,
’ cos(vVA(s—1)) cos(V/At) t<s, n<s
VA(sin(vV/A) =4 sin(nv/ X))’ -7 ="
§ sin(nv/A) sin(vA(s—t))4cos(v/As) cos(VA(1—t))
VA(sin(vX) =8 sin(nv/\)) , nssstsl

It can be checked that (HO) can be satisfied for some sub interval of X € (0,72 /4).
For a proof of the above lemma, see [12] Lemma 2.1].

Lemma 2.2. Let A > 0. Ify € C?(1) is the solution of the three-point BVPs (2.1))
and (2.2)), then it can be expressed as

B bcos VAt !
y(t) = V(B sy — sV 7/0 G(t, s)h(s)ds. (2.5)

For a proof of the above lemma, see [12] Lemma 2.2].

Lemma 2.3. Assume
(HO") A <0, sinh y/|A\| — dsinh\/|Al]n > 0 and 6 cosh \/|A|n — cosh y/|\| < 0.
Then for A < 0, the Green’s function of the three-point BV Ps
y'(t)+Ay(t) =0, 0<t<1,
y'(0) =0, y'(1)=0dy'(n)

18
cosh(y/IA[#)(6 cosh(y/|A[(s—n)) —cosh(y/|A[(s—1)))
\/W(sinh(\/m)—(;sinh(n IAD) ’ 0§t§8§777
cosh(\/ms)(écosh(\/m(t—n))—cosh(\/m(t—l))) s<t 5<
Glt,s) = VI I(sinh(/|X]) =8 sinh(n4/|A]) ’ =hesT
) __cosh(y/[A[(s—1)) cosh(y/|A[t) t<s n<s
m(sinh(\m):;iinh(n |A|>>’\ﬁ Ui - =
¢ sinh(ny/|A]) sinh(4/|A|(s—t))—cosh(4/|A|s) cosh(4/|A|(1—1))
I (sinh(y/ I sinb(7y/IA]) , nEsstsl
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It can be easily checked that (H0") can be satisfied for some values of A € (—o0,0).
For a proof of the above lemma, see [12], Lemma 2.3].

Lemma 2.4. Let A < 0. If y € C?(1) is a solution of the three-point BVPs (2.1))
and (2.2), then it is given by

u(t) = beosh /||t /G (2.6)

VA (sinh(y/]A]) — & sinh(n

For a proof of the above lemma, see [I2, Lemma 2.4].

3. SOME INEQUALITIES

Lemma 3.1. Let A € (0,72/4) and A — M > 0. Further if

(A= M) cos VX — NVAsin VA >0,
then for all t € [0,1]

(A — M) cos VAt — NVAsin VAt > 0,
where M, N € RT.
Proof. Using monotonicity of sin and cos, we derive that for all ¢ € [0, 1],

(A — M) cos VAt — NVAsin VAt > (A — M) cos VA — NV Asin VA > 0.

Which completes the proof. ([l
Lemma 3.2. If A <0 is such that M + X\ <0, and

2
ASfoNTfE\/NQJAM,

2
then for all t € [0,1],

(M + \) cosh /At + N+/| A sinh v/[A]t <0,
where M, N € R,
Proof. As
(M + X) cosh /At + N+/|A[sinh v/[A[t < [(M + X) + N /][] cosh v/[Alt.
We will have [(M + ) + N+/[A[] cosh \/[A[t < 0 for all ¢ € [0,1] if
(M 4+ X) + N[N <o0.
The above inequality will be satisfied if

2
)\S—M—NT—E\/N2+4M.

2
This completes the proof. ([

Lemma 3.3. Let (HO) be satisfied. Then
(i) G(t,s) =20,
(ii) QG“ ) <0 and
(iii) (/\ M)G(t,s) + N(signy)2 (t >0
for any t,s € [0,1] and M, N € R*.
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Proof. The conditions assumed in (HO) ensure that G(t,s) > 0. Since G(¢, s) is the

solution (Ef 1Dl , we deduce that % < 0. For part (iii) we prove that for
all t,s € |0,1],

IG(t
(A= M)G + N 5(91;8) > 0.
Which can easily be deduced by using Lemmas 2.1] [2:2] and [3:1] O

Lemma 3.4. Assume (H0'). Then for any t,s € [0, 1], we have
(i) G(t,s) <0,
(i) 292 <0 and
(i) (M + N)G(t,s)+ N(signy’)% > 0 whenever we have M +X— NA <0

where M, N € Rt.

