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//****************************************************************************//

// //
// Optimal Orientation of OSL //
// According to Tsai-Hill Criterion //
// (Univariate search) //
// //

//****************************************************************************//
#include <stdio.h>

#include <conio.h>

#include <math.h>

#include <ctype.h>

#include <stdlib.h>

#define Cl1 -35.89E6 // compression strength in the fiber direction
#define C2 -11.87E6 // compression strength in the tangential direction
#define Tl 56.684E6 // tensile strength in the fiber direction
#define T2 2.795E6 // tensile strength in the tangential direction
#define S12 15.985E6 // shear strength in plane LT

#define dy 20 // the number of layers

#define MAXLAYERS 30 // the maximum number of layers allowance

#define H 0.152 // thickness of OSL in meter

#define E1 28.05E9 // MOE in the longitudinal (fiber:L) direction
#define E2 2.079E9 // MOE in the transverse (tangential:T) direction
#define v12 0.35 // possion's ratio in plane 1-2(LT)

#define G12 2.244E9 // modulus of rigidity in plane 1-2(LT)

#define f name "THC antisym Ed2.txt"

main ()
{
FILE *optimize;

void evaluate stress(int Dy,double deg[MAXLAYERS],double sigmal2[][2][3]);
double find min(double a[dy],double a min);
void display(int DEG[MAXLAYERS],double min mx) ;

int i,3,1,m;

int lastchanged, change;

int bestangle, lastangle;

double DEG[MAXLAYERS],DEG MAX Mx[MAXLAYERS],DEG optimize Mx[MAXLAYERS],
DEG_TMP [MAXLAYERS];

double mx[2],min mx[MAXLAYERS],mfail, MAX Mx,optimize Mx,
SIGMA [MAXLAYERS] [2] [3],
X, Y;
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optimize=fopen (f name, "w+");
optimize Mx = 0.0;
// looping for initial trial degree
for (m=0; m<=1000; m++)
{
gotoxy(1,1);
printf ("Intitial trial angles No. : %d\n",m);
for (i=1; i<=dy/2; i++)
{
DEG[i] = random(180); //
DEG[dy-(i-1)] = -DEGI[i];
DEG MAX Mx[i] = 0.0;
min mx[i] = 0.0;
}
1 =1;
lastchanged = 1;
MAX Mx=0.0;

set initial trail degree //

do
{
change = 0;
bestangle = DEG[1];
lastangle = DEG[1];
do {
evaluate stress(dy,DEG,SIGMA);
for (i=1; i<=dy; i++)
{
if (SIGMA[i][0][0] > 0) X

= Tl; else X = Cl;
if (SIGMA[i][O0][1] > O

) Y = T2; else Y = C2;

mx[0] = sqgrt(l /( (SIGMA[i][0][0]*SIGMA[i][0][0])/(X*X) -

(SIGMA[1] [0] [0]*SIGMA[1][0][1])/ (X*X) +
(SIGMA[1] [0] [1]*SIGMA[1][0][1])/(Y*Y) +

(SIGMA[1][0] [2]*SIGMA[1][0][2])/(S12+S12)

)

1; else X = Cl;

if (SIGMA[i][1]([0] >
[ T2; else Y = C2;

if (SIGMA[i][1]

— o
e
Il

T
1] > 0) Y

mx[1l] = sqgrt(l/( (SIGMA[1i][1][0]*SIGMA[i][1][0])/(X*X) -

(SIGMA[1][1][0]*SIGMA[L1][1]1[1])/ (X*X) +
(SIGMA[1i][1][1]*SIGMA[i] [1][1])/(¥Y*Y) +
(SIGMA[i][1][2]*SIGMA[i][1][2])/(512*S12)

) i

min mx[i] = mx[0];
if(min mx([i] > mx[1]) min mx[i] = mx[1];
}
mfail = min mx[l]; //************‘k‘k‘k‘k‘k‘k*‘k*‘k*‘k*//
for (3=1; j<= dy;Jj++) // find minimum Mx in  //
if (mfail > min mx[j]) mfail = min mx[7]; // each orientation //
- - ] KKKk Kk kK Kk Kk kK kK k kK k kK kkk [/
if (MAX Mx < mfail)
_{ //*‘k*‘k****‘k‘k‘k‘k*‘k*‘k**‘k*‘k*‘k*‘k*‘k*‘k‘k‘k‘k‘k‘k‘k‘k //
MAX Mx = mfail; // ~compare Mx in each orietation for //
bestangle = DEG[1]; // Finding max Mx //
change = 1; // //
} //‘k*‘k*‘k*‘k******************************//
if (DEG [1] > 180)
DEG[1l] = 1;
DEG[1]++;
DEG[dy-(1-1)] = -DEG[1]; // VARY 1° EACH TIME //
} while (DEG[1] != lastangle);

DEG[1] = bestangle;
DEG[dy-(1-1)] = DEG[1l];
if (change == 1)
lastchanged = 1;
1++;
if (L > dy)l = 1;
} while (1 != lastchanged);



//****Find Optimize orientation from univariate search***x*//
if (MAX Mx > optimize Mx)

{

optimize Mx = MAX Mx;

for (j=1; j<=dy; j++)

DEG optimize Mx[j] = DEG_MAX Mx[j];

}
}

//~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k*Display****************//

fprintf (optimize, "Univariate Search\n");

fprintf (optimize, "\nOptimal Orientation : [% 21g°,% 21g°,% 21g°,

21g°,% 21g°,% 21g°,% 21g°,% 21g°]1T\n",

DEG optimize Mx[1], DEG optimize Mx[2], DEG optimize Mx[3],
DEG optimize Mx[4], DEG optimize Mx[5], DEG optimize Mx[6],
DEG optimize Mx[7], DEG optimize Mx[8], DEG_optimize Mx[9],

DEG optimize Mx[10]);

fprintf (optimize, "Maximum moment (Nm/m) = %.4le\n\n",optimize Mx);

//****Find optimize orientation by exhaustive searchx**x*//
for (1=1; 1<=dy; 1++)
DEG TMP[1l] = DEG optimize Mx[1];

for (DEG[5]=DEG_TMP[5]-3;DEG[5]<=DEG_TMP[5]+3;DEG[5]=DEG[5]+1)
{
DEG[6]=(-1) *DEG[5];
for (DEG[4]=DEG _TMP[4]-3;DEG[4]<=DEG_TMP[4]+3;DEG[4]=DEG[4]+1)
{
DEG[7]=(-1) *DEG[4];
for (DEG[3]=DEG_TMP[3]-3;DEG[3]<=DEG_TMP[3]+3;DEG[3]=DEG[3]+1)
{
DEG[8]=(-1) *DEGI[3];
for(DEG[2]=DEG7TMP[2]—3;DEG[2]<=DEG7TMP[2]+3;DEG[2]=DEG[2]+1)
{
DEG[9]:( )*DEG[2]
for (DEG[1]=DEG_TMP[1]- G[1]<=DEG_TMP[1]+3;DEG[1]=DEG[1]+1)
{
DEG[10]=(-1) *DEGI[1];
evaluate stress(dy,DEG, SIGMA) ;
for (i=1;i<=dy;i++)
{

gotoxy(1l,2) ;printf ("-");
gotoxy (1,2) ;printf ("/");
gotoxy (1l,2) ;printf("|");
gotoxy (1,2) ;printf ("\\"

Tl; else X = Cl;

1f(SIGMA[1] [0][0]>0) X

if (SIGMA[i][1][0]>0) Y = T2; else Y = C2;
mx[0] = sqrt(1.0/( (SIGMA[i][0][0]*SIGMA[i]
(SIGMA[i][0][0]*SIGMA[1i]([0][1])/
(SIGMA[1][0][1]*SIGMAT[i][0
(SIGMA[1][0][2]*SIGMA[i] [0

)
)
if (SIGMA[1][0][1]>0)
if (SIGMA[i][1][1]1>0)

Tl; else X = Cl;
T2; else Y Cc2;

X
Y

mx[1] = sqrt(1.0/( (SIGMA[i][1][0]*SIGMA[1i]

(STGMA[i] [1][0]*SIGMA[i][1][1])/
(SIGMA[i][1][1]*SIGMA[i][1
(SIGMA[1][1][2]*SIGMA[i][1
)

)i
min mx[i] = mx[0]; //***find min.
if (min mx[i] > mx[1]) min mx[i] = mx[1]; //***in each layer**//

mfail=min mx[1];

for (i=1; i<=dy/2; i++)

if(mfail>min mx[i])mfail=min mx[i];
if (optimize Mx<mfail)

)/ (S12*3512)
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{

optimize Mx=mfail;

for (j=1;j<=dy;j++)

DEG optimize Mx[j]=DEG[]];
}

}
}
fprintf (optimize, "Exhaustive Search\n");
fprintf (optimize, "\nOptimal Orientation : [% 21g°,% 21g°,% 21g°,% 21g°,% 21g°,%
21g°,% 21g°,% 21g°,% 21g°,% 21g°]T\n",
DEG optimize Mx[1], DEG optimize Mx[2], DEG optimize Mx[3],
DEG optimize Mx[4], DEG_optimize Mx[5], DEG _optimize Mx[6],
DEG optimize Mx[7], DEG optimize Mx[8], DEG optimize Mx[9],
DEG optimize Mx[10]);

fprintf (optimize, "Maximum moment (Nm/m) = %$.4le\n\n",optimize Mx);
fclose (optimize) ;
gotoxy (1l,2);printf ("Finish!!!!!!");getch();

}

/~k~k~k~k~k~k~k~k~k~k*********************End Of maln program**********************************/

//***************************Stresses Evaluation Function***************************//
void evaluate stress(int Dy, double deg[MAXLAYERS],double sigmal2[][2][3])
{

void MAT_Q(double el,double e2,double ul2, double gl2,double q[3][3]);

void MAT Transform(double deg,double t[3][3]);

void MAT3 copy (int k,double t[3][3],double T[][3]1[3]);

void MAT3 Inverse (double u[3][3],double r[3][3]);

void Dot MAT3 (double u[3][3],double v[3][3],double w[3][3]);

void Dot MAT3 vec3(double u[3][3],double v[3],double w[3]);

void MAT3 multip(double u[3][3],double k,double r[3][3]);

void MAT3 T (double a[3][3],double r([3][3]);

void vec3 plus(double u[3],double v[3],int k,double w[][3]);

int i,3,k;

double Q[3]1([3],t[3]1[3],T kth[MAXLAYERS] [3][3],Q bar[MAXLAYERS][3][3],
T Transpose Inverse[3][3],T Inverse[3][3],
A[3]1[3]1,B[3]([3],D[3]([3],B _prime[3][3],D_prime[3][3],
al3][3],b[311[31,d[3][3],
M[3],N[3],
epsilon o[3],keppa o[3],
epsilon xy[2][3],
h,Mx,z[dy+1l],
temp[3][3],templ[3][3];

Mx = 1.0;
MAT Q(E1l,E2,v12,G12,0Q);
for (k=1; k<=Dy; k++)
{
MAT Transform(degl[k],t);MAT3 copy(k,t,T kth);
MAT3 T (t,temp);
MAT3 Inverse(temp,T Transpose Inverse);
MAT3 Inverse(t,T_Inverse);
Dot MAT3(T_Inverse,Q, temp);
Dot MAT3 (temp,T Transpose Inverse,Q bar[k]);
}

h=H/Dy;
for (1i=0;1<3;i++)
for (3=0;3<3;j++)
{ A[11[J1=B[i]1[3J1=D[1]1[]J1=0.0;
for (k=1;k<=dy; k++)
{

A[i1[3] = A[11[3] + (Q_bar[k][i1[31*((-H/2 + h*k)-(-H/2 + h*(k-1))));
B[i][j] = BI[1i][3] + (Q_ bar(k][i][j]/2

*(powl ((-H/2 + h*k),2) - powl((-H/2 + h*(k-1)),2)));
D[i][J] = D[i]1[J] + (Q bar[k][i][]]/3

*(powl ((-H/2 + h*k),3) - powl((-H/2 + h*(k-1)),3)));
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MAT3 Inverse(A,a);
MAT3 Inverse (B,Db);
MAT3 Inverse(D,d);

o O

for (i=0;1<3;1i++)
for (3=0;3<3;Jj++)
B prime[i] [J]=D_prime[i] [j]=temp[i][]j]=0.0;

//**************D'=(D—BAA(—l)B)A(—1)**************//
Dot MAT3 (B, a, temp);
Dot MAT3 (temp, B, templ) ;
for (1i=0;1<3;i++)
for (3=0;3<3;j++)
templ[i][j1=DI[i][j]-templ[i][]];
MAT3 Inverse (templ,D prime);

//**********BY:_A/\ (_1)B(D_BA/\ (_1)B) A (_1) **********//
Dot MAT3(a,B, temp) ;

MAT3 multip (temp, -1, templ);

Dot MAT3 (templ,D prime,B prime);

Dot MAT3 vec3 (B prime,M,epsilon o);
Dot MAT3 vec3(D_prime,M, keppa o) ;

[/ **xxxxxx Determine stresses in plane 1-2 ***xxxx//
for (k=1;k<=Dy; k++)
{
Dot _MAT3(T_kth[k],Q_bar[k], templ);
z[k-1]1=-H/2+h* (k-1);
z[k]=-H/2+h* (k) ;

for (1=0;1i<3;i++)

{

epsilon xy[0][i]=epsilon o[i] + keppa o[i]*z[k-1] ;
epsilon xy[l][i]=epsilon o[i] + keppa ol[i]*z[k] ;

}

Dot MAT3 vec3(templ,epsilon xy[0],sigmal2[k][0]);
Dot MAT3 vec3(templ,epsilon xy[1l],sigmal2[k][1]);
}

//******************* DlSplay *******************//
/* printf ("\n")
printf("sl s2 sl2 top : sl s2 sl1l2 bottom\n\n")
for (k=1; k<=dy;k+t+)
{printf ("% 11.4Le % 11.4Le % 11.4Le : % 11.4Le % 11.4Le % 11.4Le\n",
sigmal2[k] [0][0], sigmal2[k][0][1], sigmal2[k][0][2],
sigmal2[k][1]1[0], sigmal2([k][1][1], sigmal2([k][1][2]);:
}getch () ;*/
}

/************************End Of Stresses Evaluatlon Functlon ~k***********************/

/***************************Matrix Q Determination Function**************************/
void MAT Q(double el, double e2, double ul2,
double gl2,double g[3][3])

{
double u2l;

u2l=e2/el*ul2;

q[0][0]=el/ (1-ul2*u2l);

q[0][1]=g[l][0]=ul2*e2/ (1-ul2*u2l);
q[l][l] e2/ (1-ul2*u2l);

ql2][2]=9l12;

ql0][2]=ql[1][2]=ql[2][0]=q[2][1]=0.0;

return;
}
/***********************End Of Matrix Q DeterminatiOn Function***********************/
/***********************Transformation Matrix , [T], Function************************/
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void MAT Transform(double deg,double t[3][3])
{
t[0] [0]=pow (cos (M PI/180*deg),2);

t[0] [1]=pow(sin (M PI/180*deq),2);
t[0][2]=2*sin (M PI/180*deg) *cos (M PI/180*deq);
t[l][O]:pow(sin(M_PI/lSO*deg),2);
t[1] [1]=pow (cos (M PI/180*deg),2);
t[1][2]=-2*sin(M PI/180*deg) *cos (M PI/180*deq) ;
t[2][0]=-sin(M PI/180*deg) *cosl (M PI/180*deq);

t[2][1]=sin(M _PI/180*deg) *cos (M _PI/180*deq);

t[2] [2]=pow (cos (M PI/180*deg),2)-pow(sin(M PI/180*deg),2);

return;

}

/********************End Of Transformation Matrix [T] Function ***********‘k*‘k‘k*******/

/KK K KKK Kok KKK Kk Xk KKK KK XK KKK X KMAtrix Replication FUNCT IO % %k %k ko ko ko ok kok ok kok ok k ok k ok %k ok /
void MAT3 copy (int k,double t[3][3],double T[][3][3])
{

int 1,737

for (i=0;1<3;1i++)
for (§=0;3<3;j++)
T(k][1]1[J1=t[i1[3];
return;

}

/**************************End Of Matrix Replication Function*********‘k‘k‘k‘k‘k‘k‘k‘k‘k******/

JRKKKKKKKKKKKKKKKKKAKAK KKK XXX XXX X XDOt Matrix FUNCLIONK****kkkkkkkkkkkkkkkkkkkkkkkkkk* /
void Dot MAT3 (double u[3][3],double v[3][3],double w[3][3])
{

int 1,737

for (i=0;1i<3;1i++)
for (3=0;3<3;j++)

wlil [J1=uli][01*v[O] [J1+uli]l[1]1*v[1][J]1+uli]l[2]1*v[2]1[]];
return;

}

/~k~k~k~k~k~k~k~k~k*********************End Of Dot Matrlx Function ***************************/

/*********************************Dot Vector Function***************‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*****/
void Dot MAT3 vec3(double u[3][3],double v[3],double w[3])
{

int i;

for (1i=0;1<3;1i++)
wlil=u[i] [0]1*v[O0]+u[i] [1]1*v[1]+u[i][2]*v[2];
return;

}

/*********‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*******End Of Dot Vector Functlon ~k~k~k************************/

/*********************************Inverse Matrix Function****************************/
void MAT3_ Inverse (double u[3][3],double r[3][3])
{
double DET (double ul[3]1[3]);
void adj (double ul3][3],double r[3]11[3]1);
void MAT3 multip(double u[3][3],double k,double r[3][3]);

int 1i,73;
double temp[3][3];

adj (u, temp) ;
1f (DET (u)==0) {
for (i=0;1<3;1i++)
for (3=0;3<3;j++)
r[i1]1[(31=0.0;
lelse
MAT3 multip (temp,1/DET (u),r);
return;

}

/****************************End Of Inverse MatIlX Functlon ~k~k***********************/

/**********************************Determinant Function********‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*****/
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double DET (double u[3][3])

{
double temp;

temp=u[0] [0]*u[1] [1]*ul2] [2]+u[0] [1]*u[l][2])*ul[2] [O]+ul0] [2]*u[1] [O]*u[2][1]
—(u[2] [0]*ull] [1]*ul0] [2]+u[2] [1]*u[1l] [2]*u[O] [O]+ul2] [2]*u[1] [0]*u[O][1]);
return (temp) ;

}

/~k~k~k~k~k~k~k*********************End Of Determinant Function*****************************/

/******************************AdjOint Matrix Function*******************************/
void adj (double u[3][3],double r[3][3])
{

void MAT3 T (double a[3][3],double r([3][3]);

void Cof (double a[3][3],double r[3][3]):;

double temp[3][3];

Cof (u, temp) ;
MAT3 T (temp,r);
return;

}

/****************************End Of Determinant Function**************‘k*‘k‘k‘k‘k‘k‘k*******/

[ KK KKK Kk KKK KK XK KKK KK XK K KX K AMtrix TraAnSPOSE FUNCELOM® * % %k ko k ok ok ok ok ok ok ok ok x ok Xk %k ok /
void MAT3 T (double a[3][3],double r[3][3])
{

int 1,737

for (i=0;1i<3;1i++)
for (3=0;73<3;3++)
r[il[31=al3dl[i];
return;

}

/*************************End Of Matrix Transpose Function*********‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k******/

/******************************Cofactor Matrix Function***************‘k**************/
void Cof (double a[3][3],double r[3][3])
{

int 1,735

double M[3][3];

M[O0] [O0]=all][1]*a[2]([2]-al2][1]*all][2];
M[O] [1]=all][0]*a[2]([2]-al2][0]*a[l][2];
M[0] [2]=all][0]*a[2][1]-a[2] [0]*a[1][1];
M[1][0]=al0][1]*a[2]([2]-al2][1]*al0][2];
M[1][1]=a[0][0]*al[2][2]-al2] [0]*a[O][2];
M[1][2]=al0][0]*a[2][1]-al2][0]*a[0][1];
M[2][0]=al0] [1]*a[l]([2]-a[l][1]*al0][2];
M[2] [1]=al0] [0]*a[l][2]-a[l][0]*al[0][2];
M[2] [2]=a[0] [0]*a[1l][1]l-all][0]*a[O][1];

for (i=0;1i<3;i++)
for (§=0;3<3;j++)
r[il[jl=powl (-1,1i+3)*M[1i][]];
return;

}

/*************************End of Cofactor Matrix Function***************************/

/*************************Scalar_Multiply_MatriX Function***************************/
void MAT3 multip(double u[3][3],double k,double r[3][3])
{

int i,73;

for (1i=0;1<3;i++)
for (3=0;3<3;j++)

r(i] [3]1=k*uli] [§];
return;

}

/**********************End Of Scalar—Multiply—MatriX Function**‘k**‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k****/

/***************************Combination Vector Function*******‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*****/



void vec3 plus(double u[3],double v[3],int k,double w[][3])
{

int i;

for (1i=0;1<3;1i++)
wlk] [i]=uli]+v[i];
return;

}
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/~k~k*********************End Of Comblnatlon Vector Function **************************/

/*******************************Minimum Value Function**‘k‘k‘k‘k‘k‘k***********************/

double find min(double a[2],double a _min)
{

int i;

a min=1.0e500;
for (1=0;1<3;i++)
{
if(a[i]>0)
if(a min>afi])a min=a[i];
}
return a min;

}

/**************************End Of Minimum Value Function ***************************/

1.2 (NUANNAUGIED

//****************************************************************************//

// //
// Optimal Orientation of OSL //
// According to Maximum Stress Criterion //
// (Univariate search) //
// //

//****************************************************************************//
#include <stdio.h>

#include <conio.h>

#include <math.h>

#include <ctype.h>

#include <stdlib.h>

#define Cl1 -35.89E6 // compression strength in the fiber direction
#define C2 -11.87E6 // compression strength in the tangential direction
#define Tl 56.684E6 // tensile strength in the fiber direction
#define T2 2.795E6 // tendile strength in the tangential direction
#define S12 15.985E6 // shear strength in plane LT

#define dy 10 //  the number of layers

#define MAXLAYERS 20 // the maximum number of layers allowance

#define H 0.152 // thickness of OSL in meter

#define E1 28.05E9 // MOE in the longitudinal (fiber:L) direction
#define E2 2.079E9 // MOE in the transverse (tangential:T) direction
#define v12 0.35 // possion's ratio in plane 1-2(LT)

#define G12 2.244E9 // modulus of rigidity in plane 1-2(LT)

#define f name "MSC_antisym.txt"
int i,3j,%,1,m,ch;

main ()
{
FILE *optimize;

void evaluate stress(int Dy, int deg[MAXLAYERS],long double sigmal2[][2][3]);
long double find min(long double a[dy],long double a min);
void display(int DEG[MAXLAYERS],long double min mx);
int i,j,%,1,DEG[MAXLAYERS],DEG MAX Mx[MAXLAYERS],DEG optimize Mx[MAXLAYERS],
DEG_TMP [MAXLAYERS] ;
long double mx[dy],min mx[MAXLAYERS],MIN Mx,MAX Mx,optimize Mx,
SIGMA [MAXLAYERS] [2] [3];



clrscr();
optimize=fopen (f_name, "w+");
optimize Mx = 0.0;
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//*** looping for initial trial degree**x//

for(m = 0; m < 1000; m++) {
clrscr () ;printf ("%d",m);
//printf ("\nInitial trial degree =
for (i=1;1i<=dy/2;i++)
{
DEG[i] = random(181);
DEG[dy-(i-1)] = -DEG[i];
DEG_MAX Mx[i] = DEG_MAX Mx[dy- (i-1)]=

"

min mx[i] = min mx[dy-(i-1)] = 0.0;
}
MAX Mx=0.0;
START:
for (1=1;1<=dy; 1++)
DEG_TMP[1]=DEG MAX Mx[1l]; /*CHECKER*/
for (1=1;1<=dy/2;1++) {
DEG[1]=DEG[dy-(1-1)]1=0.0;
do {
evaluate stress(dy,DEG,SIGMA) ;
for (i=1;i<=dy;i++) {
if(SIGMA[1]1[0][0]== =1e300;

)mx [0]

else mx[0]=(C1/SIGMA[i][0]1([0]);

1if (SIGMA[i][1][0]==0)mx[1]=1e300;
else mx[1]=(C1/SIGMA[i][1]1[0]);

1f(SIGMA[1][0][0]==0)mx[2]=1e300;
else mx[2]=(T1/SIGMA[i] [0][0]);

1if(SIGMA[i][1][0]==0)mx[3]=1e300;
else mx[3]=(T1/SIGMA[i][1]1([0]);

1f(SIGMA[1]1[0][1]1==0)mx[4]1=1e300;
else mx[4]=(C2/SIGMA[i][0][1]);

1f(SIGMA[1i][1][1]1==0)mx[5]=1e300;
else mx[5]=(C2/SIGMA[i][1][1]);

1f(SIGMA[1i][0][1]==0)mx[6]=1e300;
else mx[6]=(T2/SIGMA[i][0][1]);

1f(SIGMA[i][1]1[1] ymx[7]1=1e300;
else mx[7]=(T2/SIGMA[1][1][1]);

1f(SIGMA[1][0][2]==0)mx[8]=1e300;

else mx[8]=(S12/SIGMA[i][0][2]);
1f(SIGMA[i][1][2]==0)mx[9]=1e300;

else mx[9]=(S12/SIGMA[i][1][2]);

min mx[i]=find min(mx,min mx[i]);
}
MIN Mx=min mx[1];
for (j=1;j<=dy;j++)
if (MIN Mx>min mx[j])MIN Mx=min mx[]];

if (MAX Mx<MTN Mx) {
MAX Mx=MIN Mx;
for (k=1; k<=dy; k++)
DEG_MAX_ Mx [k]=DEG [k];
}