Proof. Parts (i) and (ii) follow the analysis of Lemma For part (iii), it will be
sufficient to prove that for all ¢, s € [0, 1],

(M +XNG(t,s) + N > 0.

0G(t, s)
ot

Since G(t, s) is the the Green function for (2.1)—(2.2)), we have
0G(t, s)

ot
The above inequality along with condition M + A — N < 0 gives

(M + NG(t, s) + N% > (M + A — NNG(t,s) > 0.

> —A\G(t, s).

4. ANTI-MAXIMUM AND MAXIMUM PRINCIPLE

Proposition 4.1. Let b > 0, h(t) € C[0,1] be such that h(t) > 0, and (HO) hold.
Then the solution of Ly = h and (2.2)) is non-positive.

Proposition 4.2. Let b > 0, h(t) € C[0,1] be such that h(t) > 0 and (HO') hold.
Then the solution of Ly = h and (2.2) is non-negative.

5. EXISTENCE RESULTS FOR NONLINEAR THREE-POINT BVP

In this section, we prove two existence results for the nonlinear three-point Neu-
mann type BVPs. On the basis of the order of upper and lower solutions, we divide
this section into the following subsections.

5.1. Reverse ordered case.

Definition 5.1. The functions «, 8 € C2[0, 1] are called lower and upper solutions
for the class of three-point BVPs (|1.6))-(|1.7)) if they satisfy the following inequalities:

—a(t) < f(t,a,0’), 0<t<1,
o (0) =0, o(1)<dd(n).
75//(0 Zf(tvﬂaﬂ/)a 0<t< 13
0

'(0) B'(1) = 68" (n).
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The sequences (ay, ) and (G, )y are defined by the following iterative schemes

o =0, —ag 1 (t) = Aapqa(t) = f(t Qpy ) — Ay, (5.1)
0 41(0) =0, ag (1) = dal, 4 (), (5.2)
Bo =B, —Bni1(t) = ABpi1(t) = f(t, Bn, 8y,) — B, (5.3)
Br1(0) =0, Br1(1) =68,41(n), (5.4)

where A # 0.

Theorem 5.2. Assume that (HO)and following hypothesis hold:
(H1) there exist o and 3 € C?[0,1] lower and upper solutions of (1.6]) and (1.7)
such that for allt € [0,1], o > §;
(H2) the function f : D — R is continuous on D = {(t,u,v) € [0,1] x R? :
Bt) <u<alt)};
(H3) there exist M > 0 such that for all (t,u1,v), (t,u2,v) € D
up < ug — f(t,UQ,’U) - f(ta Ul,’l)) < M(u2 - ul);
(H4) there exist N > 0 such that for all (t,u,v1), (t,u,v2) € D
|f(t,’u,’02) - f(tauvvl)l < N|’l}2 - U1|;

(H5) for all (t,u,v) € D, |f(t,u,v)] < p(|v]), such that p : RY — R is contin-
uous and satisfies

5 ds

¢(s)

e mn p = /lo

where ly = supyg 1)[2]a(t)]].
Further if (A — M) cos VA — NV AsinvA > 0 and for all t € [0,1]
F(t,B(),80) — (talt), (1) — A(B—a) = 0

then the sequences (cw,) and (B,) defined by (5.1), (6.2) and (5.3), (5.4) converge

monotonically in C*([0,1]) to the solutions v and u of the nonlinear boundary-value

problem (1.6 and , such that for all t € [0, 1]

B<u<v<a

The proof of the above theorem can be divided into several small results stated
as follows.

Lemma 5.3. If o, is a lower solution of (1.6) and (L.7)), ans1 is defined by (5.1)
and (5.2) where X\ € (0,72/4), then ani1 < .

Proof. Since y(t) = ap41 — oy satisfies Ly > 0, (2.2) with b > 0, the result can be
concluded by Proposition O

Proposition 5.4. Let (H0)—(H4) hold and (A — M) cos VA — Nv/Asin VA > 0 then
the function c, defined by (5.1) and (5.2) are such that for alln € N,
(i) an is a lower solution of (L.6)-(1.7); and
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Proof. We prove it by recurrence. By Lemma [5.3] the claim holds for n = 0.

Let cv,—1 is a lower solution of (1.6) and (1.7) and cv, < ap—1. Let y = cy—vp—1.
Then we have

—a) — f(t,am,al) < (A — M)y + N(signy)y'.
Let (\—M)y+ N (signy’)y’ = g. Now to show «, is a lower solution we have to show
that g < 0. Since y is given by Lemmawith h(t)=all 1+ f(t,om—1,00,_1) > 0.
Thus to show g < 0, it is enough to prove that
(A — M) cos VAt — NV Asin VAt > 0,

OG(t, s)

(A=M)G(t,s)+ N Y >0
for all ¢ € [0,1]. Lemma and Lemma verify the existence of above two
inequalities. Thus a,1+1 > au,. (I

Similarly we can prove the following result.

Proposition 5.5. Let (HO)-(H4) be true and (A — M) cos VA — Nv/Asinv/A > 0.
Then the function B3, defined by (5.3))-(5.4) are such that for alln € N
(i) B is an upper solution of (1.6)-(1.7));
Proposition 5.6. Let (H0)-(H4) hold, (A — M) cos VX — NV Xsinv/A > 0 and for
all t € [0,1],
f@,8(), B'(t) — ft at), o' () = MB—a) 0.

Then for allm € N, the functions o, and By, defined by (5.1)-(5.2) and (5.3))-(5.4)
satisfy o, > Bn.
Proof. We define

hz(t) = f(taﬂwﬂé) - f(ta Qs a;) - A(ﬂl - ai)7 for all i € N.
Now, for all i € N, y; := ; — «; satisfies

—y = Myi = f(t, Bim1, Bi_) — [t i1, 1) = M(Bim1 — im1) = hi-1.
Claim 1. «; > 1. The function y; = (1 — a1 is a solution of (2.1)-(2.2) with
h(t) = ho(t) > 0 and b = 0, by Proposition y1(t) <0; e, ag > fi.
Claim 2. Let n > 2. If h,_2 > 0 and a,,_1 > B_1, then h,_1 > 0 and «,, > (,.
First we will prove that, for all ¢ € [0, 1], the function h,,_; is non-negative, as we
have
hn—1 > —=[(A = M)yn—1 + N(signy,,_1)y,,_1]-

Since y,—1 is a solution of (2.1))-(2.2)) with h(t) = hp—2(t) > 0, b = 0. Hence we
can proceed similar to the proof of Proposition to show that h,—; > 0. Now
y,(0) = 0 and y,(1) = 6y’ (n); i.e.,, b = 0, we deduce from Proposition that
Yn < 0; i~e~7 Qo 2 Bn U
Lemma 5.7. If f(t,y,y') satisfies (H5), then there exists R > 0 such that any
solution of the differential inequality

—y'(t) = f(tyy), 0<t<l, (5.5)
y'(0)=0, ¢'(1)=0dy'(n)
with y € [B(t), a(t)] for all t € [0,1] satisfies |y ||co < R.
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Lemma 5.8. If f(t,y,y’) satisfies (H5), then there exists R > 0 such that any
solution of the differential inequality

—y"(t) < flty.y), 0<t<l, (5.7)
y'(0)=0, ¥ (1) <dy'(n)
with y € [B(t), a(t)] for all t € [0,1] satisfies |y ||co < R.

The proof of above two Lemmas are similar to the proof of [I2, Lemma 3.2]
(Priory bound). Now we can complete the proof of Theorem [5.2

Proof of Theorem[5.4 Consider (o), and (53,), defined, respectively by (5.1))-
(5.2) and (5.3)-(5.4). By using the Propositions and we deduce the

following inequality
a=ag>a > 2an > 2B > 2 B > By = B (5.9)

Since (o, )n and (5, ), are monotonic in nature and bounded, they converge point-
wise to functions
v(t) = lim a,(t) and wu(t) = lim G,(t)
n—oo n—oo

which are such that for all n, a,, > u > v > 3,. Using , and ,
along with and Lemma we verify that (ay), is equibounded and
equicontinuous in C*([0, 1]). Hence any subsequence (ap, )x of (ay,), is also equi-
bounded and equicontinuous in C*([0,1]) and from Arzela-Ascoli theorem we de-
duce that there exists a subsequence (a,,); of (o, )x which converge in C*([0, 1]).
By monotonicity and uniqueness of the limit of the sequence (a, )., we have o, — v
in C1([0,1]). As any subsequence of (a,), contains a subsequence (o, ); which
converge in C*([0,1]) to v it follows that a,, — v in C*([0,1]). In a similar way,
using Proposition and Lemma it can be proved that (3,), converge to u in
C ([0, 1))

The solution of the iterative schemes 1) and — can be written
by equations given in Lemmas and for corresponding h(t) given in terms
of nonlinear f. Now by using the uniform convergence of «, and (3, and taking

Limit both sides we get solution of the nonlinear three point BVPs (|1.6])-(1.7)). This
1.7).

proves existence of solution of the nonlinear three point BVPs (|L.6)-( O

5.2. Well ordered case. We state our main result as Theorem Proof here
again can be written as we did earlier for non well ordered case. We skip the proof
for brevity.