DEG[1]=DEG[1l]+1;

// //

set initial trail degree

0.0;

//********************************//

// //
// //
// //
// //
// find Maximum Mx in //
// each failure mode //
// //
// //
// //
// //
// //
// //
// ( if a stress is zero then //
// //
// Mx will be set to //
// enormous value ) //
// //
// //
// //
// //
// //
// //

//********************************//

// find minimum Mx in each layer //

//********************************//

// find minimum Mx in //

// each orientation //
//********************************//

//*************************************//

// compare Mx in each orietation for //
// finding maximum Mx //
// (optimal orientation) //

//*************************************//

DEG[dy-(1-1)]=-DEG[1]; // VARY 1° EACH TIME //
} while (DEG[1]<=180);
for (j=1;3<=dy;j++)
DEG([Jj]=DEG MAX Mx[j];
}
for (1=1;1<=dy; 1++) { // EXAMINE WHEN SHOULD BE FINISHED : //
// IF STACK SEGUENCES ARE NOT CHANGED THEN FINISHED //
if (DEG_TMP[1]==DEG_MAX Mx[1]) {
if (1==dy) {

goto END;



}

} else 1l=dy+l;

}
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//*¥**x*x*xFind Optimize orientation from univariate search*****xx*//
if (MAX Mx > optimize Mx) {
optimize Mx = MAX Mx;
for (j=1;j<=dy;j++)
DEG optimize Mx[j]=DEG MAX Mx[]];

}

goto START;

END:
}

//***x*x**xDjsplay Optimal Orientation & Maximum Moment*****xx*//
fprintf (optimize, "Univariate Search\n");
fprintf (optimize, "\nOptimal Orientation : [%

fprintf (optimize, "Maximum moment

DEG optimize Mx[1],
DEG optimize Mx[4],
(Nm/m) = %

°,%2d°,%2d°,%2d°,%2d°]1s\n",
DEG optimize Mx[2],
DEG optimize Mx[5]);

.4Le\n\n",optimize Mx);

DEG optimize Mx[3],

//*****x*xFind optimize orientation by exhaustive search*******//
for (1=1;1<=dy; 1++)

DEG TMP[1]

=DEG_optimize Mx[1];

for (DEG[5]=DEG_TMP[5]-3;DEG[5]<=DEG TMP[5]+3;DEG[5]=DEG[5]+1)
{DEG[6]=(-1) *DEG[5];

for (DEG[4]

{DEG[7]=
for(DEG[3]=DEG7TMP[3]—3;DEG[3]<=DEG7TMP[3]+3;DEG[3]
for (DEG[2]

for (DEG[1]=DEG TMP[1]-3;DEG[1]<=DEG TMP[1]+3;DEG[1]

}

=DEG_TMP [4]
(=1) *DEG[4];

{DEG[8]=(-1) *DEG[3];
=DEG_TMP[2]
{DEG[9]=(-1) *DEG[2];

{DEG[10]=(-1)*DEG[1];

evaluate stress(dy,DEG,SIGMA) ;
for (i=1;i<=dy;i++)
{
1if (SIGMA[i][0][0]==0)mx[0]=1e300;
else mx[0]= (Cl/SIGMA[i][O][O]);
1f(SIGMA[1][1]1[0]==0)mx[1]1=1e300;
else mx[l]—(Cl/SIGMA[l][1][0])

gotoxy (1l,2)

1if (SIGMA[i][0][0]==0)mx[2]=1e300;
else mx[2]=(T1/SIGMA[i][0][0]);

1if(SIGMA[i][1][0]==0)mx[3]=1e300;
else mx[3]=(T1/SIGMA[i][1]1([0]);
gotoxy(1,2);printf ("/");
1f (SIGMA[i][0][1]==0)mx[4]=1e300;
else mx[4]=(C2/SIGMA[1][O][1])
f(SIGMA[i][1][1]==0)mx[5]=1e300;
else mx [5 ]:(CZ/SIGMA[ 1011(1]);
gotoxy(1,2) ;printf ("|");
1if(SIGMA[i][0][1]==0)mx[6]=1e300;
else mx[6 ]:(T2/SIGMA[ i1 [01([1]);
1f(SIGMA[1][1][1]==0)mx[7]=1e300;
else mX[7]=(T2/SIGMA[l][1][1])?
gotoxy (1,2) ;printf ("\\");

1f(SIGMA[1][0][2]==0)mx[8]=1e300;

else mx[8]=(S12/SIGMA[i][0][2]);
1if(SIGMA[i][1][2]==0)mx[9]=1e300;
else mx[9]=(S12/SIGMA[1][1]1[2]1);

min mx[i]=find min(mx,min mx[i]);

MIN Mx=min mx[1];

-3;DEG[4]<=DEG_TMP[4]+3;DEG[4]

-3;DEG[2]<=DEG_TMP[2]+3;DEG[2]

;printf("-");

=DEG[4]+1)
=DEG[3]+1)
=DEG[2]+1)

=DEG[1]+1)

VVAREEREEEEEEREEEEE RS R EE RSy

// //
// //
// //
// //
// //
// //
// Find Maximum Mx in //
// Each Failue mode //
// //
// //
// //
// //
// //
// //
// //
// //
// ( if a stress is zero then //
// //
// //
// //
// Mx will be set to //
// enormous value ) //
// //
// //
// //
// //
// //
// //
// //
// //

//*******************************//

// find minimum Mx in each layer //



for (i=1;i<=dy/2;i++)
if (MIN Mx>min mx[1])MIN Mx=min mx[i];
if (optimize Mx<MIN Mx)
{ optimize Mx=MIN Mx;
for (j=1;3j<=dy;j++)
DEG_optimize Mx[Jj]=DEG[]];
}

}
}
fprintf (optimize, "Exhaustive Search\n")
fprintf (optimize, "\nOptimal Orientation
[%2d°,%2d°,%2d°,%2d°,%2d°,%2d°, $2d°, %$2d°,%2d°,%2d°]s\n",
DEG optimize Mx[1], DEG optimize Mx[2], DEG optimize Mx[3],
DEG optimize Mx[4], DEG optimize Mx[5], DEG optimize Mx[6],

DEG optimize Mx[7], DEG optimize Mx[8], DEG optimize Mx[9],

DEG optimize Mx[10]);

fprintf (optimize, "Maximum moment (Nm/m) = % .4Le\n\n",optimize Mx);
fclose (optimize);
gotoxy (1,2) ;printf ("Finish!!!!!11");getch();

}
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/*******************************End Of Main Program**********************************/

//~k~k~k~k~k~k~k~k~k~k~k****************Stresses Evaluatlon Function***************************//

void evaluate stress(int Dy,double deg[MAXLAYERS],double sigmal2[][2][3])
{

void MAT Q(double el,double e2,double ul2, double gl2,double g[3][3]);

void MAT Transform(double deg,double t[3][3]);

void MAT3 copy(int k,double t[3][3],double T[][3][3]);

void MAT3 Inverse (double u[3][3],double r([3][3]);

void Dot MAT3 (double u[3][3],double v[3][3],double w[3][3]);

void Dot MAT3 vec3(double u[3][3],double v[3],double w[3]);

void MAT3 multip(double u[3][3],double k,double r([3][3]);

void MAT3 T (double a[3][3],double r[3][3]);

void vec3 plus(double u[3],double v[3],int k,double w[][3]);

int i,3,k;

double Q[3]1[3],t[3]1[3],T kth[MAXLAYERS][3][3],Q bar[MAXLAYERS][3][3],
T Transpose_Inverse[3][3],T Inverse[3][3],
A[3][3],B[3]1[3],D[3][3],B prime[3][3],D prime[3][3],
al31[3],b[31[3],d[3]1[3],
M[3],N[3],
epsilon o[3],keppa o[3],
epsilon xy[2][3],
h,Mx, z[dy+1],
temp[3] [3],templ [3][3];

Mx = 1.0;
MAT Q(E1,E2,v12,G12,Q);
for (k=1;k<=Dy; k++)
{
MAT Transform(deg[k],t);MAT3 copy(k,t,T kth);
MAT3 T (t,temp) ;
MAT3 Inverse (temp,T_ Transpose_ Inverse);
MAT3 Inverse(t,T Inverse);
Dot MAT3 (T Inverse,Q,temp);
Dot MAT3 (temp,T Transpose_ Inverse,Q bar[k]);
}

h=H/Dy;
for (1=0;1<3;i++)
for (3=0;3<3;j++)
{ A[i][J]1=B[i][3]=D[1i][3]1=0.0;
for (k=1;k<=dy; k++)
{

A[1103] = A[i]1[3] + (Q bar[k][i][3]*((-H/2 + h*k)-(-H/2 + h*(k-1))));
B[i][j] = BI[i][3] + (Q bar[k][i][j]/2

*(powl ((-H/2 + h*k),2) - pOWl(( H/2 + h*(k-1)),2)));
D[i][3] = D[i]([3] + (Q_ bar[k][i][]]/3

* (powl ((-H/2 + h*k),3) - powl(( H/2 + h*(k-1)),3)));



139

}

MAT3 Inverse(A,a);

MAT3 Inverse (B,Db);
MAT3 Inverse(D,d);
M[0]= Mx ; M[1] = 0.0 ; M[2] = 0.0 ;
N[O]= 0.0 ; N[1] = 0.0 ; N[2] 0.0 ;

for (i=0;1<3;1i++)
for (3=0;3<3;j++)
B prime[i] [J]=D prime([i] [j]=temp[i] [j]=0.0;

//**************Dl:(D_BA/\ (_1)B) A (_1) **************//
Dot MAT3 (B, a, temp) ;
Dot MAT3 (temp, B, templ) ;
for (i=0;1i<3;1i++)
for (3=0;3<3;Jj++)
templ[i] [J]=D[i][j]-templ[i][]];
MAT3 Inverse (templ,D prime);

//**********Bl:_A/\ (—1)B(D—BAA (—1)B) ~ (_1) **********//
Dot MAT3(a,B, temp) ;

MAT3 multip (temp,-1,templ);

Dot MAT3 (templ,D prime,B prime);

Dot MAT3 vec3 (B prime,M,epsilon o);
Dot MAT3 vec3 (D _prime,M, keppa o);

//****xxx%* Determine stresses in plane 1-2 ***xx%x//
for (k=1;k<=Dy; k++)
{
Dot MAT3(T kth[k],Q bar[k],templ);
z[k-1]1=-H/2+h* (k-1) ;
z[k]=-H/2+h* (k) ;

for (i=0;1<3;i++)

{

epsilon xy[0][i]=epsilon o[i] + keppa o[i]l*z[k-1] ;
epsilon xy[l][i]=epsilon o[i] + keppa ol[i]*z[k] ;

}

Dot MAT3 vec3(templ,epsilon xy[0],sigmal2[k][0]);
Dot MAT3 vec3(templ,epsilon xy[1],sigmal2[k][1]);
}

//******************* Dlsplay *******************//

printf("sl s2 sl12 top : sl s2 sl12 bottom\n\n");
for (k=1;k<=dy; k++)
{printf ("% 11.4Le %
sigmal2[k] [0]
sigmal2 [k
}getch () ;*/

4Le % 11.4Le %
, sigmal2[k][0][1]
1101, sigmal2[k][1

11.4Le % 11.4
, sigmal2[k][0]
1111, sigmal2lk

11. Le % 11.4Le\n",
[0] [21,
101 1011102]1)

}

/************************End Of Stresses Evaluatlon Functlon ************************/

/***************************Matrix Q Determination Function****‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k****/

void MAT Q(double el, double e2, double ul2,
double gl2,double g[3][3])

{
double u2l;

u2l=e2/el*ul2;

ql[0][0]=el/ (1-ul2*u2l);
gql[0][1]=g[l][0]=ul2*e2/ (1-ul2*u2l);
qll]l[1l]=e2/(1-ul2*u2l);
ql2][2]=g12;
ql0]1[2]1=q[1]1[2]=q[2][0]=q[2][1]=0.0;
return;

}

/***********************End Of Matrix Q Determination Function*‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k***/
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/***********************Transformation Matrlx ’[T]’ Function************************/

void MAT Transform(double deg,double t[3][3])

{

t[0] [0]=pow (cos (M PI/180*deq),2);

t[0] [1]=pow(sin (M PI/180*deq),2);
t[0][2]=2*sin (M PI/180*deg) *cos (M PI/180*deq);
t[1] [0]=pow(sin (M PI/180*deg),2);
t[1][1]=pow(cos (M PI/180*deq),2);
t[1][2]=-2*sin(M _PI/180*deg) *cos (M _PI/180*deq);
t[2][0]=-sin(M _PI/180*deg) *cosl (M PI/180*deq);
t[2][1]=sin(M PI/180*deg) *cos (M PI/180*degq);
t[2][2]=pow(cos (M PI/180*deq),2)-pow(sin(M PI/180*deq),2);

return;

}

/********************End Of Transformation Matrix [T] Function **********************/

/*~k~k~k~k~k~k~k~k~k~k~k*****************Matrix Replication Function****************************/
void MAT3 copy(int k,double t[3][3],double T[] [3][3])
{

int i,73;

for (i=0;1<3;1i++)
for (3=0;3<3;j++)
T[k][1]1[J1=t(i1(31;
return;

}

/**************************End Of Matrix Replication Function************************/

/*********************************Dot MatriX Function********************************/
void Dot MAT3 (double u[3][3],double v[3][3],double w[3][3])
{

int i,3;

for (1i=0;1<3;i++)
for (3=0;3<3;j++)

wlil [J1=uli][01*v[O] [J1+uli]l [11*v[1][J]1+uli]l[2]1*v[2]1[]];
return;

}

/******************************End Of Dot Matrix Function *********‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k******/

JREKKKKKKKKKKKKKKKAK KKK KKK XXX XX XX XDOt Vector FUNCLIONK****kkkkkkkkkkkkkkkkkkkkkkkkkk* /
void Dot MAT3 vec3(double u[3][3],double v[3],double w[3])
{

int i;

for (i=0;1<3;1i++)
wlil=u[i] [0]*v[0]+uli] [1]*v[1]+u[i] [2]*Vv[2];
return;

}

/******************************End Of Dot Vector Functlon ***************************/

/*********************************Inverse Matrix Function*****‘k‘k**‘k*‘k‘k*‘k‘k‘k‘k‘k‘k‘k‘k***‘k**/
void MAT3_Inverse (double u[3][3],double r[3][3])
{
double DET (double ul[3][3]);
void adj (double ul3][3],double r[3]1[3]);
void MAT3 multip (double u[3][3],double k,double r([3][3]);

int 1,737
double temp[3][3];

adj (u, temp) ;
1f(DET (u)==0) {
for (i=0;1i<3;1i++)
for (3=0;3<3;j++)
r(i][j]=0.0;
lelse
MAT3 multip (temp, 1/DET (u),r);
return;

}

/****************************End Of Inverse Matrlx Function *************************/
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/~k~k********************************Determinant Function******************************/
double DET (double ul[3][3])

{
double temp;

temp=ul0] [0]*u[l] [1]*u[2] [2]+u0] [1]*ull][2]*ul2] [0]+ul[O] [2]*u[l][O0]*u[2][1]
—(ul2]1[0]*ull][11*ulO0] [2]+ul2] [1]*ull][2]*ul0] [O)+ul2])([2]*u[1]([0)*ul0]([1]);
return (temp) ;

}

/****************************End Of Determinant Function******************‘k*‘k********/

/******************************AdjOint Matrix Function*******‘k***********************/
void adj (double u[3][3],double r[3][3])
{

void MAT3 T (double a[3][3],double r[3][3]);

void Cof (double a[3][3],double r[3]1[3]1);

double temp[3][3];

Cof (u, temp) ;
MAT3 T (temp,r);
return;

}

/****************************End Of Determinant Function***‘k‘k‘k***********************/

/****~k~k~k~k~k~k~k~k******************Matrix TranSpOSe Function*****************************/
void MAT3 T (double a[3][3],double r[3][3])
{

int i,79;

for (i=0;1i<3;1++)
for (3=0;3<3;j++)
rl{il [j1=al31[i];
return;

}

/*************************End Of Matrix Transpose Function****‘k‘k‘k‘k‘k*****‘k************/

/******************************Cofactor MatfiX Function*~k~k~k~k~k~k***********************/
void Cof (double a[3][3],double r[3][3])
{

int 1,737

double M[3][3];

M[O] [O]=all][1]*a(2]([2]-al2][1]*all][2];
M[O0] [1]=all][0]*a[2][2]-a[2][0]*a[l][2];
M[O0] [2]=all] [0]*a[2][1]-a[2][0]*a[1l][1];
M[1][0]=a[O0][1]*al[2][2]-al2] [1]1*a[O][2];
M[1][1]=al0][0]*a[2]([2]-al2][0]*a[0][2];
M[1][2]=a[0] [0]*al2][1]-a[2][0]*a[0][1];
M[2][0]=al0] [1]*a[l][2]-all][1]*al0][2];
M[2] [1]=a[0] [0]*a[l][2]-all][0]*a[O][2];
M[2][2]=al0] [0]*a[l][1]-a[l][0]*a[0][1];

for (i=0;1<3;1i++)
for (3J=0;3<3;j++)
r[i]l [Jl=powl (-1,i+3)*M[i][]];
return;

}

/*************************End Of Cofactor Matrlx Function***************************/

/*************************Scalar_Multiply_Matrix Function***************************/
void MAT3 multip(double u[3][3],double k,double r[3][3])
{

int i,3;

for (i=0;1<3;i++)

for (§=0;3<3;j++)
r[i][jl=k*uli]l[J]1;

return;

}

/**********************End of Scalar—Multiply—Matrix Function************************/
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/***************************Combination Vector Function******************************/
void vec3 plus(double u[3],double v[3],int k,double w[][3])
{

int i;

for (1=0;1<3;i++)
wlk] [i]=ulil+v[i];
return;

}

/***********************End Of Combination Vector Function **************************/

/*******************************Minimum Value Function**~k~k~k~k~k************************/
double find min(double a[2],double a min)

{

int i;

a min=1.0e500;
for (1=0;1<3;1i++)
{
if (a[1]1>0)
if(a min>afi])a min=al[i];
}
return a min;

}

/**************************End of Minimum Value Function ***************************/

1 1
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//****************************************************************************//

// //
// Optimal Orientation of OSL //
// According to Tsai-Hill Criterion //
// //

//****************************************************************************//

#include <stdio.h>
#include <conio.h>
#include <math.h>

#include <ctype.h>
#include <stdlib.h>

#define Cl -53.774E6 // compression strength in the fiber direction
#define C2 -53.774E6 // compression strength in the tangential direction
#define T1 53.774E6 // tensile strength in the fiber direction

#define T2 1.39E6 // tendile strength in the tangential direction
#define S12 15.985E6 // shear strength in plane LT

#define dy 20 //  the number of layers

#define MAXLAYERS 30 // the maximum number of layers allowance

#define H 0.020 // thickness of OSL in meter

#define EC1l 4335.26E6 // MOE in the longitudinal direction

#define ET1 1638.15E6 // MOE in the longitudinal direction

#define EC2 228.44E6 // MOE in the transverse direction @compression region
#define ET2 235.38E6 // MOE in the transverse direction @tension region
#define v12 0.6 // possion's ratio in plane 1-2(LT)

#define G12 120E6 // modulus of rigidity in plane 1-2(LT)

#define f name "THC_NS Ed2.txt"
double NA in, NA out;

main ()
{
FILE *optimize;

void evaluate stress(int Dy, double deg[MAXLAYERS], double sigmal2[]([2][3]);
double find min(double a[dy], double a min);

void display(int DEG[MAXLAYERS], double min mx);

int i, j, k, 1, m, n, changed;

double DEG[MAXLAYERS], DEG MAX Mx[MAXLAYERS], DEGioptimizeiMX[MAXLAYERS],
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DEG optimize min Mx[MAXLAYERS], DEG TMP[MAXLAYERS];

double mx[2], min mx[MAXLAYERS], MIN Mx,MAX Mx, optimize Mx, optimize min Mx,

SIGMA [MAXLAYERS] [2][3],
X, Y;

clrscr();
optimize = fopen(f name, "w+");
optimize Mx = 0.0;

//*****1ooping for initial trial degree*x**x*//
for(m = 0; m <= 500; m++)

{

gotoxy (1l,1);
printf ("No. : %d", m);
for(i = 1; 1 <= dy; i++)

{

DEG[i] = random(181); // set initial trail degree //
DEG _MAX Mx[i] = 0.0;
min mx[i] = 0.0;

}

MAX Mx = 0.0;

do
{

fo

fo

{

changed = 0;
r(l =1; 1 <= dy; 1++)

DEG_TMP[1] = DEG _MAX Mx[1l]; /*CHECKER*/
r(l =1; 1 <= dy; 1++)

DEG[1] = 0.0;
do
{
n = 0;
do{
n=mn+1;
NA in = n*H/dy;
evaluate stress(dy,DEG, SIGMA) ;
}while ((NA out - NA in) > 0.0005);

for(i = 1; 1 <= dy; i++)
{
1f(SIGMA[i][0][0] > 0) X = Tl; else X = Cl;
1if(SIGMA[i][0][1] > 0) Y = T2; else Y = C2;
mx[0] = sqrt(1.0/( 1.0/ (X*X)*(SIGMA[1i][0][0]*SIGMA[i][0][0]) -
(1.0/(X*X)*SIGMA[1]1[0][0]1*SIGMA[i][0][1]) +
(1.0/(Y*Y)*SIGMA[1][0] [1]*SIGMA[1][0][1]) +
(1.0/(S12*S12) *SIGMA[1][0] [2]*SIGMA[i][0][2]))
) i

if (SIGMA[i][1][0]>0) X = Tl; else X = Cl;
1f(SIGMA[1][1][1]1>0) Y = T2; else Y = C2;
mx[1] = sqrt(1.0/( (SIGMA[i][1][0]*SIGMA[1i][1]1[0])/ (X*X) -
(SIGMA[i][1]1[0]*SIGMA[i][1]1[1])/(X*X) +
(SIGMA[i][1][1]*SIGMA[i][1][1])/(Y*Y) +
(SIGMA[i][1][2]*SIGMA[i][1]1[2])/(S12*S12))
) i
min mx[i] = mx[0];
if(min mx([i] > mx[1]) min mx[i] = mx[1];
}

MIN Mx = min mx[1]; J ) FERK KKKk KKk kk ok kkkkkkkkkkKkk [/

for(j = 1; j <= dy; j++) // find minimum Mx in //
if ( MIN Mx > min mx[j] ) MIN Mx=min mx[3j]; // each orientation //
//*************************//

if(MAX Mx < MIN MX) //*************************************//
{ // //

MAX Mx = MIN Mx; // compare Mx in each orietation for //

for(k = 1; k <= dy; k++) // finding maximum Mx //
DEG_MAX Mx[k] = DEGI[k]; // (optimal orientation) //

} //*************************************//

DEG[1] = DEGI[1] + 1;
DEG[dy - (1 - 1)] = -DEG[1]; // VARY 1§EACH TIME

}while (DEG[1] <= 180.0);

//
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for(j = 1; j <= dy; Jj++)
DEG[Jj] = DEG_MAX Mx[j];
}
for(l = 1; 1 <= dy; 1++) // CHECKED THAT WHEN SHOULD BE FINISHED : //
{ // IF STACK SEGUENCES ARE NOT CHANGED THEN FINISHED //
if (DEG_TMP[1]!=DEG MAX Mx[1])
{
changed = 1;
1 = dy+1;
}
}

//*¥**x*x*xFind Optimize orientation from univariate search*****xx*//
if (MAX Mx > optimize Mx)
{
optimize Mx = MAX Mx;
for(j = 1; j <= dy; j++)

DEG optimize Mx[j] = DEG _MAX Mx[j];
}

}while (changed == 1);

}

fprintf (optimize, "Univariate Search\n");

fprintf (optimize, "\nOptimal Orientation [$ 21g,% 21g,% 21g,% 21g,% 21g,% 219,%
21g,% 219,% 219,% 219,% 219,% 219,% 219,% 21g9,% 21g9,% 21g9,% 21g9,% 21g9,% 219,%
21g]T\n",

DEG optimize Mx[1], DEG optimize Mx[2], DEG optimize Mx[3],
DEG optimize Mx[4], DEG_optimize Mx[5], DEG_optimize Mx[6],
DEG optimize Mx[7], DEG optimize Mx[8], DEG optimize Mx[9],
DEG optimize Mx[10],DEG optimize Mx[11],DEG optimize Mx[12],
DEG optimize Mx[13],DEG optimize Mx([14],DEG optimize Mx[15],
DEG optimize Mx[16],DEG optimize Mx[17],DEG optimize Mx[18],
DEG optimize Mx[19],DEG optimize Mx[20]);

fprintf (optimize, "Maximum moment (Nm/m) = %$.4le\n",optimize Mx);

fprintf (optimize, "N.A. refered from top = %.4le\n\n",NA out);

//*****x*xpind optimize orientation by exhaustive search (Optional) ******x*x*//
for(l = 1; 1 <= dy; 1++)