Theorem 5.9. Assume (HQ') and the following hypothesis hold:
(H1") there exist o, 3 € C%[0,1] lower and upper solutions of (1.6)-(1.7) such that
o< f;
(H2') the function f : D — R is continuous on D = {(t,u,v) € [0,1] x R? :
at) <u < B(t)}; B
(H3') there exist M > 0 such that for all (t,u1,v), (t,us,v) € D,
ur < ug — f(tug,v) — f(t,ur,v) = —M(uz — wp);
(H4') there exist N > 0 such that for all (t,u,vy), (t,u,vs) € D,

|f(t,u7v2) - f(t7u,’U1)| S N|U2 _’U1|;
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(H5') for all (t,u,v) € D,|f(t,u,v)| < o(|v]); where ¢ : RT — RT is continuous

and satisfies
. > sds
max # — min o <
te0,1]  te[0,1] 6 #(s)

where lo = supyg 1)[2|B(¢)[]-

Let A < 0 be such that A < min{—M, ——*~ —M — N—2 — VN2 +4M}, and for
all t € [0,1],

ft,8(), B'(t) — [t at), o' (t) —
then the sequences (ay,) and (8y) defined by (5.1 . n converges
) / (L8)-(7),

monotomcally in C1([0,1]) to solution v and u o such that for all
€01, asv<u<p.
6. NUMERICAL ILLUSTRATIONS

In this section we consider two examples and verify that conditions derived in
this paper can actually be verified and existence of solutions can be proved.

Example 6.1. Consider the nonlinear three-point BVPs given by

10y3 — 9e¥’
—(t) %, 0<t<l, (6.1)

y'(0) =0, ¥'(1)=0.6y(0.9). (6.2)

where f(t,y,y") = M §=06,1n1=009 Here o =1 and 8 = —1 are lower
and upper solutions. It 1s a non well ordered case.

The priory bound can be computed as follows. ¢ = (10 4 9¢l*)/90. |3/| < \/%;

ie., R = \/ﬁ The Lipschitz constants are computed as M = 1/3 and N =
et /10 = 0.156395.

The inequality f(¢, 8(t), 8'(t)) — f(¢, a(t),a’/(t)) — A(B — «) > 0 is satisfied when
A > 0.11111. Now we can find out a subinterval (0.44,1.8) C (0.11111,2.4674)
(approx) such that (A — M) cos VA — Nv/Asinv/A > 0 and inequalities in (HO) are
satisfied (cf. Figure [f).

Thus it is guaranteed that 3 at least one A € (0.44,1.8) such that sequences
generated by iterative scheme converge uniformly to a solution of the nonlinear

three point boundary value problem (6.1)) and (6.2)).
Example 6.2. Consider the nonlinear three-point BVPs

0= WO 5y - 2, ©3)
y'(0)=0, y ( ) =0.74(0.5). (6.4)

where f(t,y,y) = [y/% —by(t) — ﬁ7 §=17/10,n= =
This example has o = — (2 + ) and (3 = (¢ 1) as lower and upper solutions;

ie., we are in well ordered case. The prlory bound can be computed as follows.

p=184¢ 5 > 4 60 . |y/] < 2e3; ie., R =3e2. The Lipschitz constants are give by
M = 5 and N = R/30 =0. 105127
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- (1-0.333333) cos (VA ) - 0.156395 V2 sin (V)
— sin(VX)-0.6sin(0.0Vx)
— cos(Vx) -0.6 cos 0.9V )

FIGURE 1. Plots of inequalities (HO) and (A — M)cosvVA —
Nsinv/A > 0 for X € (0,72/4)

Now we can find out at least one A < 0 such that when

2
)\gmin{—M,—%,—M—NT—%\/NQ—FZLM},

Assumption (H0') is satisfied (cf. Figure , we get two monotonic sequences.

Thus for any A < —5.58739 the solutions of the iterative scheme converge uni-
formly to the solution of the nonlinear three point boundar- value problem (6.3

and (6.4).

--- 0.7 cos.h(—‘@L - cosh (V 1At )
2

2
— sinh(m) -0.7 sinh(—@-)

20

FIGURE 2. Plots of inequalities (H0') for A < 0
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