DEG TMP[1] = DEG optimize Mx[1l];
optimize min Mx = optimize Mx;

for (DEG[10] = DEG TMP[10] - 3; DEG[10] <= DEG_TMP[10] + 3; DEG[10] = DEG[10] + 1)
{
DEG[11] = (-1)*DEG[10];
for (DEG[9] = DEG TMP[9] - 3; DEG[9] <= DEG_TMP[9] + 3; DEG[9] = DEG[9] + 1)
{
DEG[12] = (-1)*DEGI[9];
for (DEG[8] = DEG_TMP[8] - 3; DEG[8] <= DEG TMP[8] + 3; DEG[8] = DEG[8] + 1)
{
DEG[13] = (-1)*DEGI[8];
for (DEG[7] = DEG_TMP([7] - 3; DEG[7] <= DEG_TMP[7] + 3; DEG[7] = DEG[7] + 1)
{
DEG[14] = (-1)*DEG[7];
for (DEG[6] = DEG_TMP[6] - 3; DEG[6] <= DEG_TMP[6] + 3; DEG[6] = DEG[6] + 1)
{
DEG[15] = (-1)*DEG[6];
for (DEG[5] = DEG TMP[5] - 3; DEG[5] <= DEG_TMP[5] + 3; DEG[5] = DEG[5] + 1)
{
DEG[16] = (-1)*DEGI[5];
for (DEG[4] = DEG_TMP[4] - 3; DEG[4] <= DEG TMP[4] + 3; DEG[4] = DEG[4] + 1)
{
DEG[17] = (-1)*DEGI[4];
for (DEG[3] = DEG_TMP[3] - 3; DEG[3] <= DEG_TMP[3] + 3; DEG[3] = DEG[3] + 1)
{
DEG[18] = (-1)*DEG[3];
for (DEG[2] = DEG TMP[2] - 3; DEG[2] <= DEG_TMP[2] + 3; DEG[2] = DEG[2] + 1)
{
DEG[19] (-1)*DEG[2];
for (DEG[1] = DEG_TMP[1] - 3; DEG[1] <= DEG TMP[1] + 3; DEG[1] = DEG[1] + 1)
{
DEG[20] = (-1)*DEG[1];

evaluate stress (dy,DEG,SIGMA) ;
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for(i = 1; 1 <= dy; i++)
{
gotoxy(1l,2) ;printf ("-");

gotoxy (1,2) ;printf ("/");

gotoxy (1,2);printf ("[");
gotoxy (1,2);printf ("\\");
1f(SIGMA[i]1[0][0] > 0) X = Tl; else X = Cl;
if (SIGMA[i][1][0] > 0) Y = T2; else Y = C2;

mx[0] = sqrt(1.0/( (SIGMA[i][0][0]*SIGMA[1i][0][0])/ (X*X) -
(SIGMA[i] [0] [0]*SIGMA[i] [0][1])/ (X*X) +
(SIGMA[i][0][1]*SIGMA[i]([0][1])/(Y*Y) +
(SIGMA[i][0] [2]*SIGMA[i][0][2])/(S12*312) )
)
1if(SIGMA[i][0][1] > 0) X = Tl; else X = Cl;
if (SIGMA[i][1][1] > 0) Y = T2; else Y = C2;

mx[1] = sqrt(1.0/( (SIGMA[i][1][O0]*SIGMA[i][1][0])/(X*X) -
(SIGMA[i] [1][0]*SIGMA[i] [1][1])/ (X*X) +
(SIGMA[i][1][1]*SIGMA[i][1]1([1])/(Y*Y) +
(SIGMA[1][1][2]*SIGMA[i][1]([2])/(S12*S12) )
);
min mx[i] = mx[0];
if (min mx[i] > mx[1]) min mx[i] = mx[1]; //find min Mx in each layer //
}
MIN Mx = min mx[1];
for(i = 1; 1 <= dy/2; i++)
if (MIN Mx > min mx[i]) MIN Mx = min mx[i];

if (optimize Mx < MIN Mx)
{
optimize Mx = MIN Mx;
for(j = 1; j <= dy; j++)
DEG optimize Mx[j] = DEG[]];

}
if (optimize min Mx > MIN Mx)
{
optimize min Mx = MIN Mx;
for(j = 1; j <= dy; j++)
DEG optimize min Mx[j] = DEG[]];
}

}
}

fprintf (optimize, "Exhaustive Search\n");
fprintf (optimize, "\nOptimal Orientation [$ 21g9,% 21g9,% 21g9,% 21g9,% 21g9,% 219,%
21g,% 21g9,% 219,% 219,% 219,% 219,% 219,% 21g9,% 21g9,% 21g9,% 21g9,% 21g9,% 219,%
21g]T\n",
DEG optimize Mx[1], DEG optimize Mx[2], DEG optimize Mx[3],
DEG _optimize Mx[4], DEG_optimize Mx[5], DEG_optimize Mx[6],
DEG optimize Mx[7], DEG_optimize Mx[8], DEG_optimize Mx[9],
DEG optimize Mx[10],DEG optimize Mx[11],DEG optimize Mx[12],
DEG optimize Mx[13],DEG optimize Mx[14],DEG optimize Mx[15],
DEG_optimize Mx[16],DEG optimize Mx[17],DEG optimize Mx[18],
DEG_optimize Mx[19],DEG optimize Mx[20]);
fprintf (optimize, "Maximum moment (Nm/m) = %.4le\n\n", optimize Mx);

fclose (optimize) ;
gotoxy (1,3); printf("Finish!!!!!!\a\a\a"); getch();
}

/******************************End of Main Program***********************************/
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//*~k~k~k~k~k~k~k~k~k~k~k***************Stresses Evaluation Function***************************//
void evaluate stress(int Dy, double deg[MAXLAYERS], double sigmal2[][2][3])

{

{

void MAT Q(double el, double e2, double ul2, double gl2, double gq[3][3]);
void MAT Transform(double deg, double t[3][3]);

void MAT3 copy(int k, double t[3][3], double T[] [3][3]);
void MAT3 Inverse (double u[3][3], double r([3][3]);

void Dot MAT3 (double u[3][3], double v[3][3], double w([3]][
void Dot MAT3 vec3(double u[3][3], double v[3], double w[3
void MAT3 multip(double u[3][3], double k, double r[3][3]);
void MAT3 T (double a[3][3], double r[3][3]);

void vec3 plus(double u[3], double v[3], int k, double w[][3]);

31);
1):

int 1, 3j, ks

double Q[MAXLAYERS][3][3], t[3]1[3], T kth[MAXLAYERS][3][3], QO bar[MAXLAYERS][3][3],

T Transpose_Inverse[3][3], T_Inverse[3][3],

A[3][3], BI3]([3], D[3][3], B_prime[3][3], D_prime[3][3],
al31(3], b[3][3], dl31([3],

M[3], N[3],

epsilon o[3], keppa o[3],

epsilon xy[2][3],

h, Mx, z[dy+l],

temp[3][3], templ[3][3],

el,e2;

Mx = 1.0;
[/ xFFFxxxAAF Find Matrix Q bar at Layer kth  xx*kxxxxxs//
for(k = 1; k <= Dy; k++)

if (NA_in >= k*H/Dy) {
el = EC1;
e2 = EC2;
}
else(
el = ET1;
e2 = ET2;
}
MAT Q(el,e2,v12,G12,Q[k]);
MAT Transform(degl[k],t);MAT3 copy(k,t,T _kth);
MAT3 T (t,temp) ;
MAT3 Inverse (temp,T Transpose Inverse);
MAT3 Inverse(t,T_Inverse);
Dot MAT3(T_ Inverse,Q[k],temp) ;
Dot MAT3 (temp,T Transpose Inverse,Q bar[k]);

h = H/Dy;
for(i = 0; 1 < 3; i++)
for(j = 0; J < 3; j++)

[i1[3] = B[i][3] = D[i][3] = 0.0;
for(k = 1; k <= dy; k++)
{
(11031 = A[i1[3]1 + (Q_bar[k][i]1[J1*((-H/2 + h*k)-(-H/2 + h*(k-1))));
[1103]1 = BI[1i1[3] + (Q bar[k][i][j]/2
*(pow ((-H/2 + h*k),2) - pow((-H/2 + h*(k-1)),2)));
[i1[3] = D[i]1[3] + (Q bar([k][i][j]/3
*(pow ((-H/2 + h*k),3) - pow((-H/2 + h*(k-1)),3)));
}
}
MAT3 Inverse (A, a);
MAT3 Inverse (B, b);
MAT3 Inverse (D, d);
M[0] = Mx ; N[0]= 0.0;
M[1] = 0.0; N[1] = 0.0;
M[2] = 0.0; N[2] = 0.0;

for(i = 0; 1 < 3; i++)
for(j = 0; 3 < 3; j++)
B prime[i] [j] = D prime[i][j] = temp[i][]j] = 0.0;
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//**************Dl:(D_BA/\ (_l)B) A (_l) **************//

Dot MAT3(B, a, temp);

Dot MAT3 (temp, B, templ);

for(i = 0; 1 < 3; i++)

for(j = 0; J < 3; j++){ templ[i][j] = D[i]([J] - templ[i]([]]};
MAT3 Inverse(templ, D prime);

//**********Bl:_A/\ (—1)B(D—BAA (—1)B) ~ (_1) **********//
Dot MAT3(a, B, temp);

MAT3 multip(temp, -1, templ);

Dot MAT3(templ, D prime, B prime);

Dot MAT3 vec3(B_prime, M, epsilon_o);

Dot MAT3 vec3(D_prime, M, keppa 0);

//*****************Determine N‘A‘****************‘k//

// (refer to top surface) //
NA out = H/2 - epsilon o[0]/keppa o[0];

[/****x*x%% Determine stresses in plane 1-2 *xxx¥x*%//
for(k = 1; k <= Dy; k++)
{
Dot MAT3(T kth[k], Q bar[k], templ);
z[k-1] = -H/2 + h*(k-1);
z [k] = -H/2 + h*(k);

for(i = 0; 1 < 3; i++)
{
epsilon xy[0][i] = epsilon o[i] + keppa ol[i]l*z[k-1] ;
epsilon xy[1][i] = epsilon o[i] + keppa o[i]*z[k] ;
}

Dot MAT3 vec3(templ, epsilon xy[0], sigmal2[k][0]);
Dot MAT3 vec3(templ, epsilon xy[1l], sigmal2[k][1]);
}
}

/***‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*******End Of Stresses Evaluatlon Functlon ************************/

/***************************Matrix Q Determination Function**************************/
void MAT Q(double el, double e2, double ul2, double gl2, double q[3][3])
{

double u2l;
u2l = e2/el*ul2;

ql[0][0] = el/(1 - ul2*u2l);

q[0][1] = g[l]1[0] = ul2*e2/(1 - ul2*u2l);
qll]l[1l] = e2/(1 - ul2*u2l);

ql2][2] = gl2;

ql0][2] = qll][2] = ql[2][0] = q[2][1] = 0.0;
return;

}

/***********************End Of Matrlx Q Determination Function***********************/

/***********************Transformation Matrix , [T] , Function**‘k*‘k*‘k*‘k‘k‘k‘k‘k*‘k‘k‘k*‘k‘k‘k‘k‘k*/
void MAT Transform(double deg, double t[3][3])
{

t[0][0] = pow(cos (M PI/180*deq),2);

t[0][1] = pow(sin(M PI/180*deqg),2);

t[0][2] = 2*sin(M PI/180*deg)*cos (M PI/180*deq);

t[1][0] = pow(sin(M PI/180*deq),2);

t[1]1[1] = pow(cos(M_PI/lSO*deg),2);

t[1]1[2] = -2*sin(M _PI/180*deg) *cos (M PI/180*degq);

t[2][0] = -sin(M PI/180*deg)*cos (M PI/180*deq);

t[2][1] = sin(M_PI/180*deg) *cos (M PI/180*deq);

t[2]1([2] = pow(cos(M_PI/180*deg),2)—pow(sin(M_PI/l80*deg),2);

return;

}

/********************End Of Transformation Matrlx [T] Functlon **********************/
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/~k~k~k~k~k~k~k~k~k~k~k******************Matrix Repllcatlon Function****************************/

void MAT3 copy(int k, double t[3][3], double T[] [3][3])
{

int i,73;
for(i = 0; 1 < 3; i++)
for(j = 0; j < 3; j++)
T[kI[11[3] = tli1[317
return;

}

/*****‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*******End Of Matrix ReplicatiOn Function************************/

/*********************************Dot MatriX Function********************************/
void Dot MAT3 (double u[3][3], double v[3][3], double w[3][3])
{

int i, 3;

for(i = 0; 1 < 3; 1i++4)
for(j = 0; J < 3; j++)

wli] [J] = u[i1[0]*v[O0]([3] + uldil[11*vI[1]1[3] + ulill2]1*vI2][]];
return;

}

/******************************End Of Dot Matrix Function ***************************/

/*********************************Dot VeCtOr Function********************************/
void Dot MAT3 vec3(double u[3][3], double v[3], double w[3])
{

int i;

for(i = 0; 1 < 3; i++)
wli] = u[i][0]*v[0] + ul[i][1]*vI[1l] + ul[il([2]*v[2];
return;

}

/******************************End Of Dot Vector Function **********‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*****/

/*********************************Inverse Matrix Function***‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*********/
void MAT3_Inverse (double u[3]([3], double r[3][3])
{
double DET (double ul3][3]);
void adj (double ul3][3], double r[3]1[3]):
void MAT3 multip (double u[3][3], double k, double r[3][3]);

int i, j;
double temp[3]1[3];

adj (u, temp);

if(DET (u) ==

{

for(i = 0; 1 < 3; i++)

for(j = 0; j < 3; j++)
r[i][3] = 0.0;
}
else
MAT3 multip(temp, 1/DET(u), r);
return;

}

/****************************End Of Inverse MatIlX Functlon ~k~k***********************/

/**********************************Determinant Function**********‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k***/

double DET (double ul[3][3])

{
double temp;

temp = ul[0][0]J*u[l][1]*ul2]([2] + u[O]([l]*ull][2]*ul2][0]
+ ul0] [2]*u1] [0]*ul[2] [1] - ul[2][0]*ul[l][1]*ul0][2]
- uf2][1]*u[1][2]*ul0][0] - ul2][2]*ull][0)*u[O0][1];

return (temp) ;

}

/****************************End Of Determinant Function******‘k**‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k******/

/******************************AdjOint MatrlX Function*******************************/

void adj (double ul3]1[3], double r([3]1[3])
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void MAT3 T (double a[3][3], double r[3][3]);
void Cof (double a[3][3], double r[3]1[3]):

double temp[3][3];

Cof (u, temp);
MAT3 T (temp, r);
return;

}

/****************************End Of Determinant Function*‘k‘k‘k‘k‘k***********************/

[ KKK KK KKK Kok KKK Kk XK KKK K KKK KKK XK AMtrix TLANSPOSE FUNCELON® * % %ok ko k ok ok ok ok ok ok ok ok k ok Xk %k ok /
void MAT3 T (double a[3][3], double r[3][3])
{

int i, 3

for(i = 0; 1 < 3; i++)
for(j = 0; J < 3; j++)
r[i1[3] = aljl[i];
return;

}

/*************************End Of Matrix Transpose Function************‘k*‘k‘k‘k‘k‘k‘k*******/

/‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘kCofactor Matrlx Function**~k~k~k~k************************/
void Cof (double a[3][3], double r[3][3])
{

int i, 3

double M[3][3];

M[O0][0] = a[ll[ll*af2][2] - al2][1]*all][2];
M[O][1] = all][0]*a[2][2] - al[2][0]*all]([2];
M[O0][2] = all][0]*a[2][1] - a[2][0])*a[l][1];
M[1][0] = alO][1]1*al2]([2] - al2][1]*a[0][2];
M[1]1[1] = al[O][0]l*al2][2] - al2][0]*a[O][2];
M[1][2] = al0][0]*a[2][1] - a[2][0]*a[O0][1];
M[2][0] = al0])[1]*a[1][2] - a[l][l]*al0]([2];
M[2][1] = al0][0]*a[1l][2] - a[l][0]*al[O]([2];
M[2][2] = alO0][0]*a[l][1] - a[l][O0]*a[O][1];

for(i = 0; 1 < 3; i++)
for(j = 0; J < 3; j++)
r[i][3J] = powl (-1, i+3)*M[i][]];
return;

}

/****‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*******End Of Cofactor MatIlX Function*~k~k************************/

/*************************Scalar_Multiply_Matrix Function***************************/
void MAT3 multip(double u[3][3], double k, double r[3][3])
{

int i, 3;

for(i = 0; 1 < 3; i++)

for(j = 0; 3 < 3; j++)
r[i]1[3] = k*ulil[3];
return;

}

/**********************End of Scalar—Multiply—Matrix Function************************/

/***************************Combination Vector Function******************************/
void vec3 plus(double u[3], double v[3], int k, double w[][3])
{

int i;

for(i = 0; 1 < 3; i++)
wlk][1] = ul[i] + vI[i];
return;

}

/***********************End Of Combination Vector Function ****‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k****/

/‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*****************Minimum Value Function*~k~k~k~k~k~k~k***********************/
double find min(double a[2],double a min)

{



int i;

a min = 1.0e500;
for(i = 0; i < 3; i++)
{
if(a[i] > 0)
if(a min > afi])a min = af[i];
}
return a min;

}
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/**************************End Of Minimum Value Function ‘k‘k‘k‘k***********************/

3. IﬂiLLﬂ‘JNW?ﬂW‘SﬂS%QWﬂﬂ'ﬂNLﬁlu

//~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k***********************//

// //
// Stress Profile //
// //

//****************************************************************************//
#include <stdio.h>

#include <conio.h>

#include <math.h>

#include <ctype.h>

#include <stdlib.h>

#define Cl1 -35.89E6 // compression strength in the fiber direction
#define C2 -11.87E6 // compression strength in the tangential direction
#define Tl 56.684E6 // tensile strength in the fiber direction
#define T2 2.795E6 // tendile strength in the tangential direction
#define S12 15.985E6 // shear strength in plane LT

#define dy 20 //  the number of layers

#define MAXLAYERS 30 // the maximum number of layers allowance

#define H 0.020 // thickness of OSL in meter

#define E1 28.05E9 // MOE in the longitudinal (fiber:L) direction
#define E2 2.079E9 // MOE in the transverse (tangential:T) direction
#define v12 0.35 // possion's ratio in plane 1-2(LT)

#define G12 2.244E9 // modulus of rigidity in plane 1-2(LT)

#define f name "StressProfile.txt"

main ()
{
FILE *optimize;

void evaluate stress(int Dy, double Mx,int deg[MAXLAYERS],double
sigmal2[]1[2][3],double sigmaxy[][2][3],double exy[][2]1[3]);

double find min(double a[dy],double a min);

void display(int DEG[MAXLAYERS],double min mx) ;

int i,j,%k,1,m;

int DEG[MAXLAYERS], DEG_MAX Mx [MAXLAYERS], DEG_Optimize_Mx [MAXLAYERS],
DEG optimize min Mx[MAXLAYERS], DEG TMP[MAXLAYERS];

double mx[2],min mx [MAXLAYERS],MIN Mx,MAX Mx,optimize Mx,optimize min Mx,
SIGMA12 [MAXLAYERS] [2][3]1,SIGMAxyY[MAXLAYERS] [2] [3],Exy[MAXLAYERS] [2][3], X,Y;

clrscr();
optimize=fopen (f name, "w+");

for (i=1;i<=dy/2;i++)
{

printf ("Enter Angle Layer %d = ",1i);

scanf ("%d", &DEG_optimize Mx[i]);

DEG optimize Mx[dy-(i-1)] = -DEG optimize Mx[i]; [HRrKk*k* Anti-sym *rrExxkk/
min mx[i] = 0.0;

}
for (i=1;i<=dy;i++) fprintf (optimize,"%d ",DEG optimize Mx[i]);
printf ("Optimize Moment = ");
scanf ("%1f", &optimize Mx);
fprintf (optimize, "\nOptimum Moment = % .21f\n",optimize Mx);



evaluate stress(dy,optimize Mx,DEG optimize Mx, SIGMAl2,SIGMAxy,Exy);

printf("sl s2 sl2 top : sl s2 sl2 bottom\n\n")

fprintf (optimize, "\n sl s2 sl2 \n\n")

for (k=1; k<=dy; k++)
{

printf("$ 11.41g % 11.41g % 11.41g : % 11.41g % 11.4l1g % 11.41g\n",
SIGMA12([k][0][0], SIGMAl1l2([k][0][1], SIGMAl2([k]([0][2],
SIGMA12[k][1]1[0], SIGMAl2[k][1]([1], SIGMAl2[k][1]1[2]);
fprintf (optimize, "% 11.41g % 11.41g % 11.41g \n",
SIGMA12 (k] [0][0], SIGMA12([k][0][1], SIGMA12[k][0][2]);
fprintf (optimize, "% 11.41g % 11.41g % 11.41g \n",
SIGMA12[k][1][0], SIGMA1l2[k][1][1], SIGMA12[k][1][2]);
}
printf ("sx sy sxy top : sx sy sxy bottom\n\n");
fprintf (optimize, "\n sx sy sxXy \n\n")
for (k=1; k<=dy; k++)
{
printf("$ 11.41g % 11.4lg % 11.4lg : % 11.41g % 11.41g % 11.41g\n",
SIGMAxy[k] [0][0], SIGMAxy[k][0][1], SIGMAxy[k][0][2],
SIGMAxy[k][1][0], SIGMAxy[k][1][1], SIGMAxy[k][1][2]);
fprintf (optimize, "% 11.41g % 11.41g % 11.41g \n",
SIGMAxy[k][0][0], SIGMAxy[k][O0][1], SIGMAxyI[k][0][2]);
fprintf (optimize, "% 11.41g % 11.41g % 11.41g \n",
SIGMAxy[k][1]1[0], SIGMAxy[k][1][1], SIGMAxyI[k][1][2]);
}
fprintf (optimize, "\n ex ey exy \n\n") ;
for (k=1;k<=dy; k++)
{
printf("s 11.41g % 11.4lg % 11.41g : % 11.41g % 11.41g % 11.41g\n",

Exy[k][0][0], Exylk]
Exy[k] [1]1[0], Exyl[k]
fprintf (optimize, "% 11. 41g

1], Exy[kl[O0]l[2],
11, Exy(k][1]([2]);
11.41g % 11.41g \n",

Exy[k] [0][0], Exy[k][0][1], Exy[k][O0][2]);
fprintf (optimize, "% 11.41g % 11.41g % 11.41g \n",
Exy[k][1]1[0], Exy[k][1]1[1], Exy[k]I[1]1[2]);

}
fclose (optimize) ;
printf ("Finish!!!!!!\a\a\a\a") ;getch();
}
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/******************************End Of Main Program************‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k******‘k****/

//~k~k~k~k~k~k*********************Stresses Evaluatlon Function***************************//

void evaluate stress(int Dy,double Mx,int deg[MAXLAYERS],double sigmal2[][2][3],

sigmaxy[][2][3],double exy[][2][3])
{

void MAT Q(double el,double e2,double ul2, double gl2,double g[3][3]);

void MAT Transform(double deg,double t[3][3]);

void MAT3_copy (int k,double t[3][3],double T[][3][3]);

void MAT3 Inverse (double u[3][3],double r[3][3]);

void Dot MAT3 (double u[3][3],double v[3][3],double w[3][3]);
void Dot MAT3 vec3(double u[3][3],double v[3],double w[3]);
void MAT3 multip(double u[3][3],double k,double r[3][3]);
void MAT3 T (double a[3][3],double r([3][3]);

void vec3 plus(double u[3],double v[3],int k,double w[][3]);

int i,3,k;

double Q[3][3],t[3][3],T_kth[MAXLAYERS] [3][3
T Transpose_ Inverse[3][3],T_Inversel[3
A[B][3],B[3][3],D[3][3],B_prlme[ 1031
a[31([3]1,b[3]1[3],d[3]I[3],
M[3],N[3],
epsilon _o[3],keppa o[3],
epsilon_xy[2][3],
h,z[dy+1],
temp[3][3],templ[3][3];

]r -
1031,
,D_prime[3][3],

MAT Q(E1,E2,v12,G12,Q);
for (k=1;k<=Dy; k++)
{
MAT Transform(deglk],t) ;MAT3 copy(k,t,T_kth);
MAT3 T (t,temp);

bar [MAXLAYERS] [3] [3],

double
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MAT3 Inverse (temp,T Transpose Inverse);

MAT3 Inverse (t,T_Inverse);

Dot MAT3(T Inverse,Q,temp);

Dot MAT3 (temp,T Transpose Inverse,Q bar[k]);

h=H/Dy;
for (i=0;1i<3;1i++)
for (3=0;3<3;Jj++)
{ A[i][j]=B[i][j]=D[i][3]1=0.0;
for (k=1;k<=dy; k++)
{
A[i][3] = A[11[3] + (Q_barl[k][i]1[3]1*((-H/2 + h*k)-(-H/2 + h*(k-1))));
B[i]1[J] = B[i]l[J] + (Q_bar[k][i][j]/2
*(powl ((-H/2 + h*k),2) - powl((-H/2 + h*(k-1)),2)));
D[i][3] = D[i]l[3] + (Q bar[k][i]1[31/3
*(powl ((-H/2 + h*k),3) - powl((-H/2 + h*(k-1)),3)));

}
MAT3 Inverse(A,a);
MAT3 Inverse(B,b);

MAT3 Inverse(D,d);

M[0]= Mx ; M[1l] =
N[0O]= 0.0 ; N[1] =

o O

.0, M[2]
0 ; N[2]

[eNe]
[eNe]

for (1=0;1<3;1i++)
for (3=0;3<3;j++)
B_prime[i] [J]=D_prime[i] [j]=temp[i][]j]=0.0;

[ ) FrFF KKK kKKK kKR KD = (D=BA" (=1)B) » (=) ¥F***kkkkkkkkkxk //
Dot MAT3 (B, a, temp) ;
Dot MAT3 (temp, B, templ) ;
for (1i=0;1<3;i++)
for (3=0;3<3;j++)
templ[i] [J1=D[i][j]-templ([i]([]];
MAT3 Inverse (templ,D prime);

//**********Bl:_A/\ (—l)B(D—BAA (—l)B) A (—l) **********//
Dot MAT3(a,B, temp);

MAT3 multip(temp,-1,templ);

Dot MAT3 (templ,D prime,B prime);

Dot MAT3 vec3 (B prime,M,epsilon o);

Dot MAT3 vec3 (D prime,M, keppa o) ;

//****xxx%* Determine stresses in plane 1-2 ***xx%x%x//
for (k=1;k<=Dy; k++)
{
Dot MAT3(T kth[k],Q bar[k],templ);
z[k-1]=-H/2+h* (k-1) ;
z[k]=-H/2+h* (k) ;

for (i=0;1<3;1i++)

{

exy[k] [0] [i]=epsilon o[i] + keppa o[i]*z[k-1] ;
exy[k] [1] [i]=epsilon o[i] + keppa o[i]*z[k] ;
}

Dot MAT3 vec3 (templ,exyl[k] [0
Dot MAT3 vec3 (templ,exyl[k][1
Dot MAT3 vec3(Q bar([k],exylk
Dot MAT3 vec3(Q bar([k],exylk

1,sigmal2[k][0]

1,sigmal2[k][1]

110], sigmaxy[k]

1[1],sigmaxy[k]
}

}

/************************End Of Stresses Evaluation Function *‘k*‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k******/

/***************************Matrix Q Determination Function**************************/
void MAT Q(double el, double e2, double ul2, double gl2,double g[3][3])
{

double u2l;

u2l=e2/el*ul2;
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ql0]1[0]=el/ (1-ul2*u2l);
ql0]1[1]=g[1][0]=ul2*e2/ (1-ul2*u2l);
qll][1l]=e2/ (1-ul2*u2l);

ql2]1[2]=gl2;
ql[01[2]=q[1][2]=9[2][0]=q[2][1]=0.0;

return;

}

/***********************End Of Matrix Q Determination Function************‘k**********/

/‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘kTranstrmation Matrix , [T]’ Function************************/

void MAT Transform(double deg,double t[3][3])

{
t[O][0]:pow(cos(M_PI/l80*deg),2);
t[0] [1]=pow (sin(M PI/180*deg),2);
t[0][2]=2*sin (M PI/180*deg) *cos (M _PI/180*deq);
t[1][0]=pow(sin (M _PI/180*deqg),2);
t[l][l]:pow(cos(M_PI/lSO*deg),2);
t[1][2]=-2*sin(M PI/180*deg)*cos (M _PI/180*deq);
t[2][0]=-sin(M PI/180*deg) *cosl (M PI/180*deq);
t[2][1]=sin(M _PI/180*deg) *cos (M _PI/180*deq);
t[2][2]:pow(cos(M_PI/lSO*deg),2)—pow(sin(M_PI/lBO*deg),2);

return;

}

/********************End Of Transformation Matrix [T] Function *****‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*****/

/KK K KKK Kok KKK Kok Kk KKK KK XK KK KX KMAtrix Replication FUNCT IO * %k %k k ko ko ko ok kok ok ok ok kok Xk %k ok /
void MAT3 copy (int k,double t[3][3],double T[][3][3])
{

int 1,737

for (i=0;1<3;1i++)
for (3=0;3<3;j++)
T[k][1]1[J1=t[i1[3];
return;

}

/~k~k~k~k~k*********************End Of Matrlx Repllcatlon Function************************/

JRKKKK KKK KKK KKK KKK KKK KK KKK KA XXX XADOE Matrix FUNCELONK****kkkkkkkkkkkkkkkhhkkkkkkkkkx /
void Dot MAT3 (double u[3][3],double v[3][3],double w[3][3])
{

int 1,73

for (i=0;1<3;1i++)
for (3=0;3<3;3++)

wlil [J1=uli][01*v[O] [J1+uli]l [1]1*v[1][J]1+uli]l[2]1*vI[2]1[]];
return;

}

/******************************End Of Dot Matrlx Functlon ***************************/

JREK KKK KKK KKK K KAKRK KKK AAR KKK kXXX X% * Dot Vector FUNCLion****x*xkkkkkkxkkkkkkxkkkk kA xkkkkx% /
void Dot MAT3 vec3(double u[3][3],double v[3],double w[3])
{

int i;

for (i=0;1<3;1i++)
wlil=u[i] [0]1*v[O]+uli] [1]*v[1]+u[i][2]*v[2];
return;

}

/******************************End Of Dot Vector Function *****‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k****/

/*********************************Inverse Matrix Function****************************/
void MAT3 Inverse (double u[3][3],double r[3][3])
{
double DET (double u[3]1[3]);
void adj (double ul[3][3],double r[3]11[3]1);
void MAT3 multip(double u[3][3],double k,double r([3][3]);

int 1i,7;
double temp[3][3];
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adj (u, temp) ;
1f(DET (u)==0) {
for (i=0;1i<3;i++)
for (j=0;3<3;j++)
r(i]1[31=0.0;
}else
MAT3 multip (temp,1/DET (u),r);
return;

}

/****************************End Of Inverse Matrix Function **************‘k*‘k********/

/*********************‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘kDeterminant Function******************************/

double DET (double u[3][3])

{
double temp;

temp=u[0] [0]*u[l] [1]*u[2] [2]+ul0] [1]1*ull][2]*ul[2] [0]+u[0] [2]*ull][0]*u[2][1]
—(u[2][0]*u[1] [11*ulO0] [2]1+ul2][1]*u[l][2]*u[0] [O]+u[2][2]*ull][0]*ul0][1]);
return (temp) ;

}

/****************************End of Determinant Function*****************************/

/******************************AdjOint Matrix Function****************‘k*‘k‘k‘k‘k‘k‘k*******/

void adj (double u[3][3],double r[3][3])

{
void MAT3 T (double a[3][3],double r[3][3]);
void Cof (double a[3][3],double r[3]1[3]1);

double temp[3]I[3];

Cof (u, temp) ;
MAT3 T (temp,r);
return;

}

/****************************End Of Determinant Function******‘k‘k‘k‘k‘k*****‘k************/

[ KKK KKK Kk KKK KK XK KKK KK XK KKK XK AMtrix TLANSPOSE FUNCELOM® * % %ok ko k ok ok ok ok ok ok ok ok x ok Xk %k ok /
void MAT3 T (double a[3][3],double r[3][3])
{

int 1,737

for (i=0;1<3;1i++)
for (3=0;3<3;j++)
r[il[31=al3l[i];
return;

}

/*************************End Of Matrix Transpose Function*******‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*****/

/**************‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*‘k‘kCofactor Matrlx Function*~k~k~k~k~k~k~k**********************/
void Cof (double a[3][3],double r[3][3])
{

int 1,737

double M[3][3];

M[O] [O]=alll[l]*al2]([2]-al2][1]*all][2];

M[O] [1]=a[l][0]*al2][2]-al2][0]*a[l][2];
M[O] [2]=a[l][0]*al2] [1]-al2][0]*a[l][1];

M[1][0]=a[O0][1]*al[2][2]-al2] [1]*a[O][2];
M[1][1]=al0][0]*a[2]([2]~-al2][0]*a[0][2];
M[1][2]=al0][0]*a[2][1]-al2][0]*a[0][1];
M[2][0]=al0] [1]*a[l][2]-a[l][1]*al0][2];
M[2] [1]=al0] [0]*a[l][2]-a[1l][0]*a[0][2];
M[2] [2]=a[0] [0]*a[1l][1]-a[l][0]*a[O][1];

for (i=0;1i<3;i++)
for (§=0;3<3;j++)
r[i][jl=powl (-1,1i+3)*M[i][]];
return;

}

/*************************End of Cofactor Matrix Function***************************/

/*************************Scalar_Multiply_MatriX Function*****‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k***/
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void MAT3 multip(double u[3][3],double k,double r[3][3])
{

int 1,737

for (i=0;1<3;1i++)

for (3j=0;3<3;j++)
r[i][3)=k*uli] [J];

return;

}

/**********************End Of Scalar—Multiply—MatriX Function**************‘k‘k‘k*******/

/**************‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘kCombination VectOr Function‘k‘k~k~k~k~k************************/
void vec3 plus(double u[3],double v[3],int k,double w[][3])
{

int i;

for (1=0;1<3;1i++)
wlk] [1]=ulil+v[i];
return;

}

/***********************End of Combination Vector Function **************************/

/*******************************Minimum Value Function*******************************/
double find min(double a[2],double a min)

{

int i;

a min=1.0e500;
for (1=0;1<3;i++)
{
if(a[i]>0)
if(a min>afi])a min=al[i];
}
return a min;

}

/**************************End Of Minimum Value Function ****‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*****‘k******/



4. TWsunssdtanzianuhiday
4.1 onunoeizesls-Fad

//****************************‘k‘k‘k‘k‘k‘k‘k‘k****************‘k‘k‘k*****‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k***//

// //
// Angle Sensitivity Analysis //
// According to Tsai-Hill Criteion //
// //

//****************************************************************************//
#include <stdio.h>

#include <conio.h>

#include <math.h>

#include <ctype.h>

#include <stdlib.h>

#define Cl1 -35.89E6 // compression strength in the fiber direction
#define C2 -11.87E6 // compression strength in the tangential direction
#define Tl 56.684E6 // tensile strength in the fiber direction
#define T2 2.795E6 // tendile strength in the tangential direction
#define S12 15.985E6 // shear strength in plane LT

#define dy 20 // the number of layers

#define MAXLAYERS 30 // the maximum number of layers allowance

#define H 0.020 // thickness of OSL in meter

#define E1 28.05E9 // MOE in the longitudinal (fiber:L) direction
#define E2 2.079E9 // MOE in the transverse (tangential:T) direction
#define v12 0.35 // possion's ratio in plane 1-2(LT)

#define G12 2.244E9 // modulus of rigidity in plane 1-2(LT)

#define f name "VarryEachLayerTHC.txt"

main ()
{
FILE *optimize;

void evaluate stress(int Dy, int deg[MAXLAYERS],double sigmal2[][2][3]);
double find min(double a[dy],double a min);
void display(int DEG[MAXLAYERS],double min mx);

int i,3,%k,1,m;
int DEG[MAXLAYERS], DEG_MAX_MX[MAXLAYERS], DEG_optimize_Mx[MAXLAYERS],
DEG min Mx[MAXLAYERS], DEG TMP[MAXLAYERS];
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double mx[2],min mx [MAXLAYERS],MIN Mx,optimize MAX Mx,optimize Mx,optimize min Mx,

SIGMA[MAXLAYERS] [2]1[3]1, X,Y;

clrscr();
optimize=fopen (f_name, "w+");

for (i=1;i<=dy/2;i++)
{

printf ("Enter Angle Layer %d = ",1i);

scanf ("%d", &DEG_optimize Mx[i]);

DEG optimize Mx[dy-(i-1)] = -DEG optimize Mx[i]; [HRrKk*k* Anti-sym *rrkxxkk/
min mx[i] = 0.0;

}
printf ("Optimize Moment = ");
scanf ("%1f", &optimize Mx);

for (1=1;1<=dy/2;1++)
{
optimize MAX Mx = optimize Mx;
optimize min Mx = optimize Mx;
for (m=1;m<=dy;m++)
{
DEG[m] = DEG_optimize Mx[m];
DEG_TMP[m] = DEG optimize Mx[m];
DEG_MAX Mx[m] = DEG optimize Mx[m];
DEG min_ Mx[m] DEG _optimize Mx[m];
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for (DEG[1]=DEG_TMP[1]-5;DEG[1]<=DEG_TMP[1]+5;DEG[1]=DEG[1]+1)
{
DEG[dy-(1-1)]=(-1)*DEG[1];

evaluate stress(dy,DEG,SIGMA) ;
for (i=1;i<=dy;i++)
{
if (SIGMA[i][0][0]>0) X = T1l; else X = Cl;
1f(SIGMA[1][1]1[0]>0) Y = T2; else Y = C2;

mx[0] = sqrt(1.0/( (SIGMA[i][0][0]*SIGMA[i][0][0])/ (X*X) -
(SIGMA[i][0][0]*SIGMA[i][0][1])/ (X*X) +
(SIGMA[i] [0] [1]1*SIGMA[1i][0][1])/(Y*Y) +
(SIGMA[1][0][2]*SIGMA[1][0][2])/(S12*s12) )
)i
if (SIGMA[1][0][1]>0) X = T1l; else X = Cl;
if (SIGMA[i]1[1]1[1]1>0) Y = T2; else Y = C2;

mx[1] = sqrt(1.0/( (SIGMA[i][1][0]*SIGMA[1i]1[1]1[0])/ (X*X) -
(SIGMA[1i][1][0]*SIGMA[i][1][1])/ (X*X) +
(SIGMA[1i][1][1]*SIGMA[Li][1][1])/(Y*Y) +
(SIGMA[1][1][2]*SIGMA[1][1]([2])/(S12*s12) )

) i
min mx[i] = mx[0];
if (min mx[i] > mx[1]) min mx[i] = mx[1]; // find min Mx in each layer //
}
MIN Mx=min mx[1];
for (i=1;i<=dy;i++)
if (MIN Mx>min mx[i])MIN Mx=min mx[i];

if (optimize MAX Mx<MIN_ Mx)
{
optimize MAX Mx = MIN_ Mx;
for (j=1;j<=dy;j++)
DEG MAX Mx[j] = DEG[]];
}
if (optimize min Mx>MIN Mx)
{
optimize min Mx=MIN Mx;
for (j=1;j<=dy; j++)
DEG min Mx[Jj]=DEG[]];
}
}

fprintf (optimize, "Varries Layer %d\n",1);
fprintf (optimize, "\nOptimal Orientation : [% 2d,% 2d,% 24d,% 2d,% 2d,% 24d,% 24d,%
2d,% 2d,% 2d]T\n", DEG MAX Mx[l], DEG MAX Mx[2], DEG MAX Mx[3], DEG MAX Mx[4],
DEG MAX Mx[5], DEG MAX Mx[6], DEG MAX Mx[7], DEG MAX Mx[8],
DEG_MAX Mx[9], DEG MAX Mx[10]);
fprintf (optimize, "Maximum moment (Nm/m) = %.4le\n\n",optimize Mx);
fprintf (optimize, "\nOptimal Orientation : [% 2d,% 2d,% 2d,% 2d4,% 2d,% 2d,% 24d,%
2d,% 2d,% 2d]T\n", DEG min Mx[1], DEG min Mx[2], DEG min Mx[3], DEG min Mx[4],
DEG min Mx[5], DEG min Mx[6], DEG min Mx[7], DEG min Mx[8],
DEG min Mx[9], DEG min Mx[10]);
fprintf (optimize, "Minimum moment (Nm/m) = %$.4le\n\n",optimize min Mx);
fprintf(optimize, “****************************************************\n") ;
}
fclose (optimize) ;

}

/******************************End Of Main Program***************‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k***/

//***************************Stresses Evaluation Function***************************//
void evaluate stress(int Dy, int deg[MAXLAYERS],double sigmal2[][2][3])
{

void MAT Q(double el,double e2,double ul2, double gl2,double g[3][3]);

void MAT Transform(double deg,double t[3][3]);

void MAT3 copy(int k,double t[3][3],double T[][3][3]);
void MAT3_ Inverse (double u[3][3],double r[3][3]);

void Dot MAT3 (double u[3][3],double v[3][3],double w[3][
void Dot MAT3 vec3(double u[3][3],double v[3],double w[3
void MAT3 multip (double u[3][3],double k,double r[3][3])

31)
1):

’



{

void MAT3 T (double a[3][3]

void vec3 plus(double u[3],double v[3]

int i,3,k;

double Q[3]1[3],tI[3113]
T Transpose_ Inverse[3][3],
A[3][3],B[3][3]1,D[3][3]
a[31([3]1,b[3]11[3]1,d[3]I[31,
M[3],N[3],
epsilon o[3], keppa ol[3],
epsilon xy[2][3],
h,Mx,z[dy+1l],
temp[3][3],templ[3][3];

Mx = 1.0;
MAT Q(E1,E2,v12,G12,Q);
for (k=1;k<=Dy; k++)

MAT Transform(degl[k],t)
MAT3 T (t,temp) ;

, T_kth[MAXLAYERS] [3]
T _Inverse
,Biprlme[

,double r[3][3]);
,int k,double w[][3]):;

[3],Q bar [MAXLAYERS] [3][3],
[31[31,
113],D_prime[3][3],

;MAT3 copy(k,t,T _kth);

MAT3 Inverse (temp,T Transpose Inverse);

MAT3 Inverse(t,T_Inverse);
Dot MAT3(T_Inverse,Q,temp) ;

Dot MAT3 (temp,T Transpose Inverse,Q bar[k]);

h=H/Dy;
for (i=0;1i<3;1i++)
for (§=0;3<3;j++)
{ A[1)[3)=B[i][31=D[i][3]=0.0;
for (k=1;k<=dy;k++)
{

- powl ((-H/2 + h*(k-1))

-H/2 + h*k)-(-H/2 + h*(k-1))));
j]/2

12)));

A[i1[3] = A[i1[3] + (Q bar[k][i][J]1*(

Bli][J] = BI[i][j] + (Q bar([k][i][
*(powl ((-H/2 + h*k),2)

D[i1[3] = D[i][J] + (Q_bar[k][1][31/3

* (powl ((-H/2 + h*k),3)
}
MAT3 Inverse(A,a);
MAT3 Inverse (B,b);

MAT3 Inverse(D,d);

M[0]= Mx ;
N[0O]= 0.0 ;

M[1]
N[1]

. M[2] =
;7 N[2]

I
o o
o o

for (i=0;1<3;1i++)
for (3=0;3<3;j++)

- powl ((-H/2 + h*(k-1)),3)));

B _prime[i] [J]=D_prime[i] [j]=temp[i] [j]=0.0;

//**************Dl:(D_BA/\ (_l)B) ~ (_l) **************//

Dot MAT3 (B, a, temp);
Dot MAT3 (temp, B, templ) ;
for (1i=0;1<3;1i++)
for (3=0;3<3;j++)
templ [i1] [J]=D[i][j]-templ[i][]];
MAT3 Inverse (templ,D prime);

//***~k~k~k~k~k~k~k]3l:_AA (_1)]3(D_]3AA (_l)B) ~ (_1) **********//

Dot MAT3 (a,B, temp) ;

MAT3 multip (temp,-1,templ);

Dot MAT3 (templ,D prime,B prime);
Dot MAT3 vec3 (B _prime,M,epsilon_o);
Dot MAT3 vec3 (D prime,M, keppa o) ;

//****xx*x¥%% Determine stresses in plane 1-2 ***xx*xx*//

for (k=1;k<=Dy; k++)

{

Dot MAT3(T kth[k],Q bar[k],templ);
z[k-1]1=-H/2+h* (k-1);
z[k]=-H/2+h* (k) ;
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for (1=0;1<3;1i++)
{
epsilon xy[0][i]=epsilon o[i] + keppa o[i]*z[k-1] ;
epsilon xy[l][i]=epsilon o[i] + keppa o[i]*z[k] ;
}
Dot MAT3 vec3(templ,epsilon xy[0],sigmal2[k][0]);
Dot MAT3 vec3(templ,epsilon xy[l],sigmal2[k][1]);

}

//******************* Display *******************//
printf("sl s2 sl2 top : sl s2 sl2 bottom\n\n");
for (k=1;k<=dy; k++)

{printf ("% 11.4Le % 11.4Le % 1l1.4Le $ 11.4Le % 11.4Le % 11.4Le\n",
sigmal2[k] [0] [0], sigmal2[k][0][1], sigmal2([k][0][2],
sigmal2[k] [1][0], sigmal2([k][1][1], sigmal2[k][1][2]);

}getch();*/
}

/~k~k~k*********************End Of Stresses Evaluatlon Functlon ************************/

/***************************Matrix Q Determination Function**************************/
void MAT Q(double el, double e2, double ul2, double gl2,double g[3][3])

{
double u2l;

u2l=e2/el*ul2;

q[0][0]=el/ (1-ul2*u2l);
ql[0][1]=g[l][0]=ul2*e2/ (1-ul2*u2l);
qll][1l]=e2/ (1-ul2*u2l);

ql2]1[2]=gl2;
ql01[2]=q[1][2]=9[2][0]=q[2][1]=0.0;

return;

}

/***********************End Of Matrix Q Determination Function***********************/
/***********************Transformation Matrix , [T], Function************************/
void MAT Transform(double deg,double t[3][3])

{

t[O][0]:pow(cos(M_PI/l80*deg),2);

t[0] [1]=pow (sin(M PI/180*deg),2);

t[0][2]=2*sin (M PI/180*deg) *cos (M PI/180*deq);

t[1][0]=pow(sin (M PI/180*deqg),2);

t[l][l]:pow(cos(M_PI/lSO*deg),2);

t[1][2]=-2*%*sin(M PI/180*deg)*cos (M PI/180*deq) ;
t[2][0]=-sin(M PI/180*deg) *cosl (M PI/180*deq);
t[2][1]=sin(M PI/180*deg) *cos (M PI/180*deq);
t[2][2]:pow(cos(M_PI/lSO*deg),2)—pow(sin(M_PI/l80*deg),2);

return;

}

/********************End Of Transformation Matrix [T] Function **‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k****/

[/ KK KK KKK Kok KKK Kk Xk KKK KR X KKK KX KMAtrix Replication FUNCT IO % %k %k k ko ko ko ok kok ok ok k ok kok Xk %k ok /
void MAT3 copy (int k,double t[3][3],double T[][3][3])
{

int 1,737

for (i=0;1<3;1i++)
for (3=0;73<3;j++)
TlkI[i][31=t(i] (317
return;

}

/**************************End Of Matrlx Repllcatlon Function************************/

JREK KKK KKK KKK KKXKRK KKK AAR KKK KA AX*** Dot Matrix FUNCLION*** & &k kkkkkxkkkk kA Xk kkk kA Xk kkk k% /
void Dot MAT3 (double u[3][3],double v[3][3],double w[3][3])
{

int 1,735

for (i=0;1<3;1i++)
for (3=0;3<3;j++)
wlil [J1=uli]1[01*v[O] [J1+uli]l [11*v[1][J]1+uli]l[2]1*v[2]1[]];
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return;

}

/******************************End Of Dot Matrix Function ‘k‘k‘k‘k***********************/

/*********************************Dot Vector Function********************************/
void Dot MAT3 vec3(double u[3][3],double v[3],double w[3])
{

int i;

for (1=0;1<3;i++)
wlil=u[i] [01*v[O]+u[i]l [11*v[1]+u[i]l[2]1*v[2];
return;

}

/~k~k~k~k~k~k~k~k~k*********************End Of Dot Vector Function ***************************/

/*********************************Inverse Matrix Function****************************/
void MAT3_Inverse (double u[3][3],double r[3][3])
{

double DET (double ul3][3]);

void adj (double ul3][3],double r[3]1[3]1);

void MAT3 multip(double u[3][3],double k,double r[3][3]);

int 1i,3;
double temp[3]1[3];

adj (u, temp) ;
1f(DET (u)==0) {
for (i=0;1i<3;i++)
for (j=0;3<3;j++)
r[i]1[(31=0.0;
}else
MAT3 multip (temp,1/DET (u),r);
return;

}

/****************************End Of Inverse Matrix Function ********‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*****/

J KKK KKK KKK KK KKK KKK KKK KKK KKK KKK XXX ¥ Dot erminant FUNCELON® * % xxxkkkkkkkkkkkkkkkkkkkkkkx* /
double DET (double ul3][3])

{
double temp;

temp=ul0] [0]*u[l] [1]*u[2] [2]+ul0] [1]*u[1][2]*ul2] [0]+u[O] [2]*u[1][0]*u[2][1]
—(ul2]1[0]*u[1] [11*ulO0] [2]1+ul2][1]*u[l][2]*u[O0] [O]+u[2][2]*ull][0]*ulO][1]);
return (temp) ;
}

/****************************End of Determinant Function*****************************/

/******************************AdjOint Matrix Function*******************************/
void adj (double ul[3][3],double r[3]1[31])

{
void MAT3 T (double a[3][3],double r[3][3]);

void Cof (double a[3][3],double r[3][3]);
double temp[3][3];

Cof (u, temp) ;
MAT3 T (temp,r);
return;

}

/****************************End Of Determinant Function*********‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k***/

/K KK kK kK Kk Kok ko kK KKk KR KR KKK KK KMAtriX TransSpOSe FUICT 1O * ok ok ok ok ok ok ok ok ok ok ok ko ok ko /
void MAT3 T (double a[3][3],double r[3][3])
{

int 1,735

for (1=0;1<3;i++)
for (j=0;3<3;j++)
r[i][3)=aljl(i];
return;

}

/*************************End Of MatrlX Transpose Function***************************/
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/******************************Cofactor MatriX Function******************************/
void Cof (double a[3][3],double r[3][3])
{

int i,73;

double M[3][3];

M[O] [O]=a[l][1]*a[2][2]-al2][1]*a[l])[2];
M[0] [1]=all][0]*a[2][2]-a[2] [0]*a[l][2];
M[O0] [2]=a[l]([0]*al[2][1]-al2] [O]*a[1l][1];
M[1][0]=alO0][1]*a[2]([2]~-al2][1]*al0][2];
M[1][1]=a[0] [O0]*a[2][2]-al2] [O]*a[O][2];
M[1][2]=al0][0]*a[2][1]-a[2][0]*a[0][1];
M[2][0]=al0] [1]*a[l][2]-a[l][1]*al0][2];
M[2] [1]=a[0][0]*a[l][2]-a[l][0]*a[O][2];
M[2][2]=al0] [0]*a[l]([1]-a[l][0]*a[0][1];

for (i=0;1i<3;i++)
for (3=0;73<3;3++)
r[i] [Jl=powl (-1,i+3)*M[i][]];
return;

}

/~k~k~k~k*********************End Of Cofactor Matrlx Function***************************/

[ K Kk kK kKK Kk Kok Kok kK kK kR Rk Scalar-Multiply-—Matrix FUNCI Lo %ok ko kokokdok ko ok ok k ok ok ok ok kok k ok /
void MAT3 multip(double u[3][3],double k,double r[3][3])
{

int 1,737

for (i=0;1i<3;1i++)
for (§J=0;3<3;j++)

r[i] [3)=k*uli] [J];
return;

}

KAk hkhkhkhkhkhkhkhkhkhkkkkkkkk* —_ 1 —_ 1 1 kk ok kkk ok ok kkkkkkkkkokkkkkkk
End of Scalar-Multiply-Matrix Function

/***************************Combination Vector Function******************************/
void vec3 plus(double u[3],double v[3],int k,double w[][3])
{

int i;

for (i=0;1i<3;i++)
wlk] [1]=ulil+v[i];
return;

}

/***********************End Of Combination Vector Function ***‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*****‘k****/

/*******************************Minimum Value Function*******************************/
double find min(double a[2],double a min)
{

int i;

a min=1.0e500;
for (1=0;1<3;i++)
{
if(al[i]>0)
if(a_min>a[i])a min=alil];
}
return a_min;

}

/**************************End Of Minimum Value Function *******‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k***/



4.2 MUAUTANNAUGIFR

//****************************‘k‘k‘k‘k‘k‘k‘k*****************‘k‘k‘k*****‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k***//

// //
// Angle Sensitivity Analysis //
// According to Maximum Stress Criteion //
// //

//‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k**‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k******//
#include <stdio.h>

#include <conio.h>

#include <math.h>

#include <ctype.h>

#include <stdlib.h>

#define Cl -35.89E6 // compression strength in the fiber direction
#define C2 -11.87E6 // compression strength in the tangential direction
#define Tl 56.684E6 // tensile strength in the fiber direction
#define T2 2.795E6 // tendile strength in the tangential direction
#define S12 15.985E6 // shear strength in plane LT

#define dy 20 //  the number of layers

#define MAXLAYERS 30 // the maximum number of layers allowance

#define H 0.020 // thickness of OSL in meter

#define E1 28.05E9 // MOE in the longitudinal (fiber:L) direction
#define E2 2.079E9 // MOE in the transverse (tangential:T) direction
#define v12 0.35 // possion's ratio in plane 1-2(LT)

#define G12 2.244E9 // modulus of rigidity in plane 1-2(LT)

#define f name "VarryEachLayerMSC.txt"

main ()
{
FILE *optimize;

voild evaluate stress(int Dy, int deg[MAXLAYERS],double sigmal2[][2][3]);
double find min(double a[dy],double a min);
void display(int DEG[MAXLAYERS],double min mx) ;

int i,3,%k,1,m;
int DEG[MAXLAYERS], DEG MAX Mx[MAXLAYERS], DEGioptimizeiMX[MAXLAYERS],
DEG_min_MX[MAXLAYERS], DEG_TMP[MAXLAYERS];
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double mx[2],min mx [MAXLAYERS],MIN Mx,optimize MAX Mx,optimize Mx,optimize min Mx,

SIGMA [MAXLAYERS] [2]1[3]1, X,Y;

clrscr();
optimize=fopen (f name, "w+");

for (i=1;i<=dy/2;i++)

{
printf ("Enter Angle Layer % , 1)
scanf ("%d", &DEG_optimize Mx
DEG optimize Mx[dy-(i-1)] =
min mx[i] = 0.0;
}

printf ("Optimize Moment = ");

scanf ("%1f", &optimize Mx);

d
[i1)7

for (1=1;1<=dy/2;1++)
{
optimize MAX Mx = optimize Mx;
optimize min Mx = optimize Mx;
for (m=1;m<=dy;m++)
{
DEG[m] = DEG optimize Mx[m];
DEG MAX Mx[m] = DEG optimize Mx[m];
DEG min Mx[m] = DEG optimize Mx[m];
}

for (DEG[1]=DEG_optimize Mx[1]-5;DEG[1]<=DEG optimize Mx[1]+5;DEG[1]=DEG[1]+1)
{

1
-DEG optimize Mx[i]; [FRFEFFAEF Anti-sym FrEKEK/



DEG[dy-(1-1)]=(-1) *DEG[1];

evaluate stress(dy,DEG,SIGMA) ;
for(i = 1; i <= dy; i++)
{

lf(SIGMA[l] [O] [O]:: )mX[O]:le300; //*******************************//
else mx[0]=(C1/SIGMA[i][0][0]); // //
1f(SIGMA[i][1][0]==0)mx[1]=1e300; // //
else mx[1]=(C1/SIGMA[i][1][0]); // //
// //
if (SIGMA[i]1[0][0]==0)mx[2]=1e300; // find Maximum Mx in //
else mx[2]=(T1/SIGMA[1][0][0]); // each failue mode //
1f(SIGMA[i][1][0]==0)mx[3]=1e300; // //
else mx[3]=(T1/SIGMA[i][1][0]); // //
// //
if (SIGMA[i][0][1]1==0)mx[4]=1e300; // //
else mx[4]=(C2/SIGMA[i][0]1[1]); // //
1f(SIGMA[i][1]1[1]1==0)mx[5]=1e300; // //
else mx[5]=(C2/SIGMA[i][1][1]); // ( 1if a stress is zero then //
// //
1if(SIGMA[i][0][1]==0)mx[6]=1e300; // Mx will be set to //
else mx[6]=(T2/SIGMA[i][0][1]); // enormous value //
1f(SIGMA[i][1]1[1]1==0)mx[7]=1e300; // //
else mx[7]=(T2/SIGMA[i] [1][1]); // //
// //
1f(SIGMA[1i][0][2]==0)mx[8]=1e300; // //
else mx[8]=(S12/SIGMA[i] [0][2]); // /7
1f(SIGMA[1][1][2]==0)mx[9]=1e300; // //
else mX[9]=(512/SIGMA[l] [1] [2] ),- //*******************************//
min mx[i]=find min(mx,min mx[i]);
}
MIN Mx = min mx[1];
for(i = 1; 1 <= dy ; i++)
if (MIN Mx > min mx[i])MIN Mx = min mx[i];
if (optimize MAX Mx<MIN Mx)
{
optimize MAX Mx = MIN Mx;
for(j = 1; j <= dy; j++)
DEG MAX Mx[j] = DEG[]];
}
if (optimize min Mx > MIN Mx)
{
optimize min Mx = MIN Mx;
for(j = 1; j <= dy; j++)
DEG min Mx[j] = DEG[]];
}
}
fprintf (optimize, "Varries Layer %d\n",1);
fprintf (optimize, "\nOptimal Orientation : [% 2d,% 2d,% 2d,% 2d,% 2d,% 2d,% 24d,%

2d,% 2d,% 2d]T\n", DEG MAX Mx[1], DEG MAX Mx[2], DEG MAX Mx[3], DEG MAX Mx[4],
DEG MAX Mx[5], DEG MAX Mx[6], DEG MAX Mx[7], DEG MAX Mx[8],

DEG MAX Mx[9], DEG MAX Mx[10]);

fprintf (optimize, "Maximum moment (Nm/m) = %$.4le\n\n",optimize Mx);

fprintf (optimize, "\nOptimal Orientation [
2d,% 2d,% 2d]T\n", DEG min Mx[1], DEG min Mx[2]
DEG min Mx[5], DEG min Mx[6]

[10

4
DEG min Mx[9], DEG_min_ Mx 1)

fprintf (optimize, "Minimum moment (Nm/m) = %.4le\n\n",optimize min Mx) ;

fprintf (Optimize, "********************************‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k_‘k‘k‘k‘k_‘k‘k‘k‘k‘k\n") ;

}

fclose (optimize) ;

}

% 2d,% 2d,% 2d,% 2d,% 2d,% 24d,% 24d,%
, DEG min Mx[3], DEG min Mx[4],
DEG min Mx[7], DEG min Mx[8],
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/******************************End of Main Program***********************************/

//***************************Stresses Evaluation Function******‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k**//

void evaluate stress(int Dy, int deg[MAXLAYERS],double sigmal2[][2][3])

{
void MAT Q(double el,double e2,double ul2, double gl2
void MAT Transform(double deg,double t[3][3]);

,double g[3]1[3]);
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void MAT3 copy(int k,double t[3][3],double T[][3][3]);

void MAT3 Inverse (double u[3][3],double r[3][3]);

void Dot MAT3 (double u[3][3],double v[3][3],double w[3][3]);
void Dot MAT3 vec3(double u[3][3],double v[3],double w[3]);
void MAT3 multip (double u[3][3],double k,double r([3][3]);
void MAT3 T (double a[3][3],double r[3][3]);

void vec3 plus(double u[3],double v[3],int k,double w[][3]);

int i,3,k;

double Q[3]([3],t[3][3],T kth[MAXLAYERS] [3][3],Q bar[MAXLAYERS][3][3],
T Transpose_Inverse[3][3],T Inverse[3][3],
A[3][3],B[3]1[3],D[3]([3],B prime[3][3],D_prime[3][3],
al3][3],b[3]1[3],d[3][3],
M[3],N[3],
epsilon o[3],keppa o[3],
epsilon xy[2][3],
h,Mx, z[dy+1],
temp[3] [3], templ [3][3];

Mx = 1.0;
MAT Q(El,E2,v12,G12,Q);
for (k=1;k<=Dy; k++)
{
MAT Transform(deg[k],t);MAT3 copy(k,t,T kth);
MAT3 T (t,temp);
MAT3 Inverse (temp,T Transpose_ Inverse);
MAT3 Inverse(t,T Inverse);
Dot MAT3(T Inverse,Q,temp);
Dot MAT3 (temp,T Transpose Inverse,Q bar[k]);

h=H/Dy;
for (i=0;1<3;1i++)
for (3=0;3<3;j++)
{ A[i]1([3]1=B[i][31=D[1]1[J1=0.0;
for (k=1;k<=dy; k++)
{

A[1103] = A[1]1[3] + (Q bar[k][i][J]*((-H/2 + h*k)-(-H/2 + h*(k-1))));
B[i][J] = B[i][3] + (Q bar[k][i][j]/2

*(powl ((-H/2 + h*k),2) - powl((-H/2 + h*(k-1)),2)));
D[i][3] = D[i]([3] + (Q_ bar[k][i][]]1/3

* (powl ((-H/2 + h*k),3) - powl((-H/2 + h*(k-1)),3)));
}
MAT3 Inverse(A,a);
MAT3 Inverse (B,Db);
MAT3 Inverse(D,d);

M[0]= Mx ; M[1l] =
0.0 ; N[1] =

o O

for (1=0;1i<3;1i++)
for (3J=0;3<3;j++)
B prime[i] [j]=D prime[i] [j]=temp[i] [j]1=0.0;

//**************D'=(D—BAA (—1)B) ~ (_1) **************//
Dot MAT3 (B, a, temp) ;
Dot MAT3 (temp,B, templ) ;
for (1=0;i<3;i++)
for (3=0;3<3;j++)
templ[i] [J]1=D[i] [J]-templ[i][]];
MAT3 Inverse (templ,D prime);

[ ] *FFFx K x KX KBV =—AN (=1)B (D=BA" (=1)B) N (=1) ****kxkxkx//
Dot MAT3(a,B, temp);

MAT3 multip (temp, -1, templ);

Dot MAT3 (templ,D prime,B _prime);

Dot MAT3 vec3 (B prime,M,epsilon o);

Dot MAT3 vec3(D_prime,M, keppa o) ;

[/ **xxxxxx Determine stresses in plane 1-2 ***xxxx//
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for (k=1;k<=Dy; k++)

{

Dot _MAT3(T_kth[k],Q bar[k], templ);
z[k-1]=-H/2+h* (k-1);
z[k]=-H/2+h* (k) ;

for (i=0;1<3;i++)

{

epsilon xy[0][i]=epsilon o[i] + keppa o[i]l*z[k-1] ;
epsilon xy[l][i]=epsilon_o[i] + keppa ol[i]*z[k] ;
}

Dot MAT3 vec3(templ,epsilon xy[0],sigmal2[k][0]);
Dot MAT3 vec3(templ,epsilon xy[1l],sigmal2[k][1]);

}

//******************* DlSplay *******************//
printf("sl s2 sl12 top : sl s2 sl2 bottom\n\n");
for (k=1;k<=dy; k++)
{printf ("% 11.4Le % 11.4Le % 11.4Le : % 11.4Le % 11.4Le % 11.4Le\n",
sigmal2[k] [0] [0], sigmal2[k][0][1], sigmal2([k][0][2],
sigmal2[k] [1]1[0], sigmal2[k][1]([1], sigmal2[k][1][2]);
}getch () ;*/

}

/************************End Of Stresses Evaluation Function ‘k***********************/

/~k~k~k~k~k~k~k~k~k~k*****************Matrix Q Determination Function**************************/
void MAT Q(double el, double e2, double ul2, double gl2,double gq[3][3])

{
double u2l;

u2l=e2/el*ul2;

q[0] [0]=el/ (1-ul2*u2l);
q[0][1]1=gq[l][0]=ul2*e2/ (1-ul2*u2l);
qll]l[l]=e2/ (1-ul2*u2l);

ql2](2]=gl12;
ql[0][2]=q[1][2]=q[2][0]=g[2][1]=0.0;

return;

}

/***********************End Of Matrix Q Determination Function‘k‘k‘k‘k‘k‘k‘k*‘k*****‘k‘k‘k‘k*‘k‘k‘k*/
/~k~k*********************Transformation MatrlX , [T]’ Function************************/
void MAT Transform(double deg,double t[3][3])

{

t[0][0]=pow(cos (M PI/180*deq),2);

t[0] [1]=pow(sin (M PI/180*deqg),2);

t[0][2]=2*sin (M PI/180*deg) *cos (M PI/180*deg);

t[1] [0]=pow (sin(M PI/180*deg),2);

t[1l][1]=pow(cos (M PI/180*deq),2);

t[1][2]=-2*sin (M _PI/180*deg) *cos (M _PI/180*deq);
t[2][0]=-sin(M PI/180*deg) *cosl (M PI/180*deg);
t[2][1]=sin(M PI/180*deg) *cos (M PI/180*degq);
t[2][2]=pow(cos (M PI/180*deq),2)-pow(sin(M PI/180*deq),2);

return;

}

/********************End of Transformation Matrix [T] Function **********************/

/*****************************Matrix Replication Function****************************/
void MAT3 copy(int k,double t[3][3],double T[][3][3])
{

int i,73;

for (i=0;1i<3;1i++)
for (3=0;3<3;j++)
TIKI[i][31=t[i][3];
return;

}

/**************************End Of Matrix Replication Function**‘k**‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k****/

/*********************************Dot MatrlX Function********************************/

void Dot MAT3 (double u[3][3],double v[3][3],double w[3][3])
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int 1,737

for (1=0;1<3;i++)
for (3=0;3<3;3++)

wlil [J1=uli][01*v[O] [J1+uli]l [1]1*v[1][J]1+uli]l[2]1*vI[2]1[]];
return;

}

/~k~k~k~k~k~k~k~k~k*********************End Of Dot Matrlx Function ***************************/

/*********************************Dot Vector Function********************************/
void Dot MAT3 vec3(double u[3][3],double v[3],double w[3])
{

int i;

for (i=0;1i<3;i++)
wlil=u[i][01*v[0]+uli] [1]1*v[1]+uli]l[2]*v[2];
return;

}

/******************************End Of Dot Vector Function *‘k‘k‘k***********************/

/*********************************Inverse MatriX Function****************************/
void MAT3 Inverse (double u[3][3],double r[3][3])
{

double DET (double ul3][3]);

void adj (double ul[3][3],double r[3]11[3]);

void MAT3 multip (double u[3][3],double k,double r([3][3]);

int 1i,7;
double temp[3]I[3];

adj (u, temp) ;
1f(DET (u)==0) {
for (i=0;1<3;1i++)
for (3=0;3<3;j++)
r[{i]1(31=0.0;
lelse
MAT3 multip (temp,1/DET (u),r);
return;

}

/****************************End Of Inverse Matrix Function **‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k******‘k****/

/~k~k~k~k~k~k~k***************************Determinant Function******************************/

double DET (double ul[3][3])

{
double temp;

temp=ul0] [0]*ul[l] [1]1*u[2] [2]+u0] [1]*ull][2]*ul2] [0]+ul[O] [2]*u[l][O0]*u[2][1]
-(u[2][0]*u[1] [1]*ul0][2]+ul2][1]*u[1l][2]*u[0] [O]+ul2][2]*ull][0]*ul0][1]);
return (temp) ;

}

/****************************End Of Determinant Function**********‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k****/

/KK K KKK Kok KKK KR KR KKK KR XK KKK XK XAGIOINT MAtTIx FUNCELOMY %k ok ko ok sk ok ok ok ok ok ok ok ok ok ok Xk ko /
void adj (double u[3][3],double r[3][3])

{
void MAT3 T (double a[3][3],double r[3][3]);

void Cof (double a[3][3],double r[3][3]);
double temp[3][3];

Cof (u, temp) ;
MAT3 T (temp,r);
return;

}
/****************************End Of Determinant Function*******‘k‘k‘k‘k‘k‘k‘k*‘k‘k‘k‘k‘k‘k*‘k*‘k*‘k*‘k/
/******************************Matrix Transpose Function*****************************/
void MAT3 T (double a[3][3],double r[3][3])

{

int i,73;

for (i=0;1<3;1i++)
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for (3=0;3<3;j++)
r[il[3l=aljl(i];
return;

}

/~k~k~k~k*********************End Of Matrlx Transpose Function***************************/

/******************************Cofactor Matrix Function**‘k‘k‘k‘k‘k***********************/
void Cof (double a[3][3],double r[3]1[3])
{

int 1,735

double M[3][31];

M[O0] [0)=all][1]*al2])[2]-al2][1]*all][2];
M[O] [1]=all] [0]*al2][2]-a[2] [0]*a[l][2];
M[O] [2]=a[l][0]*al2][1]~-al2][0]*a[1l][1];
M[1][0]=a[0][1]*al2][2]-al2][1]*a[0][2];
M[1][1]=a[0] [0]*al2][2]-a[2][0]*a[0][2];
M[1][2]=al0][0]*a[2][1]-al2][0]*a[O0][1];
M[2][0]=a[0][1]*a[l][2]~-a[l][1]*a[0][2];
M[2][1]=a[0] [0]*a[l][2]-a[l][0]*a[0][2];
M[2][2]=a[0] [0]*a[l][1]-a[l][0]*a[0][1];

for (i=0;1<3;1i++)
for (3=0;3<3;j++)
r[il[jl=powl (-1,1i+3)*M[i][]];
return;

}

/*************************End Of Cofactor Matrix Function***************************/

/**~k~k~k~k~k~k~k~k~k~k*************Scalar_Multiply_MatriX Function***************************/
void MAT3 multip (double u[3][3],double k,double r[3][3])
{

int i,3;

for (1i=0;1<3;i++)

for (3=0;3<3;j++)
r[i1[31=k*ulil [J]1;

return;

}

/**********************End Of Scalar_Multiply_Matrix Function******‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k******/

/‘k‘k‘k‘k‘k‘k‘k‘k‘k*‘k‘k*‘k*************Combination Vector Function*~k~k~k~k~k~k***********************/
void vec3 plus(double u[3],double v[3],int k,double w[][3])
{

int i;

for (1i=0;1<3;1i++)
wlk] [i]=uli]+v[i];
return;

}

/***********************End Of Comblnatlon Vector Function **************************/

/*******************************Minimum Value Function*******************************/
double find min(double a[2],double a_min)
{

int i;

a min=1.0e500;
for (i=0;1<3;1i++)
{
if(a[i]>0)
if(a min>afi])a min=a[i];
}
return a min;

}

/**************************End Of Minimum Value Function ******‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k**/
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5. Wsunsudnnalusudgegadmsulugaatovdu 4 @

//*************************‘k‘k‘k‘k‘k**********************‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k********//

// //
// Evaluate Maximum Moment //
// //

//********************************************‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*********************//
#include <stdio.h>

#include <conio.h>

#include <math.h>

#include <ctype.h>

#include <stdlib.h>

// Beam feature

#define dy 20 // the number of layers
#define MAXLAYERS 30 // the maximum number of layers allowance
#define H 0.02072 // thickness of OSL in meter

// OSL properties

#define Cl 49.53218539E6 // compression strength in the fiber direction
#define Tl 65.83701053E6 // tensile strength in the fiber direction

#define C2 12.08579058E6 // compression strength in the perpendicular of fiber
direction

#define T2 1.637675473E6 // tensile strength in the perpendicular of fiber
direction

#define S12 19.45197537E6 // shear strength in plane LT

#define EC1l 4869.274965E6 // MOE in the longitudinal direction

#define ET1 2005.741868E6 // MOE in the longitudinal direction

#define EC2 290.3484232E6 // MOE in the transverse direction @compression region
#define ET2 288.1998174E6 // MOE in the transverse direction @tension region
//#define v12 0.35 // possion's ratio in plane 1-2(LT)

//#define G12 0.08E9 // modulus of rigidity in plane 1-2(LT)

// File

#define f name "FindMx2.txt"
double NA in, NA out;

main ()
{
FILE *optimize;

void evaluate stress(int Dy, int deg[MAXLAYERS],double v12,double G12,double
sigmal2[][2][3],double sigmaxy[][2][3],double el2[][2][3]);
double find min(double a[dy],double a min);

int i,3,k,1,m;
double nj;
int DEG[MAXLAYERS], DEG_MAX Mx [MAXLAYERS], DEGioptimizeiMX[MAXLAYERS],
DEG_optimize min Mx [MAXLAYERS], DEG_TMP[MAXLAYERS];
double mx[2],min_mx [MAXLAYERS],MIN Mx,MAX Mx,optimize Mx,optimize min Mx,
SIGMA12 [MAXLAYERS] [2] [3], SIGMAxy[MAXLAYERS] [2][3],
el2 [MAXLAYERS] [2][3],
x0, y0, sO,
x1l, yl, si,
X, Y, C[MAXLAYERS], T[MAXLAYERS],
Fl, F2, F11, F22, Fl2, F66,
THC Mx, MSC_Mx, TWCl Mx, TWC2 Mx, HF Mx,
v12,G12;

clrscr();
optimize = fopen (f_name, "w+") ;
optimize Mx = 0.0;
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for(i = 1; 1 <= dy; i++)

{
printf ("Enter Angle Layer %d = ",1i);
scanf ("%d", &DEG[1]) ;
fprintf (optimize,"%d ",DEG[1i]);
DEG[dy-(i-1)] = -DEG[i];
min mx[i] = 0.0;

}

printf ("\nv12;G1l2; THC;MSC; TWC1; TWC2\n") ;
fprintf (optimize, "\nv12;G12; THC;MSC; TWC1; TWC2\n") ;
for( k = 0; k <= 20; k++)
{
v1l2 = k/20.0*0.6;
for( 1 = 0; 1 <= 40; 1++)
{
Gl2 = 1/40.0*%1.0e9;
m = 0;
do{
m=m+ 1;
NA in = m*H/dy;
evaluate_ stress(dy,DEG,v12,G12,SIGMAL12, SIGMAxy,el2) ;
}while ((NA out - NA in) > 0.0005);

/**x*x*kx*Find moment following that Tsai-Hill Criterion******x/
for(i = 1; 1 <= dy; i++)
{

%0 SIGMA12[1]([0]1[0];
y0 = SIGMAI12[1]1[0]1[1]1;
s0 = SIGMAL2[i][0]11[2];
if(x0 > 0) X = Tl; else X = C1;

if(y0 > 0) Y = T2; else Y = C2;
mx[0] = sqrt(1.0/( (x0*x0)/(X*X) - (x0*y0)/ (X*X) + (y0*y0)/(Y*Y) +
(s0*s0)/(S12*512)

)
)

x1 = SIGMA12[1]1[111[071;
yl = SIGMAL2[i][1]1I[11]1;
sl = SIGMAl2[i][1l]1[2];
if(x1 > 0) X = Tl; else X = C1;

if(yl > 0) Y = T2; else Y = C2;
mx[1] = sqrt(1.0/( (x1*x1)/(X*X) = (x1*yl)/(X*X) + (yl*yl)/(Y*Y) +
(s1l*sl)/(S12*512)
)
)i
min mx[i] = mx[0];
if(min mx([i] > mx[1]) min mx[i] = mx[1];

}
MIN Mx = min mx[1];
for(j = 1; j <= dy; j++)
if(MIN Mx > min mx[j]) MIN Mx = min mx[]j];
THC_Mx = MIN_ Mx;

/***x***x*xFind moment following that Maximum Stress Criterion******xx/
for(i = 1; i <= dy; i++)
{

x0 = SIGMA12[i][0][0];

y0 = SIGMA12[i][0][1];

sO0 = SIGMA12[1i][0][2];

x1l = SIGMA12[i][1]1[0];
yl = SIGMA12[i][1]1I[11;
sl = SIGMAl2[i][1][2];

if(x0 == 0) mx[0] = 1e300;
else mx[0] = (-C1/x0);
if(x1 == 0) mx[1] = 1e300;

else mx[1] = (-Cl/x1);

if(x0 == 0) mx[2] = 1e300;
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else mx[2] = (T1/x0);
if(x1 == 0) mx[3] = 1e300;
else mx[3] = (T1/x1);
if(y0 == 0) mx[4] = 1e300;
else mx[4] = (-C2/y0);
if(yl == 0) mx[5] = 1e300;
else mx[5] = (-C2/yl);
if(y0 == 0) mx[6] = 1e300;
else mx[6] = (T2/y0);
if(yl == 0) mx[7] = 1e300;
else mx[7] = (T2/yl);
if(s0 == 0) mx[8] = 1e300;
else mx[8] = (S12/s0);
if(sl == 0) mx[9] = 1e300;
else mx[9] = (S12/fabs(sl));
min mx[i] = 1.0e500;

for(j = 0; j < 10; J++)

{
if(mx[3] > 0)
if(min mx[i] > mx[j])min mx[i] = mx[]j];
}

}

MIN Mx = min mx[1];
for(j = 1; j <= dy; j++)

if (MIN Mx > min mx[j]) MIN Mx = min mx[j];
MSC Mx = MIN Mx;

printf ("%1lg;", THC Mx);

fprintf (optimize, "$1g;", THC Mx);
printf ("%1lg;",MSC Mx);

fprintf (optimize, "%1g;",MSC Mx);
}

}

fclose (optimize);

/************‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*******End Of Maln Program*~k~k~k~k~k~k~k************************/

// Stresses Evaluation Function
void evaluate stress(int Dy, int deg[MAXLAYERS],double v12,double G12,

{

double sigmal2[][2][3], double sigmaxy[][2][3], double el2[][2][3])

void MAT Q(double el,double e2,double ul2, double gl2,double q[3][3]);
void MAT Transform(double deg,double t[3][3]);

void MAT3 copy(int k,double t[3][3],double T[][3][3]);

void MAT3 Inverse (double u[3][3],double r([3][3]);

void Dot MAT3 (double u[3][3],double v[3][3],double w[3][3]);
void Dot MAT3 vec3(double u[3][3],double v[3],double w[3]);
void MAT3 multip (double u[3][3],double k,double r([3][3]);
void MAT3 T (double a[3][3],double r[3][3]);

void vec3 plus(double u[3],double v[3],int k,double w[][3]);

int 1i,7,k;

double Q[MAXLAYERS] [3][3], S[MAXLAYERS][3]I[3],
t[3][3],T_kth[MAXLAYERS] [3][3],Q bar[MAXLAYERS] [3][3],
T Transpose Inverse[3][3],T Inverse[3][3],
A[31[31,B[31[31,D[3]1[3],B_prime[3][3],D_prime[3][3],
a[31([3]1,b[311[3]1,d[3]1131,
M[3],N[3],
epsilon o[3],keppa o[3],
epsilon xy[MAXLAYERS] [2][3],
h,Mx, z[dy+1],
temp[3] [3], templ [3] [3],
el,e2;

Mx = 1.0;
[/ xxxxxxxxxx Find Matrix Q bar at Layer kth — *xxxxxxsxixx//
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for(k = 1; k <= Dy; k++)
{
if (NA_in >= k*H/Dy) {

el = EC1;
e2 = EC2;
}

else{
el = ET1;
e2 = ET2;

}
MAT Q(el,e2,v12,G12,Q[k]);
MAT Transform(deg[k],t);MAT3 copy(k,t,T kth);
MAT3 T (t,temp);
MAT3 Inverse (temp,T Transpose Inverse);
MAT3 Inverse (t,T_Inverse);
Dot MAT3(T Inverse,Q[k],temp);
Dot MAT3 (temp,T Transpose Inverse,Q bar[k]);

}

//‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k Find Matrix A B D *****************//

h = H/Dy;
for(i = 0; 1 < 3; 1i++4)
for(j = 0; J < 3; j++)
{ A[i1[3J] = B[i1[J] = D[i]1[J] = 0.0;
for(k = 1; k <= dy; k++)
{
A[i][J] = A[i]1[3J] + (Q bar[k][i][j1*((-H/2 + h*k)-(-H/2 + h*(k-1))));

B[i][j] = B[i]l[j] + (Q bar[k][i]l[jl/2

* (pow ((-H/2 + h*k),2) - pow((-H/2 + h*(k-1)),2)));
D[i][3] = DIi][j] + (Q_bar[k][i]1[3j]/3

*(pow ((-H/2 + h*k),3) - pow((-H/2 + h*(k-1)),3)));

}

MAT3 Inverse(A,a);
MAT3 Inverse(B,b);
MAT3 Inverse(D,d);

M[0]= Mx ; M[1] = 0.0 ; M[2] = 0.0 ;
N[O]= 0.0 ; N[1] = 0.0 ; N[2] = 0.0 ;
for(i = 0; 1 < 3; i++)

for(j = 0; 3 < 3; j++)
B prime[i] [j] = D prime[i][j] = temp[i][]j]=0.0;

//**************Dl:(D_BA/\ (_1)B) A (_1) **************//
Dot MAT3 (B, a, temp) ;
Dot MAT3 (temp, B, templ) ;
for(i = 0; 1 < 3; 1i++)
for(j = 0; j < 3; j++)
templ[i][j] = D[i][J] - templ[i][Jj];
MAT3 Inverse (templ,D prime);

//**********Bl:_A/\ (—1)B(D—BAA (—1)B) A (_1) **********//
Dot MAT3 (a,B, temp) ;

MAT3 multip (temp,-1,templ);

Dot MAT3 (templ,D prime,B prime);

Dot MAT3 vec3 (B prime,M,epsilon o);
Dot MAT3 vec3 (D prime,M, keppa o) ;

//*****************Determine N.A.*****************//

// (refer to top surface) //
NA out = H/2 - epsilon o[0]/keppa o[0];

//****xx*x¥%% Determine stresses in plane 1-2 ***xx*xx*//
for(k = 1; k <= Dy; k++)
{
Dot MAT3(T kth[k],Q bar[k],templ);
z[k-1] = -H/2 + h*(k-1);
z [k] = -H/2 + h*(k);
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for(i = 0; 1 < 3; i++)
{
epsilon xy[k][0][i] = epsilon o[i] + keppa o[i]l*z[k-1] ;
epsilon xy[k][1][i] = epsilon o[i] + keppa o[i]*z[k] ;
}

Dot MAT3 vec3(templ,epsilon xy[k][0],sigmal2[k] [0]

Dot MAT3 vec3(templ,epsilon xy[k][1],sigmal2([k][1]);
Dot MAT3 vec3(Q bar([k],epsilon xy[k][0],sigmaxy[k][0]);
Dot MAT3 vec3(Q bar([k],epsilon xy[k][1],sigmaxy[k][1

MAT3 Inverse (Q[k],S[k]);

Dot MAT3 vec3(S[k],sigmal2[k][0],el2[k][0]);
Dot MAT3 vec3(S[k],sigmal2[k][1],el2[k][1]);
}

//******************* DlSplay *******************//
printf("sl s2 sl2 top : sl s2 sl2 bottom\n\n");
for (k=1;k<=dy;k++)

{printf ("% 11.4Le % 11.4Le % 11.4Le : % 11.4Le % 11.4Le % 11.4Le\n",
sigmal2[k] [0][0], sigmal2[k][0][1], sigmal2[k][0][2],
sigmal2[k][1][0], sigmal2[k][1][1], sigmal2([k][1][2]):

}getch () ;*/

}

void MAT Q(double el, double e2, double ul2,
double gl2,double g[3][3])
{
double u2l;

u2l = (e2/el)*ul2;

ql[0][0] = el/ (1 - ul2*u2l);

gl01[1] = g[11[0] = ul2*e2/(1 - ul2*u2l);
qll]l[1l] = e2/(1 - ul2*u2l);

ql2]12] gl2;

ql0][2] = gl1]([2] = g[2]([0] = g[2][1] = 0.0;

return;

}

void MAT Transform(double deg,double t[3][3])
{
t[0][0] = pow(cos(M_PI/l80*deg),2);
t[0][1] = pow(sin(M PI/180*deqg),2);
t[0][2] = 2*sin(M PI/180*deg) *cos (M PI/180*deq);
t[1][0] = pow(sin(M PI/180*deqg),2);
t[1][1] = pow(cos(M_PI/lSO*deg),2);

t[1]([2] = -2*sin(M PI/180*deg) *cos (M PI/180*degq);

t[2][0] = -sin(M _PI/180*deg) *cos (M PI/180*deq);

t[2][1] = sin(M_PI/180*deg) *cos (M PI/180*deq);

t[(2][2] = pow(cos(M_PI/lSO*deg),Z) - pow(sin(M_PI/l80*deg),2);
return;

}

void MAT3 copy (int k,double t[3][3],double T[][3][3])
{

int 1i,73;
for(i = 0; 1 < 3; i++)
for(j = 0; 3 < 3; j++)
T(k][i]1 (3] = t[i1([31;
return;

}

void Dot MAT3 (double u[3][3],double v[3][3],double w[3][3])
{

int 1,735

for(i = 0; <

for(j = 0; j <
w[i]l [J] = u
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return;

}

void Dot MAT3 vec3(double u[3][3],double v[3],double w[3])
{

int i;

for(i = 0; 1 < 3; i++)
wl[i] = ul[i][0]*v[0] + ul[il[1]1*v[1] + ul[i]l[2]*v[2];
return;

}

void MAT3_Inverse (double u[3][3],double r[3][3])
{
double DET (double ul3][3]);
void adj (double ul3][3],double r[3]1[3]1);
void MAT3 multip(double u[3][3],double k,double r[3][3]);

int 1i,73;
double temp[3]1[3]1;

adj (u, temp) ;
1if (DET (u) == 0) {
for(i = 0; 1 < 3; i++)
for(j = 0; 3 < 3; j++)
10J1 =0

}else
MAT3 multip (temp,1/DET (u),r);
return;

}

double DET (double ul3]1[31])

{
double temp;

temp = ul0][0]*ull]([1]1*ul2][2] + uwlO][1]1*ull][2]*ul2]1[0] + ulO0][2]*ull][01*ul2][1]
-(u[2][0]*u[1] [1]1*ul0][2] + ul[2][1]*ull][2]*ul0][0] + ul[2]([2]*ull][O0]*u[0][1]);
return (temp) ;

}

void adj (double ul[3][3],double r[3]1[31])

{
void MAT3 T (double a[3][3],double r[3][3]);

void Cof (double a[3][3],double r[3][3]);
double temp[3][3];

Cof (u, temp) ;
MAT3 T (temp,r);
return;

}

void MAT3 T (double a[3][3],double r[3][3])
{

int 1i,73;
for(i = 0; i < 3; i++)
for(j = 0; 3 < 3; j++)
r[i1[J] = al3jllil;
return;

}

void Cof (double a[3][3],double r[3][3])
{

int 1,735

double M[3][3];

M[0][0] = al[ll[ll*al2][2] - al2][1]*all][2];
M[O][1] = a[l][0]*a[2][2] - al[2][0]*all][2];
M[0][2] = a[l][0]*al[2][1] - al2][0])*a[l][1];
M[1]1[0] = al[O][1]l*al2][2] - al2][1]*alO][2];
M[1][1] = alO][0]*al2]([2] - a[2][0]*al[O0][2];
M[1][2] = a[0][0]*a[2][1] - a[2][0]*alO][1];
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M[2][0] = alO0][1]*a[l]([2] - a[l]l[l]l*alO][2];
M[2][1] = a[0]([0]*a[1][2] - all]l([0]*alO]([2];
M[2]1[2] = a[0]1([01*a[1]1([1] - a[l]1([0]1*a[0][1];
for(i = 0; 1 < 3; i++)
for(j = 0; J < 3; Jj++)
r[i][]j] = pow(-1,i+3)*M[i][3];
return;

}

void MAT3 multip(double u[3][3],double k,double r[3][3])
{

int i,73;

for(i = 0; 1 < 3; 1i++4)
for(j = 0; J < 3; j++)

r[i1[J] = k*ulil[J]1;
return;

}

void vec3 plus(double u[3],double v[3],int k,double w[][3])
{

int i;

for(i = 0; 1 < 3; i++)
wlk][1] = u[i] + v[i];
return;

}

/******************************************************************************/

// Finding minimum value
double find min (double a[dy],double a min)
{

int i;

a min=1.0e300;
for(i = 0;1 < dy; i++)
{
if(ali] > 0)
if(a_min > a[i]) a min = a[i];
}
return a_min;

}

/******************************************************************************/
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Tugaaiaumdsain llasamennldussianliauuas lilunin daade

WAY 0.079 hweslugaatiaveaumanday (G, = 0.079E;) wasiimaglugie 0.032 -

0.210 wiheslugdadangumuiday dnsammIdgauadewinnu 0.389 uaziidiad
£ 0.276 - 0.641 eauaaslily Table B.1

Table B.1 Ratios of elastic for some species of softwoods and Hardwoods at 12%
moisture content

Species gzsg; ET/EL ER/E]_ GLR/EL G]_T/E]_ VLR VLT
Softwoods
Baldcypress 0.46 0.039 0.084 0.063 0.054 0.338 0.326
Cedar, northern white 0.31 0.081 0.183 0.210 0.187 0.337 0.340
Cedar, western red 0.32 0.055 0.081 0.087 0.086 0.378 0.296
Douglas-fir 0.46-0.50 0.050 0.068 0.064 0.078 0.292 0.449
Fir, subalpine 0.32 0.039 0.102 0.070 0.058 0.341 0.332
Hemlock, western 0.45 0.031 0.058 0.038 0.032 0.485 0.423
Larch, western 0.52 0.065 0.079 0.063 0.069 0.355 0.276
Pine
Loblolly 0.51 0.078 0.113 0.082 0.081 0.328 0.292
Lodgepole 0.41 0.068 0.102 0.049 0.046 0.316 0.347
Longleaf 0.59 0.055 0.102 0.071 0.060 0.332 0.365
Pond 0.56 0.041 0.071 0.050 0.045 0.280 0.364
Ponderosa 0.40 0.083 0.122 0.138 0.115 0.337 0.400
Red 0.46 0.044 0.088 0.096 0.081 0.347 0.315
Slash 0.59 0.045 0.074 0.055 0.053 0.392 0.444
Sugar 0.36 0.087 0.131 0.124 0.113 0.356 0.349
Western white 0.38 0.038 0.078 0.052 0.048 0.329 0.344
Redwood 0.35-0.40 0.089 0.087 0.066 0.077 0.360 0.346
Spruce, Sitka 0.36 0.043 0.078 0.064 0.061 0.372 0.467
Spruce, Engelmann 0.35 0.059 0.128 0.124 0.120 0.422 0.462
Average 0.432 0.057 0.096 0.082 0.077 0.352 0.365
0.080 0.359
range 0.31-0.59  0.031-0.089  0.058-0.183  0.038-0.210  0.032-0.187 0.280-0.485 0.276-0.467
Hardwoods
Ash, white 0.60 0.080 0.125 0.109 0.077 0.371 0.440
Aspen, quaking 0.38 — — — — 0.489 0.374
Balsa 0.16* 0.015 0.046 0.054 0.037 0.229 0.488
Basswood 0.37 0.027 0.066 0.056 0.046 0.364 0.406
Birch, yellow 0.62 0.050 0.078 0.074 0.068 0.426 0.451
Cherry, black 0.50 0.086 0.197 0.147 0.097 0.392 0.428
Cottonwood, eastern 0.40 0.047 0.083 0.076 0.052 0.344 0.420
Mahogany, African 0.42%* 0.050 0.111 0.088 0.059 0.297 0.641
Mahogany, Honduras — 0.064 0.107 0.066 0.086 0.314 0.533
Maple, sugar 0.63 0.065 0.132 0.111 0.063 0.424 0.476
Maple, red 0.54 0.067 0.140 0.133 0.074 0.434 0.509
Oak, red 0.59-0.69 0.082 0.154 0.089 0.081 0.350 0.448
Oak, white 0.63-0.88 0.072 0.163 0.086 — 0.369 0.428
Sweet gum 0.52 0.050 0.115 0.089 0.061 0.325 0.403
Walnut, black 0.55 0.056 0.106 0.085 0.062 0.495 0.632
Yellow-poplar 0.42 0.043 0.092 0.075 0.069 0.318 0.392
Average 0.503 0.057 0.114 0.089 0.067 0.371 0.467
0.079 0.419
range 0.16-0.88  0.015-0.086  0.046-0.197  0.054-0.147  0.037-0.097 0.229-0.495 0.374-0.641

Source : Forest Products Lab. 1999. Wood Handbook-Wood as as enginering material. Madison, WI : U.S.



176

MANUIN A

= Vi) v 1 <
NIFBRILLUUDNIILIEN l’lﬂ‘U‘lew AIAIINLLYNLLIN gﬂ E!ﬂ

FIBENHAMIFNYMENAUNUANANIUIAEABNNUABIUAIATIAU 50 LUY
MIEENNANFOYBILE N UM TIVG
1. Tatpauaauuy I
1.1 (A NNAUEIEA
HAMIAUINAILADNN AN TN NN U ANNAUTIFANNMTFNNN
2 v ' = o aal ' = o v
I3NAY 1000 A waMIUUUMSEEanNiange 50 mlaaEeamaunnannlumiae

No.: O
Optimal Orientation : [ 31, 28, 25, 21, 16, 10, 1, 172, 169, 153]A
Moment (Nm/m) = 3.2441e+03

No.: 1
Optimal Orientation : [ 31, 28, 25, 21, 16, 10, 1, 173, 169, 153]A
Moment (Nm/m) = 3.2428e+03

No.: 2
Optimal Orientation : [ 31, 28, 25, 21, 16, 10, 1, 174, 167, 153]A
Moment (Nm/m) = 3.2409e+03

No.: 3
Optimal Orientation : [ 31, 28, 25, 21, 16, 10, 180, 167, 162, 154]A
Moment (Nm/m) = 3.2315e+03

No.: 4
Optimal Orientation : [ 149, 152, 155, 159, 164, 170, 180, 11, 20, 26]A
Moment (Nm/m) = 3.2309e+03

No.: 5
Optimal Orientation : [ 149, 152, 155, 159, 164, 170, 180, 11, 20, 26]A
Moment (Nm/m) = 3.2309e+03

No.: 6
Optimal Orientation : [ 150, 153, 156, 160, 165, 172, 1, 9, 21, 18]A
Moment (Nm/m) = 3.2304e+03

No.: 7
Optimal Orientation : [ 150, 153, 156, 160, 165, 172, 1, 8, 22, 18]A
Moment (Nm/m) = 3.2285e+03

No.: 8
Optimal Orientation : [ 30, 27, 24, 20, 15, 8, 178, 160, 157, 177]A
Moment (Nm/m) = 3.2282e+03

No.: 9
Optimal Orientation : [ 30, 27, 24, 20, 15, 8, 178, 159, 158, 177]A
Moment (Nm/m) = 3.2275e+03

No.: 10
Optimal Orientation : [ 30, 27, 24, 20, 15, 8, 178, 174, 164, 148]A
Moment (Nm/m) = 3.2166e+03

No.: 11
Optimal Orientation : [ 150, 152, 155, 159, 164, 171, 0, 15, 15, 15]A
Moment (Nm/m) = 3.2162e+03

No.: 12
Optimal Orientation : [ 30, 28, 25, 21, 16, 9, 179, 164, 165, 157]A



Moment (Nm/m) = 3.2090e+03
No.: 13

Optimal Orientation : [ 30,
Moment (Nm/m) = 3.2076e+03
No.: 14

Optimal Orientation : [ 30,
Moment (Nm/m) = 3.2058e+03
No.: 15

Optimal Orientation : [ 30,
Moment (Nm/m) = 3.2031e+03
No.: 16

Optimal Orientation : [ 151,
Moment (Nm/m) = 3.2029e+03
No.: 17

Optimal Orientation : [ 31,
Moment (Nm/m) = 3.2029e+03
No.: 18

Optimal Orientation : [ 135,
Moment (Nm/m) = 3.2026e+03
No.: 19

Optimal Orientation : [ 152,
Moment (Nm/m) = 3.2011e+03
No.: 20

Optimal Orientation : [ 30,
Moment (Nm/m) = 3.2005e+03
No.: 21

Optimal Orientation : [ 148,
Moment (Nm/m) = 3.1998e+03
No.: 22

Optimal Orientation : [ 30,
Moment (Nm/m) = 3.1994e+03
No.: 23

Optimal Orientation : [ 28,
Moment (Nm/m) = 3.1988e+03
No.: 24

Optimal Orientation : [ 31,
Moment (Nm/m) = 3.1985e+03
No.: 25

Optimal Orientation : [ 28,
Moment (Nm/m) = 3.1977e+03
No.: 26

Optimal Orientation : [ 28,
Moment (Nm/m) = 3.1930e+03
No.: 27

Optimal Orientation : [ 28,
Moment (Nm/m) = 3.1907e+03
No.: 28

Optimal Orientation : [ 28,
Moment (Nm/m) = 3.1876e+03
No.: 29

Optimal Orientation : [ 151,
Moment (Nm/m) = 3.1868e+03
No.: 30

Optimal Orientation : [ 151,

Moment (Nm/m) = 3.1866e+03

177



No.: 31

Optimal Orientation : [ 151, 154, 157,
Moment (Nm/m) = 3.1862e+03

No.: 32

Optimal Orientation : [ 152, 154, 158,
Moment (Nm/m) = 3.1862e+03

No.: 33

Optimal Orientation : [ 29, 27, 23, 19,
Moment (Nm/m) = 3.1861e+03

No.: 34

Optimal Orientation : [ 152, 154, 158,
Moment (Nm/m) = 3.1855e+03

No.: 35

Optimal Orientation : [ 152, 154, 158,
Moment (Nm/m) = 3.1852e+03

No.: 36

Optimal Orientation : [ 29, 27, 23, 19,
Moment (Nm/m) = 3.1845e+03

No.: 37

Optimal Orientation : [ 152, 154, 158,
Moment (Nm/m) = 3.1837e+03

No.: 38

Optimal Orientation : [ 28, 26, 22, 18,
Moment (Nm/m) = 3.1823e+03

No.: 39

Optimal Orientation : [ 152, 155, 158,
Moment (Nm/m) = 3.1821e+03

No.: 40

Optimal Orientation : [ 152, 154, 158,

Moment (Nm/m) = 3.1821e+03

No.: 41
Optimal Orientation : [ 152, 154, 158,
Moment (Nm/m) = 3.1816e+03

No.: 42
Optimal Orientation : [ 152, 154, 158,
Moment (Nm/m) = 3.1803e+03

No.: 43

Optimal Orientation : [ 29, 26, 23, 18,
Moment (Nm/m) = 3.1776e+03

No.: 44

Optimal Orientation : [ 152, 155, 158,
Moment (Nm/m) = 3.1776e+03

No.: 45

Optimal Orientation : [ 152, 155, 158,
Moment (Nm/m) = 3.1769e+03

No.: 46

Optimal Orientation : [ 29, 26, 23, 18,
Moment (Nm/m) = 3.1765e+03

No.: 47

Optimal Orientation : [ 28, 25, 22, 18,
Moment (Nm/m) = 3.1745e+03

No.: 48

Optimal Orientation : [ 28, 25, 22, 18,

Moment (Nm/m) = 3.1744e+03
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No.: 49
Optimal Orientation : [ 149, 151, 154, 157, 162, 169, 32, 20, 10, 18]A
Moment (Nm/m) = 3.1741e+03

No.: 50
Optimal Orientation : [ 151, 154, 157, 21, 167, 174, 6, 8, 9, 35]A
Moment (Nm/m) = 3.1738e+03

J a 4
1.2 inowizesly-Fad
HAaNMIAMIMMIBABNIIM SN MBI lY-FadnnmaguyNEney
1000 @1 WEMILUUMIBENYNNGTIFR 50 alaaEeaarauanninn lumias

Univariate Search

No.: 1

Optimal Orientation : [ 29, 25, 21, 16, 9, 0, 174, 172, 174, 169]A
[ 29, 25, 21, 16, 9, O, -6, -8, -6, -11]A

Moment (Nm/m) = 2.8775e+03

No.: 2

Optimal Orientation : [ 153, 157, 161, 167, 174, 5, 6, 6, 6,
[ -27, -23, -19, -13, -6, 5, 6, 6, 6, 5]A

Moment (Nm/m) = 2.8769e+03

No.: 3

Optimal Orientation : [ 153, 157, 161, 167, 174, 5, 5, 6, 7, 5]A
[ -27, -23, -19, -13, -6, 5, 5, 6, 7, 5]A

Moment (Nm/m) = 2.8769e+03

No.: 4

Optimal Orientation : [ 153, 157, 161, 167, 174, 4, 6, 7, 7, 4]1A
[ =-27, -23, -19, -13, -6, 4, 6, 7, 7, 4]1A

Moment (Nm/m) = 2.8768e+03

No.: 5

Optimal Orientation : [ 153, 157, 1lel, 167, 174, 5, 6, 6, 5, 5]A
[ -27, =23, -19, -13, -6, 5, 5, 6, 5, 5]A

Moment (Nm/m) = 2.8766e+03

No.: 6

Optimal Orientation : [ 27, 23, 19, 13, 6, 175, 175, 175, 172, 175]A
[ 27, 23, 19, 13, 6, -5, -5, -5, -8, -5]A

Moment (Nm/m) = 2.8766e+03

No.: 7

Optimal Orientation : [ 153, 157, 161, 167, 174, 4, 5, 6, 7, 6]A
[ -27, -23, -19, -13, -6, 4, 5, 6, 7, 6]A

Moment (Nm/m) = 2.8764e+03

No.: 8

Optimal Orientation : [ 153, 157, 161, 167, 174, 4, 7, 7, 6, 3]A
[ -27, -23, -19, -13, -6, 4, 7, 7, 6, 3]A

Moment (Nm/m) = 2.8764e+03

No.: 9

Optimal Orientation : [ 149, 152, 156, 161, 167, 175, 6, 11, 11, 6]A
[ -31, -28, -23, -19, -13, -5, 6, 11, 11, 6]A

Moment (Nm/m) = 2.8762e+03

No.: 10

Optimal Orientation : [ 153, 157, 161, 167, 174, 3, 6, 7, 8, 5]A
[ -27, -23, -19, -13, -6, 3, 6, 7, 8, 5]A

Moment (Nm/m) = 2.8761le+03

No.: 11

Optimal Orientation : [ 27, 23, 19, 13, 6, 175, 175, 176, 171, 175]1A
[ 27, 23, 19, 13, 6, -5, -5, -4, -9, -5]A

Moment (Nm/m) = 2.8760e+03

No.: 12



Optimal
Moment

No.: 13
Optimal

Moment

No.: 14
Optimal

Moment

No.: 15
Optimal

Moment

No.: 16
Optimal

Moment

No.: 17
Optimal

Moment

No.: 18
Optimal

Moment

No.: 19
Optimal

Moment

No.: 20
Optimal

Moment

No.: 21
Optimal

Moment

No.: 22
Optimal

Moment

No.: 23
Optimal

Moment

No.: 24
Optimal

Moment

No.: 25
Optimal

Moment

No.: 26
Optimal

Moment

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

180

[ 153, 157, 161, 167, 174, 3, 6, 8, 8, 3]A
[ -27, -23, -19, -13, -6, 3, 6, 8, 8, 3]A
8759e+03
[ 153, 157, 161, 167, 174, 3, 6, 5, 8, 7]A
[ -27, -23, -19, -13, -6, 3, 6, 5, 8, 7]A
8754e+03
[ 153, 157, 161, 167, 174, 5, 5, 5, 4, T]A
[ -27, -23, -19, -13, -6, 5, 5, 5, 4, 7]A
8753e+03
[ 29, 25, 21, 16, 9, 1, 173, 172, 174, 169]A
[ 29, 25, 21, 16, 9, 1, -7, -8, -6, -11]A
8747e+03
[ 153, 157, 161, 167, 174, 2, 7, 9, 7, 3]A
[ -27, -23, -19, -13, -6, 2, 7, 9, 7, 3]1A
8741e+03
[ 149, 152, 156, 161, 167, 175, 7, 7, 17, 12]A
[ -31, -28, -24, -19, -13, -5, 7, 7, 17, 12]A
8724e+03
[ 152, 156, 160, 165, 172, 2, 7, 6, 6, 4]A
[ -29, -24, -20, -15, -8, 2, 7, 6, 6, 4]A
8723e+03
[ 152, 156, 160, 165, 172, 2, 7, 7, 6, 2]A
[ -28, -24, -20, -15, -8, 2, 7, 7, 6, 2]A
8722e+03
[ 152, 156, 160, 165, 172, 1, 5, 6, 5, 2]A
[ -28, -24, -20, -15, -8, 1, 5, 6, 5, 2]A
8718e+03
[ 153, 156, 161, 166, 173, 4, 7, 6, 5, 3]1A
[ -27, -24, -19, -14, -7, 4, 7, 6, 5, 3]A
8717e+03
[ 28, 25, 21, 15, 8, 178, 173, 171, 169, 168]A
[ 28, 25, 21, 15, 8, -2, -7, -9, -11, -12]A
8716e+03
[ 28, 25, 21, 15, 8, 178, 173, 171, 169, 168]A
[ 28, 25, 21, 15, 8, -2, -7, -9, -11, -12]A
8716e+03
[ 28, 25, 21, 15, 8, 178, 173, 171, 169, 168]A
[ 28, 25, 21, 15, 8, -2, -7, -9, -11, -12]A
8716e+03
[ 152, 155, 159, 165, 172, 2, 7, 9, 11, 12]A
[ -28, -25, -21, -15, -8, 2, 7, 9, 11, 12]A
8716e+03
[ 28, 25, 21, 15, 8, 178, 173, 172, 169, 167]A
[ 28, 25, 21, 15, 8, -2, -7, -8, -11, -13]A
8715e+03



No.: 27
Optimal

Moment

No.: 28
Optimal

Moment

No.: 29
Optimal

Moment

No.: 30
Optimal

Moment

No.: 31
Optimal

Moment

No.: 32
Optimal

Moment

No.: 33
Optimal

Moment

No.: 34
Optimal

Moment

No.: 35
Optimal

Moment

No.: 36
Optimal

Moment

No.: 37
Optimal

Moment

No.: 38
Optimal

Moment

No.: 39
Optimal

Moment

No.: 40
Optimal

Moment

No.: 41
Optimal

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation
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[ 153, 157, 161, 167, 174, 3, 4, 5, 4, 11]A
[ -27, -23, -19, -13, -6, 3, 4, 5, 4, 11]A
8714e+03
[ 27, 24, 19, 14, 7, 176, 173, 173, 175, 178]A
[ 27, 24, 19, 14, 7, -4, -7, -7, -15, -12]A
8714e+03
[ 152, 156, 160, 165, 172, 1, 7, 6, 5, 2]A
[ -28, -24,-20, -15, -8, 1, 7, 6, 5, 2]A
8714e+03
[ 28, 25, 21, 15, 8, 178, 172, 171, 170, 168]A
[ 28, 25, 21, 15, 8, -2, -8, -9, -10, -12]A
8713e+03
[ 152, 155, 159, 165, 172, 2, 8, 9, 10, 12]A
[ -28, -25, -21, -15, -8, 2, 8, 9, 10, 12]A
8713e+03
[ 28, 25, 21, 15, 8, 178, 172, 171, 171, 168]A
[ 28, 25, 21, 15, 8, -2, -8, -9, -9, -12]A
8712e+03
[ 150, 153, 157, 162, 168, 177, 9, 13, 10, 5]a
[ -30, -27, -23, -18, -12, -3, 9, 13, 10, 5]A
8710e+03
[ 27, 24, 19, 14, 7, 176, 172, 175, 175, 178]A
[ 27, 24, 19, 14, 7, -4, -8, -5, -5, -12]A
8709e+03
[ 28, 25, 21, 15, 8, 178, 172, 171, 172, 167]A
[ 28, 25, 21, 15, 8, -2, -8, -9, -8, -13]A
8709e+03
[ 152, 155, 159, 165, 172, 2, 8, 9, 8, 13]A
[ -28, -25, -21, -15, -8, 2, 8, 9, 8, 13]A
8709e+03
[ 149, 152, 156, 161, 167, 175, 5, 7, 11, 14]A
[ 28, 25, 21, 15, 8, -2, -8, -9, -10, -12]A
8709e+03
[ 30, 27, 23, 18, 12, 3, 172, 171, 169, 169]A
[ 30, 27, 23, 18, 12, 3, -8, -9, -11, -11]A
8708e+03
[ 150, 153, 157, 162, 168, 177, 8, 9, 11, 11]A
[ -30, -27, -23, -18, -12, -3, 8, 9, 11, 11]A
8708e+03
[ 150, 153, 157, 162, 168, 177, 8, 13, 12, 4]A
[ -30, -27, -23, -18, -12, -3, 8, 13, 12, 4]A
8707e+03
[ 28, 25, 21, 15, 8, 178, 173, 174, 168, 166]A



[ 28, 2
Moment (Nm/m) = 2.8706e+03
No.: 42
Optimal Orientation : [ 150,
[ =30,
Moment (Nm/m) = 2.8705e+03
No.: 43
Optimal Orientation : [ 28,
[ 28, 2
Moment (Nm/m) = 2.8703e+03
No.: 44
Optimal Orientation : [ 150,
[ _301
Moment (Nm/m) = 2.8702e+03
No.: 45
Optimal Orientation [ 30,
[ 30, 2
Moment (Nm/m) = 2.8702e+03
No.: 46
Optimal Orientation [ 150,
[ _307
Moment (Nm/m) = 2.8701e+03
No.: 47
Optimal Orientation : [ 150,
[ =30,
Moment (Nm/m) = 2.8700e+03
No.: 48
Optimal Orientation : [ 150,
[ _301
Moment (Nm/m) = 2.8699e+03
No.: 49
Optimal Orientation : [ 150,
[ _301
Moment (Nm/m) = 2.8699e+03
No.: 50
Optimal Orientation [ 28,
[ 28, 2
Moment (Nm/m) = 2.8698e+03

5, 21, 15, 8, -2, -8, -9, -10, -12]A
153, 157, 162, 168, 177, 9, 9, 9,
-27, -23, -18, -12, -3, 9, 9, 9, 12]A
25, 21, 15, 8, 178, 171, 170, 170,

5, 21, 15, 8, -2, -9, -10, -10, 85]A
153, 157, 162, 168, 177, 8, 9, 10,
-27, -23, -18, -12, -3, 8, 9, 10, 12]A
27, 23, 18, 12, 3, 173, 170, 169,

7, 23, 18, 12, 3, -7, -10, -11, -11]A
153, 157, 162, 168, 177, 8, 14, 11,
-27, -23, -18, -12, -3, 8, 14, 11, 4]a
153, 157, 162, 168, 177, 9, 14, 10,
-27, -23, -18, -12, -3, 9, 14, 10, 4]A
153, 157, 162, 168, 177, 9, 9, 8,
-27, -23, -18, -12, -3, 9, 9, 8, 13]A
153, 157, 162, 168, 177, 9, 9, 8,
-27, -23, -18, -12, -3, 9, 9, 8, 13]A
25, 21, 15, 8, 178, 172, 173, 173,

5, 21, 15, 8, -2, -8, -7, -7, -16]A

169]A

12]1A

85]A

13]1A

13]1A

164]1A
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2. Tataauaauuy 11

2.1 NUAANNAUGIFD

HAMIAIUINAILADNNANDTINNNUTANNAUTIFANNMTFNNN
(3H61U 1000 M UFAILUUMSEENYNTIANEa 50 mlagEesdraunninnlimise

Univariate Search

No.: 1

Optimal Orientation : [ 155,
Moment (Nm/m) = 3096.17
No.: 2

Optimal Orientation : [ 155,
Moment (Nm/m) = 3096.17
No.: 3

Optimal Orientation : [ 155,
Moment (Nm/m) = 3096.17
No.: 4

Optimal Orientation : [ 155,

162,

162,

162,

162,



Moment (Nm/m) =
No.: 5

Optimal Orientation
Moment (Nm/m) =

No.: 6
Optimal Orientation
Moment (Nm/m) =

No.: 7
Optimal Orientation
Moment (Nm/m) =

No.: 8
Optimal Orientation
Moment (Nm/m) =

No.: 9
Optimal Orientation
Moment (Nm/m) =

No.: 10
Optimal Orientation
Moment (Nm/m) =

No.: 11
Optimal Orientation
Moment (Nm/m) =

No.: 12
Optimal Orientation
Moment (Nm/m) =

No.: 13
Optimal Orientation
Moment (Nm/m) =

No.: 14
Optimal Orientation
Moment (Nm/m) =

No.: 15
Optimal Orientation
Moment (Nm/m) =

No.: 16
Optimal Orientation
Moment (Nm/m) =

No.: 17
Optimal Orientation
Moment (Nm/m) =

No.: 18
Optimal Orientation
Moment (Nm/m) =

No.: 19
Optimal Orientation
Moment (Nm/m) =

No.: 20
Optimal Orientation
Moment (Nm/m) =

No.: 21
Optimal Orientation
Moment (Nm/m) =

No.: 22
Optimal Orientation
Moment (Nm/m) =

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

17

[ 155,
17

[ 155,
17

[ 155,
17

[ 155,
17

[ 155,
17

[ 155,
17

[ 155,
17

[ 155,
17

[ 155,
17

22,

22,

22,

22,

18,

18,

18,

18,

162,

162,

162,

162,

162,

162,

162,

162,

162,

162,

162,

162,

162,

162,

14,

14,

14,

14,

172,

172,

172,

172,

0]A

0]A

0]A

0]A

0]A

0]A

0]A

0]A

0]A
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No.: 23
Optimal Orientation
Moment (Nm/m) =

No.: 24
Optimal Orientation
Moment (Nm/m) =

No.: 25
Optimal Orientation
Moment (Nm/m) =

No.: 26
Optimal Orientation
Moment (Nm/m) =

No.: 27
Optimal Orientation
Moment (Nm/m) =

No.: 28
Optimal Orientation
Moment (Nm/m) =

No.: 29
Optimal Orientation
Moment (Nm/m) =

No.: 30
Optimal Orientation
Moment (Nm/m) =

No.: 31
Optimal Orientation
Moment (Nm/m) =

No.: 32
Optimal Orientation
Moment (Nm/m) =

No.: 33
Optimal Orientation
Moment (Nm/m) =

No.: 34
Optimal Orientation
Moment (Nm/m) =

No.: 35
Optimal Orientation
Moment (Nm/m) =

No.: 36
Optimal Orientation
Moment (Nm/m) =

No.: 37
Optimal Orientation
Moment (Nm/m) =

No.: 38
Optimal Orientation
Moment (Nm/m) =

No.: 39
Optimal Orientation
Moment (Nm/m) =

No.: 40
Optimal Orientation
Moment (Nm/m) =

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

3096.

[ 25,

22,

22,

22,

22,

22,

22,

22,

22,

22,

22,

22,

22,

22,

22,

22,

22,

22,

22,

18,

18,

18,

18,

18,

18,

18,

18,

18,

18,

18,

18,

18,

18,

18,

18,

18,

18,

14,

14,

14,

14,

14,

14,

14,

14,

14,

14,

14,

14,

14,

14,

14,

14,

14,

14,

184



185

No.: 41

Optimal Orientation : [ 25, 22, 18, 14, 8, 0, 0, 0, 0, O]A
Moment (Nm/m) = 3096.17

No.: 42

Optimal Orientation : [ 25, 22, 18, 14, 8, 0, 0, 0, 0, O]A
Moment (Nm/m) = 3096.17

No.: 43

Optimal Orientation : [ 25, 22, 18, 14, 8, 0, 0, 0, 0, O]A
Moment (Nm/m) = 3096.17

No.: 44

Optimal Orientation : [ 25, 22, 18, 14, 8, 0, 0, 0, 0, 0]A
Moment (Nm/m) = 3096.17

No.: 45

Optimal Orientation : [ 25, 22, 18, 14, 8, 0, 0, 0, 0, 0]A
Moment (Nm/m) = 3096.17

No.: 46

Optimal Orientation : [ 155, 158, 162, 167, 173, 0, 0, 0, 0, 0]A
Moment (Nm/m) = 3086.5

No.: 47

Optimal Orientation : [ 155, 158, 162, 167, 173, 0, 0, 0, 0, 0]A
Moment (Nm/m) = 3086.5

No.: 48

Optimal Orientation : [ 155, 158, 162, 167, 173, 0, 0, 0, 0, O]A
Moment (Nm/m) = 3086.5

No.: 49

Optimal Orientation : [ 155, 158, 162, 167, 173, 0, 0, 0, 0, 0]A
Moment (Nm/m) = 3086.5

No.: 50

Optimal Orientation : [ 155, 158, 162, 167, 173, 0, 0, 0, 0, O]A
Moment (Nm/m) = 3086.5

2.2 inowizesly-Fad
MM IAMINUMEADNTINBSMNN TR lg-Fadanmsguauiaaau
1000 M wEMLUUMILEENaNGTge 50 alagEasdaunninnliviias

Univariate Search

No.: 1

Optimal Orientation : [ 26, 22, 18, 12, 5, 0, 0, 0, 0, 0]A
Moment (Nm/m) = 2.8426e+03

No.: 2

Optimal Orientation : [ 154, 158, 162, 168, 175, 0, 0, 0, 0, O]A
Moment (Nm/m) = 2.8426e+03

No.: 3

Optimal Orientation : [ 26, 22, 18, 12, 5, 0, 0, 0, 0, 0]A
Moment (Nm/m) = 2.8426e+03

No.: 4

Optimal Orientation : [ 26, 22, 18, 12, 5, 0, 0, 0, 0, 0]A
Moment (Nm/m) = 2.8426e+03

No.: 5

Optimal Orientation : [ 154, 158, 162, 168, 175, 0, 0, 0, 0, OJ]A
Moment (Nm/m) = 2.8426e+03

No.: 6

Optimal Orientation : [ 154, 158, 162, 168, 175, 0, 0, 0, 0, O]A
Moment (Nm/m) = 2.8426e+03
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No.: 7
Optimal
Moment

No.: 8
Optimal
Moment

No.: 9
Optimal
Moment

No.: 10
Optimal
Moment

No.: 11
Optimal
Moment

No.: 12
Optimal
Moment

No.: 13
Optimal
Moment

No.: 14
Optimal
Moment

No.: 15
Optimal
Moment

No.: 16
Optimal
Moment

No.: 17
Optimal
Moment

No.: 18
Optimal
Moment

No.: 19
Optimal
Moment

No.: 20
Optimal
Moment

No.: 21
Optimal
Moment

No.: 22
Optimal
Moment

No.: 23
Optimal
Moment

No.: 24
Optimal
Moment

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

[ 154,
8426e+03

[ 154,
8426e+03

[ 154,
8426e+03

[ 154,
8426e+03

[ 26,
8426e+03

[ 154,
8426e+03

[ 26,
8426e+03

[ 26,
8426e+03

[ 154,
8426e+03

[ 154,
8426e+03

[ 154,
8426e+03

[ 154,
8426e+03

[ 154,
8426e+03

[ 24,
8403e+03

[ 24,
8403e+03

[ 24,
8403e+03

[ 24,
8403e+03

: [ 24,
8403e+03

22,

22,

22,

20,

20,

20,

20,

20,

158,

158,

158,

158,

158,

158,

158,

18,

18,

18,

162,

162,

162,

162,

162,

162,

162,

162,

162,

162,

12,

12,

12,

175,

0]A

0]A

0]A

0]A

0]A

0]A

0]A

0]A

0]A

0]A

0]A



No.: 25
Optimal
Moment

No.: 26
Optimal
Moment

No.: 27
Optimal
Moment

No.: 28
Optimal
Moment

No.: 29
Optimal
Moment

No.: 30
Optimal
Moment

No.: 31
Optimal
Moment

No.: 32
Optimal
Moment

No.: 33
Optimal
Moment

No.: 34
Optimal
Moment

No.: 35
Optimal
Moment

No.: 36
Optimal
Moment

No.: 37
Optimal
Moment

No.: 38
Optimal
Moment

No.: 39
Optimal
Moment

No.: 40
Optimal
Moment

No.: 41
Optimal
Moment

No.: 42
Optimal
Moment

No.: 43

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

. [ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 24, 20,
8403e+03

[ 156, 160,

8403e+03

[ 156, 160,

8403e+03

15,

15,

15,

15,

15,

15,

15,

15,

15,

15,

15,

15,

15,

15,

15,

15,

165,

165,

171, 179, O,

171, 179, O,

01Aa

01Aa

(Op:N

0]A

187



Optimal
Moment

No.: 44
Optimal
Moment

No.: 45
Optimal
Moment

No.: 46
Optimal
Moment

No.: 47
Optimal
Moment

No.: 48
Optimal
Moment

No.: 49
Optimal
Moment

No.: 50
Optimal
Moment

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

Orientation

(Nm/m) = 2.

[ 156,
8403e+03

[ 156,
8403e+03

[ 156,
8403e+03

[ 156,
8403e+03

[ 156,
8403e+03

[ 156,
8403e+03

[ 156,
8403e+03

[ 156,
8403e+03

160,

160,

160,

165,

165,

165,

165,

165,

165,

165,

165,

171,

171,

171,

171,

171,

171,

171,

171,

179,

179,

0]A

0]A

0]A

0]A

0]A
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Table D.1 Stress in each layer at optimum orientation [31°, 28°, 25°, 21°, 16°, 10°, 1°,
-8°, -11°, -27°]4 by Maximum Stress Criterion (MSC)

Layer Maximum Stress Criterion (MPa)
(distance from

N.A)) O1 02 T12 Ox Oy Oxy
1 (z=-10mm) | -34.63 -2.02 11.47 -36.10 -0.54 -9.01
2(z= -9mm) | -35.68 -1.59 10.35 -36.75 -0.53 -8.34
3(z= -8mm) | -35.44 -1.23 9.25 -36.41 -0.26 -7.16
4(z= -7Tmm) | -35.72 -0.84 8.09 -36.65 0.09 -5.66
5(z= -6 mm) | -35.89 -0.46 6.88 -36.85 0.49 -3.55
6(z= -5mm) | -35.44 -0.11 5.66 -36.31 0.76 -0.72
7(z= -4mm) | -35.89 0.28 4.20 -36.02 0.42 3.57
8(z= -3mm) | -33.67 0.55 3.00 -32.18 -0.94 7.60
9(z= -2mm) | -26.75 0.58 2.95 -24.65 -1.52 7.85
10 (z=-1 mm) | -26.60 0.94 1.51 -19.71 -5.95 12.03

Table D.2 Stress in each layer at optimum orientation [29°, 25°, 21°, 16°, 9°, 0°, -6°,
-8°, -6°, -11°]4 by Tsai-Hill Criterion (THC)

Layer Tsai-Hill Criterion (MPa)
(distance from

N.A) Gl G2 112 Ox Gy Gxy
1 (z=-10mm) | -29.55 -1.16 8.69 -30.24 -0.47 -7.43
2(z=-9mm) | -31.77 -0.79 7.70 -32.13 -0.43 -6.92
3(z= -8mm) | -32.58 -0.49 6.70 -32.95 -0.12 -5.76
4(z= -Tmm) | -33.31 -0.19 5.64 -33.78 0.28 -3.99
5(z= -6 mm) | -34.40 0.13 4.40 -34.91 0.64 -1.15
6 (z= -5mm) | -34.65 0.40 2.99 -34.65 0.40 2.99
7(z= -4mm) | -31.09 0.49 2.23 -30.28 -0.32 5.46
8(z= -3mm) | -25.26 0.46 2.18 -24.16 -0.64 5.64
9(z= -2mm) | -17.46 0.34 2.58 -16.73 -0.39 4.37
10(z=-1 mm) | -13.44 0.40 2.46 -12.01 -1.02 4.87
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MENUIN 2

KA INAFaULLIAY

NamsnadauLlaaduuLaalilu Table E.1 — Table E.10 lasauiansnagau
aantlu 3 msmaau’lmj qﬁa

1. MINAFDUNMIAN
1.1 msmaaumsﬁqmmgﬂu Table E.1 — Table E.2
1.2 mswmaaunﬁﬁqé'?qmﬂl,?;ﬂu Table E.3 — Table E.4
2. MINAFIUM TN
2.1 msmaaumsé’ﬂmmﬁyﬂu Table E.5 — Table E.6
2.2 msmaaumsé’wﬁ%mmﬁyﬂu Table E.7 — Table E.8
3. MINAFaUMIANFDH waadlu Table E.9 — Table E.10



Tensile Test
Table E.1 Specific gravity determination of specimen in tensile test along grain direction

m my MC t ty tave 1, lave Wi Ws Wave Density
Sample . 3 SG
(2 (@ | (%) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (g/mm’)
xv1Pa 13.03 | 12.02 | 8.40 6.80 6.85 6.83 50.70 | 50.80 | 50.75 | 43.40 | 44.40 | 43.90 0.859 0.793
xv2/1Pa 10.51 | 9.65 | 891 6.70 6.80 6.75 50.75 | 50.85 | 50.80 | 43.85 | 44.75 | 44.30 0.696 0.639
xv3/2Pa 12.32 | 11.34 | 8.64 6.65 6.70 6.68 50.25 | 50.85 | 50.55 | 44.55 | 42.85 | 43.70 0.834 0.767
x1/2Pa 1347 | 1241 | 854 6.65 6.60 6.63 50.55 | 50.35 | 50.45 | 51.80 | 51.45 | 51.63 0.779 0.718
x2/1Pa 13.82 | 12.73 | 8.56 6.65 6.55 6.60 50.50 | 50.70 | 50.60 | 53.55 | 53.30 | 53.43 0.767 0.707
x3/1Pa 129 | 11.89 | 8.49 6.55 6.75 6.65 51.25 | 51.15 | 51.20 | 43.80 | 44.55 | 44.18 0.872 0.803
v1/2Pa 1323 | 122 | 8.44 6.85 6.65 6.75 49.80 | 49.60 | 49.70 | 46.85 | 47.00 | 46.93 0.830 0.765
v2/2Pa 13.79 | 12.72 | 8.4l 7.00 7.00 7.00 50.85 | 50.55 | 50.70 | 45.30 | 44.30 | 44.80 0.870 0.802
v3/2Pa 1296 | 11.96 | 8.36 6.85 6.85 6.85 50.95 | 50.55 | 50.75 | 44.80 | 44.30 | 44.55 0.840 0.775
Table E.2 Results from tensile test along grain direction
. 0 . ' 1
Thickness | Width Area Max Load Deflection at Stress at % Strain Stiffness Young's Load at Deflection
Sample (mm) (mm) (mmz) N) Max Load Max Load at Max (MN/m) Modulus Break at Break
(mm) (MPa) Load (MPa) (N) (mm)
xv1Pa 6.90 39.08 | 269.62 15833.77 7.204 60.277 14.18 13.075 2528.57 11083.64 7.252
xv2/1Pa 6.93 39.30 | 272.15 13601.84 3.700 50.442 7.28 12.566 2367.24 9521.29 3.814
xv3/2Pa 6.85 38.98 | 266.98 15213.81 3.296 57.944 6.49 14.250 2757.14 10649.67 3.428
x1/2Pa 6.85 3845 | 263.38 10973.04 3.294 41.662 6.48 11.647 2246.38 7681.13 3.320
x2/1Pa 6.70 37.10 | 248.57 9413.286 2.621 37.870 5.16 10.925 2232.75 6589.30 2.692
x3/1Pa 6.78 38.45 | 260.50 11790.47 3.522 45.261 6.93 10.269 2002.60 8253.33 3.550
v1/2Pa 7.00 38.15 | 267.05 10668.32 2.825 39.949 5.56 12.054 2292.95 7467.83 2.849
v2/2Pa 7.03 38.88 | 273.10 9190.759 2.519 33.650 4.96 12.158 2261.28 6433.53 2.652
v3/2Pa 7.00 38.95 | 272.65 11538.95 3.146 42.321 6.19 13.364 2489.94 8077.26 3.359
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Table E.3 Specific gravity determination of specimen in tensile test perpendicular to grain direction

m; my MC 4 t tave 11 12 lave W1 W» Wave Density
Sample . 3 SG
(€9) () (%) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (g/mm’)

xv1/1Pe 9.10 8.4 8.33 6.35 6.40 6.38 42.50 42.75 42.63 38.40 38.35 38.38 0.873 0.806

xv2/2Pe | 6.10 5.62 854 | 6.75 6.50 6.63 38.70 38.95 38.83 34.75 34.80 | 34.78 0.682 0.615

xv3/1Pe 8.81 8.15 8.10 6.25 6.10 6.18 42.25 42.80 42.53 38.50 38.35 38.43 0.873 0.793

x1/1Pe 6.04 5.59 8.05 6.80 | 6.80 6.80 38.70 38.50 38.60 27.85 27.75 | 27.80 0.828 0.768

x2/2Pe 7.08 6.52 859 | 6.65 6.65 6.65 36.50 36.70 36.60 37.95 38.10 | 38.03 0.765 0.703

x3/2Pe 7.29 6.74 8.16 | 645 6.60 6.53 38.30 38.55 38.43 36.75 36.00 | 36.38 0.799 0.745

v1/1Pe | 10.31 9.5 8.53 690 | 6.90 6.90 44.15 44.35 44.25 38.55 38.50 | 38.53 0.877 0.806

v2/1Pe 7.89 7.29 8.23 6.35 6.70 6.53 38.90 38.65 38.78 33.20 32.10 | 32.65 0.955 0.910

v3/1Pe 7.64 7.05 837 | 6.80 | 6.80 6.80 36.80 37.55 37.18 33.65 35.05 | 34.35 0.880 0.804

Table E.4 Results from tensile test perpendicular to grain direction
. . Deflection at Stress at % Strain . Young's Load at Deflection
Sample Th(lrill;l; s \(ﬁigl (gfl%) Ma?l\lf)oad Max Load Max Load at Max ?&fNﬁ}fﬁ)s Modulus Break at Break
(mm) (MPa) Load (MPa) N) (mm)

xv1/1Pe 6.90 39.55 | 272.90 293.55 0.533 1.076 1.05 4.767 887.33 - -
xv2/2Pe 6.65 38.625 | 256.86 225.51 0.722 0.878 1.42 1.456 287.85 - -
xv3/1Pe 6.175 38.475 | 237.58 327.52 0.820 1.378 1.61 1.078 230.47 229.26 0.878
x1/1Pe 6.675 38.55 | 257.32 219.85 0.721 0.854 1.42 1.448 285.83 - -
x2/2Pe 6.575 38 249.85 315.66 0.895 1.263 1.76 1.014 206.09 220.96 0.931
x3/2Pe 6.425 37.625 | 241.74 328.19 0.798 1.357 1.57 1.290 270.99 229.73 0.809
v1/1Pe 6.825 38.75 | 264.47 604.53 1.056 2.286 2.08 1.938 372.33 423.17 1.089
v2/1Pe 6.55 38.975 | 255.29 523.77 0.958 2.051 1.89 1.701 338.47 366.64 1.054
v3/1Pe 6.70 37.7 252.59 583.24 0.955 2.309 1.88 1.597 321.23 408.27 1.032

6l



Compressive Test
Table E.5 Specific gravity determination of specimen in compressive test along grain direction

m my MC t ty tave I, 1, lave Wi Ws Wave Density
Sample . 3 SG
(2 (@ | (%) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (g/mm’)
xv1Pa 29.68 |27.50 | 7.93 | 78.65 | 20.85 | 20.90 | 20.90 | 20.88 | 20.75 | 21.00 | 21.95 | 21.23 0.851 0.789
xv2Pa 2735 (2521 849 | 78.55 | 2090 | 21.00 | 20.80 | 20.90 | 21.00 | 21.25 | 21.05 | 21.10 0.790 0.728
xv3Pa 31.03 | 28.73 | 801 | 7850 | 21.00 | 21.05 | 2095 | 21.00 | 20.80 | 21.10 | 21.05 | 20.98 0.897 0.831
x1Pa 28.08 | 2590 | 842 | 8045 | 21.25 | 21.25 | 2090 | 21.13 | 20.75 | 21.05 | 20.95 | 20.92 0.790 0.728
x2Pa 28.53 [ 2631 | 844 | 78.55 | 21.05 | 21.05 | 20.85 | 20.98 | 21.15 | 21.30 | 21.15 | 21.20 0.816 0.753
x3Pa 29.74 |27.48 | 822 | 7855 | 21.25 | 21.15 | 21.10 | 21.17 | 20.80 | 20.10 | 20.05 | 20.32 0.880 0.814
v1Pa 29.50 |27.28 | 8.14 | 78.50 | 21.30 | 2145 | 21.60 | 2145 | 2145 | 21.40 | 21.85 | 21.57 0.812 0.751
v2Pa 29.05 |26.84| 823 | 7850 | 21.15 | 21.20 | 21.25 | 21.20 | 21.25 | 21.30 | 20.95 | 21.17 0.825 0.762
v3Pa 28.78 | 26.54 | 844 | 78.55 | 20.80 | 20.95 | 20.80 | 20.85 | 20.75 | 21.10 | 21.00 | 20.95 0.839 0.774
Table E.6 Results from compressive test along grain direction
. . Deflection at . Young's Load at Stress at Stress at
Sample Igglgn};t \(NI;?I:})I B(r:;lz:;l;h (ﬁi‘;‘) Max Load Max Load ?&%}fﬁ)s Modulus Break Break Maximum Load
(mm) (MPa) (N) (MPa) (MPa)
XVI1-Pa 78.65 20.88 20.23 422.40 20.219 1.046 33.658 6267.035 47.866
XV2-Pa 78.55 20.90 21.11 441.20 16.807 1.032 31.296 5571.812 8.4036 19.0473 38.095
XV3-Pa 78.55 21.00 20.98 440.58 22.699 1.002 42.102 7506.245 11.3494 25.7602 51.520
X1-Pa 82.60 21.13 20.92 442.04 17.623 0.995 34.296 6408.588 12.3363 27.9077 39.868
X2-Pa 78.55 20.98 21.20 444.78 17.395 0.836 37.552 6631.838 12.1763 27.3762 39.109
X3-Pa 78.55 21.17 20.31 429.96 18.028 0.917 36.844 6730.980 12.6196 29.3505 41.929
V1-Pa 78.50 2145 21.57 462.68 17.243 0.879 35.357 5998.810 - - 37.267
V2-Pa 78.50 21.20 21.17 448.80 16.899 0.897 33.120 5792.927 11.8292 26.3572 37.653
V3-Pa 78.55 20.85 20.95 436.81 16.866 0.841 33.679 6056.462 11.8063 27.0286 38.612
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Table E.7 Specific gravity determination of specimen in compressive test perpendicular to grain direction

m; my MC t t) tave 11 12 lave Wi W» Wave Density
Sample . 3 SG
(2 (@ | o) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (g/mm’)
xv1Pe 39.03 [36.11 | 8.09 | 81.85 | 21.80 | 21.00 | 21.90 | 21.57 | 21.70 | 22.15 | 22.30 | 22.05 1.003 0.928
xv2Pe 32.54 (2998 | 8.54 | 82.75 | 21.90 | 22.10 | 22.10 | 22.03 | 21.65 | 21.65 | 21.45 | 21.58 0.827 0.762
xv3Pe 3223 [29.76 | 8.30 | 81.65 | 21.85 | 22.00 | 21.90 | 21.92 | 21.00 | 21.10 | 20.90 | 21.00 0.858 0.792
x1Pe 2949 |27.18 | 850 | 82.80 | 21.20 | 21.30 | 21.05 | 21.18 | 21.10 | 21.25 | 21.30 | 21.22 0.792 0.730
x2Pe 30.10 [ 28.16 | 6.89 | 82.70 | 21.20 | 21.30 | 21.40 | 21.30 | 21.35 | 21.75 | 21.90 | 21.67 0.789 0.738
x3Pe 3293 [3043 | 822 | 82.60 | 21.10 | 21.15 | 21.15 | 21.13 | 21.35 | 21.35 | 21.35 | 21.35 0.884 0.817
viPe 26.35 | 2429 | 848 | 8295 | 20.70 | 20.65 | 20.55 | 20.63 | 20.15 | 20.70 | 20.60 | 20.48 0.752 0.693
v2Pe 3272 [30.23 | 824 | 83.25 | 21.00 | 20.95 | 21.00 | 20.98 | 21.45 | 21.20 | 20.85 | 21.17 0.885 0.818
v3Pe 33.06 [30.49 | 843 | 82.95 | 22.15 | 2195 | 2130 | 21.80 | 2290 | 21.80 | 21.65 | 22.12 0.827 0.762
Table E.8 Results from compressive test perpendicular to grain direction
. . Deflection at . Young's Load at Stress at Stress at
Sample P(Ir?rgn};t \(Y;?;;l B(r;e;;l;h (ﬁrgzl) Max Load Max Load ?;;[flf]rfs)s Modulus Break Break Maximum Load
(mm) (MPa) N) (MPa) (MPa)
XV1-Pe 81.85 21.57 22.05 475.62 8.530 3.511 5.312 914.209 4.2652 8.9677 17.935
XV2-Pe 82.75 22.03 21.58 475.41 5.151 3.750 2.733 475.662 2.5757 5.4180 10.836
XV3-Pe 78.55 21.90 21.00 459.90 5.017 3.975 2.536 433.077 3.5122 7.6369 10910
X1-Pe 82.80 | 21.18 21.22 449.44 4.022 3.209 3.029 558.110 2.8151 6.2635 8.948
X2-Pe 82.70 | 21.30 21.67 461.57 3.803 2.809 2.136 382.763 - - 8.239
X3-Pe 82.60 | 21.13 21.35 451.13 5.771 4.386 3.120 571.229 4.0396 8.9545 12.792
V1-Pe 82.95 20.63 20.48 422.50 3.045 2.677 2.101 412.428 - - 7.207
V2-Pe 83.25 21.17 20.98 444.15 5.629 3.675 3.369 631.440 3.9401 8.8712 12.673
V3-Pe 82.95 21.80 22.12 482.22 5.364 3.934 3.116 536.094 3.7546 7.7862 11.123
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Bending Test
Table E.9 Specific gravity determination of specimen in bending test

W1 W2 Wave L1 Lz Lave t t tave my my Density MC
Sample 3 SG
(mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (g (g |[(gmm) (%)

xvl 50.35 49.80 50.08 50.80 50.75 50.78 22.40 22.25 22.33 46.81 43.2 824.66 8.356481 0.761064
xv2 50.40 50.10 50.25 50.80 50.85 50.83 22.10 22.25 22.18 41.10 37.9 725.71 8.443272 0.66921
xv3 50.35 50.05 50.20 51.10 51.20 S1.15 22.55 22.70 22.63 45.32 41.8 780.10 8.421053 0.719512
x1 50.70 50.85 50.78 49.85 51.40 50.63 22.30 22.25 22.28 42.25 38.98 737.89 8.388917 0.680784
x2 50.45 50.15 50.30 50.80 51.00 50.90 22.55 21.90 22.23 44.84 41.39 788.02 8.335347 0.727391
x3 50.30 50.55 5043 50.95 50.60 50.78 22.15 22.05 22.10 42.48 39.23 750.75 8.284476 0.693314
vl 50.45 50.35 50.40 51.05 50.95 51.00 22.00 22.00 22.00 47.63 43.98 842.28 8.299227 0.777735
v2 50.40 50.45 50.43 50.70 50.80 50.75 22.60 22.45 22.53 49.31 45.54 855.44 8.278437 0.790035
v3 50.40 50.05 50.23 50.60 50.75 50.68 22.15 22.25 22.20 44.48 40.97 787.22 8.567244 0.725102
xv20L1 50.65 50.45 50.55 50.80 50.95 50.88 20.40 20.35 20.38 48.19 44.91 919.67 7.303496 0.857077
xv20L2 50.00 50.00 50.00 50.30 50.80 50.55 20.35 20.30 20.33 45.93 42.71 894.08 7.539218 0.831396
xv20L3 50.00 50.60 50.30 50.55 50.50 50.53 20.35 20.20 20.28 45.23 42.14 871.79 7.332701 0.817823
x20L1 49.80 49.75 49.78 50.60 50.60 50.60 21.20 21.20 21.20 45.80 42.56 857.76 7.612782 0.797084
x20L2 49.80 50.25 50.03 50.40 50.15 50.28 20.30 20.35 20.33 49.50 46.05 968.36 7.491857 0.900865
x20L3 48.80 49.40 49.10 49.55 50.25 49.90 20.30 20.35 20.33 41.29 38.4 829.15 7.526042 0.771114
v20L1 49.60 50.00 49.80 50.25 50.40 50.33 20.30 20.30 20.30 41.36 38.71 812.96 6.845776 0.760876
v20L2 49.90 50.20 50.05 50.65 50.40 50.53 20.65 20.40 20.53 40.65 37.59 783.19 8.140463 0.724234
v20L3 50.45 50.50 50.48 50.40 49.75 50.08 20.15 20.45 20.30 42.07 39.01 819.93 7.844143 0.760296
xv10L1 49.70 49.60 49.65 50.45 50.50 50.48 20.25 20.45 20.35 42.18 39.24 827.08 7.492355 0.76943
xv10L2 50.60 50.35 50.48 50.25 49.95 50.10 20.40 20.25 20.33 41.66 38.75 810.54 7.509677 0.753923
xv10L3 49.55 50.00 49.78 50.20 50.75 50.48 20.25 20.15 20.20 43.40 40.38 855.17 7.47895 0.79566
x10L1 49.80 50.25 50.03 50.35 50.35 50.35 20.25 20.30 20.28 43.71 40.64 855.92 7.554134 0.795804
x10L2 50.10 49.85 49.98 50.45 50.35 50.40 20.25 20.30 20.28 45.57 4231 892.35 7.705034 0.828512
x10L3 49.25 49.25 49.25 50.55 50.40 50.48 20.25 20.30 20.28 45.18 42.04 896.40 7.469077 0.834102
v10L1 50.15 50.20 50.18 50.60 49.65 50.13 20.45 20.35 20.40 38.82 3591 756.63 8.103592 0.699912
v10L2 49.45 50.20 49.83 50.50 50.55 50.53 20.20 20.20 20.20 40.16 37.17 789.75 8.044122 0.73095
v10L3 50.25 50.10 50.18 50.60 50.45 50.53 20.20 20.25 20.23 41.38 38.46 807.06 7.592304 0.750114
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Table E.10 Results from bending test

. . 0.1 (FMAX) 0'4(FMAX) Chord
Sample Deep | Width FI‘I{?X St;am@ 1;\/[/[(12R Modulus Comment
(mm) | (mm) | (N) wax | (MPa) F, d, Cal. F, d, (MPa)
XV1 22.40 | 50.60 | 6089.26 0.0137 71.95 608.926 | 607.06 | 0.4257 | 2435.705 | 2435.2 | 1.3817 | 6725.129 | Tension failure
XV2 22.35 | 50.82 | 5269.26 0.0142 62.27 526.926 | 527.27 | 0.3833 | 2107.703 | 2106.2 | 1.2764 | 6232.042 | Tension failure
XV3 22.38 | 50.55 | 6685.19 0.0132 79.21 668.519 | 665.38 | 0.3974 | 2674.076 | 2672.3 | 1.3631 | 7334.896 Shear failure
X1 22.07 | 50.92 | 4968.71 0.0136 60.10 496.871 | 498.31 | 0.3609 1987.483 1984.4 | 1.3109 | 5715.585 | Tension failure
X2 22.42 | 50.90 | 4997.07 0.0124 58.59 499.707 | 500.14 | 0.3332 1998.828 1999 1.1952 | 6062.463 | Tension failure
X3 22.08 | 50.68 | 5928.16 0.0144 71.98 592.816 | 596.68 | 0.3463 | 2371.262 | 2374.1 1.3244 | 6662.043 Shear failure
\'2! 22.20 | 50.98 | 5325.07 0.0124 63.58 532.507 | 532.44 | 0.3608 | 2130.026 | 2129.2 | 1.2711 | 6289.717 Shear failure
V2 22.65 | 50.70 | 5724.62 0.0137 66.03 572.462 | 570.72 | 0.4017 | 2289.847 | 22899 | 1.3705 | 6023.962 Shear failure
V3 22.30 | 50.55 | 5373.18 0.0132 64.12 537.318 | 540.05 | 0.3589 | 2149.273 | 2147.3 | 1.3404 | 5842.169 Shear failure
XV20L1 | 20.72 | 49.83 | 5844.74 0.0182 81.96 584.474 | 581.04 | 0.3945 | 2337.897 | 23404 | 1.6942 | 6107.847 | Tension failure
XV20L2 | 20.67 | 49.78 | 5356.83 0.0166 75.56 535.683 | 532.16 | 0.3448 | 2142.731 2141.5 | 1.4836 | 6429.100 | Tension failure
XV20L3 | 20.32 | 50.02 | 5118.76 0.0185 74.35 511.876 | 508.83 | 0.4228 | 2047.505 | 2051.4 1.716 | 5684.572 | Tension failure
X20L1 21.14 | 49.73 | 4291.51 0.0163 57.93 429.151 | 425.31 | 0.3564 1716.602 1713.6 | 1.4451 | 5037.302 | Tension failure
X20L2 21.52 | 49.65 | 5344.29 0.0154 69.73 534429 | 53691 | 0.4849 | 2137.714 | 21342 | 1.6697 | 5449.258 Shear failure
X20L3 20.30 | 49.32 | 3985.69 0.0138 58.83 398.569 | 398.02 | 0.3544 1594.274 1595.6 | 1.5992 | 4663.439 | Tension failure
V20L1 20.43 | 49.83 | 3788.16 0.0154 54.64 378.816 | 380.11 | 0.3553 1515.262 1518.9 | 1.5437 | 4510.551 | Tension failure
V20L2 20.47 | 49.85 | 3385.55 0.0165 48.62 338.555 | 339.79 | 0.3192 1354.220 13579 | 1.4846 | 4086.272 | Tension failure
V20L3 20.25 | 49.77 | 3608.17 0.0147 53.04 360.817 361.6 0.3135 1443.267 1442.3 | 1.4416 | 4635933 | Tension failure
XVIOL1 | 20.28 | 49.85 | 4501.39 0.0142 65.87 450.139 | 44791 | 0.3621 1800.556 1798.6 | 1.4411 | 6021.313 | Tension failure
XVIOL2 | 20.32 | 49.88 | 5223.65 0.0164 76.09 522.365 | 523.64 | 0.4279 | 2089.459 | 2083.9 | 1.7442 | 5664.54 Tension failure
XVIOL3 | 20.20 | 50.00 | 4375.72 0.0157 64.34 437.572 433.5 0.3284 1750.289 1747 1.4605 | 5630.753 | Tension failure
X10L1 20.32 | 50.02 | 5279.15 0.0173 76.68 527915 | 529.68 | 0.4265 | 2111.662 | 2111.3 | 1.7522 | 5685.631 | Tension failure
X10L2 20.30 | 50.08 | 3802.35 0.0132 55.27 380.235 | 380.86 | 0.3542 1520.942 1517.5 | 1.4379 | 5007.021 Shear failure
X10L3 20.42 | 49.37 | 5007.69 0.0172 72.98 500.769 | 500.64 | 0.4380 | 2003.075 | 2001.3 | 1.6608 | 5839.03 Tension failure
VI10L1 20.25 | 49.78 | 2768.59 0.0132 40.69 276.859 | 27695 | 0.2536 1107.434 1106.6 | 1.2476 | 4038.515 | Tension failure
V10L2 20.53 | 49.90 | 3405.85 0.0128 48.58 340.585 | 340.73 | 0.3055 1362.341 1365.6 1.352 | 4536.113 | Tension failure
VI10L3 20.32 | 50.22 | 3524.83 0.0138 51.00 352.483 | 350.03 | 0.2892 1409.934 1410.5 | 1.3813 | 4609.121 | Tension failure
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Table F.1 Mechanical properties of OSL and solids wood used for initial value in
programming calculation

OSL Type 0 OSL Type 0
Tension Compression
SE|gxv = 1305.50 MPa SE{gxy = 6193.23 MPa
sEjgx = 936.56 MPa sEjzx ~ =6036.01 MPa
sEj,y = 917.55MPa sE{,y  =5692.26 MPa
sE) = 140.08 MPa sES = 326.35 MPa
sTigxy = 76.82 MPa sCiaxy = 58.36 MPa
sT,ux = 55.98 MPa sCiox = 52.74MPa
sTjgu = 49.58 MPa sCigv = 49.65 MPa
sT, = 176 MPa sC, = 14.10 MPa

Solid Wood
Shear

sS,, =24.60 MPa
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Abstract

This research studied the use of waste wood from rubber
wood industry in the country to make wood-based structural
composite. Oriented strand lumber or OSL was considered. It is
composed of strands, roughly 1 mm. thick, 10 mm. wide, 75 mm.
long. The strands are smeared with an adhesive or resin, formed
a fluffy mat, pressed and heated, and consolidated into an OSL.
Strength properties of OSL are affected by strand orientation,
strand geometry, adhesive, and manufacturing. This paper
present an effect of size and alignment of strands on the strength
of OSL in order to guide for an industry. Failure theories, such as
Maximum Stresses Theory and Tsai-Hill Theory, were applied for
predicting the strength. Stresses in OSL were determined by
laminate theory. Assuming that the failure occurs in wood, not in
an adhesive or interface, was established. The results of these
were that OSL 2"x 6”x 4m optimized with symmetrical lamination
was oriented [23°,20°,15°,-42°,-13°]s , maximum moment of
9,322.8 N'm, by Maximum Stresses Theory and [19°,13°,2°,-11°,-
10°]s , maximum moment of 8,231.63 N*m, by Tsai-Hill Theory.
Comparing with parallel strand alignment of OSL, the strength of
OSL optimized by these theories was increased by 33% and

17%, respectively.

1.uni
o o f A A9 v o o & D A =2
hdwirgadnminldidulasaiundmuaudafoauis
Tagu  eredwnmsldouildun  mahluldiduddu aw
& . . o e A u e
a3 Nuthu e lasinaann udu  luafensuan nnssinle
inldunazndsgdaneuldidwlivion wiwldudsgd udds
illgnudely udlusnssaralanassfisas niwensligald
ldwnauldaanndgnnaunulariulfom Jsfinawamusinld
o A o & v { o A
aa (plywood) TFadansusiuldududsznay inaldlunmsviniu
™ o ' o e o A &
wiktuaznasmunuiEnliidsgl ualdimawannieoaniiu
e ® 2N e .
urnldsznay (COM-PLY ~ panel) urnfinlaida (particleboard)
uazuiuuaulioaiSo9Ren (oriented strand board : OSB) fild
uagluiagiin
TdUszneulassainoiu enurdawen launsNawaILddu
A a A ) A °
Nea3IEN 1970 lasfanuwensunazlfiasniaanniviy
gamnnyanliiisu ewlinng ldvieunfiawnaidn (Wudu
snenanlilszneundlsnuegludagiulaun unwudsglaiung

152U (laminated veneer lumber : LVL) | LLNuLLﬂSEﬂVLﬂ'ﬁm

® \ oo
1/92nay (COM-PLY "~ lumber) ,LLN%LLﬂSEﬂLmUVLNaWUWm
(parallel strand lumber : PSL) ,LLNuLLﬂsgﬂLmu"lﬁé'mL’%mtﬁﬂu

#3alalamuaa (oriented strand lumber : OSL) (Malony 1996)
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dunannmsnaaloaauoalasinlldonmyiuoylsl (strand)
unuFBsetauwiute aniuissalildvmaaudosns i
IaLaau,aaﬁaaﬂﬁimmmjmmﬁwLtﬁaiﬂmiﬁ%amqmiﬁm
TimberStrand™ LSL naalag MacMillan Bloedel, Ltd. Uvzineua-
w1 %aﬂaqﬁmﬂﬁumﬂu Trus Joist MacMillan \Julataauaatin
nuaulifidwamndonnliung (veneer) savszanm 12§
HunmssesliunsnEeadumauen wananiwudiiile

oruaanliBeanansfdn 9 Bnitu Scrimber™ 2a3lszing

DORLATLRY WA Zephyrwood ™™ maaﬂi:mmjﬂu uigaITHanae
figTlidsrauanuiiSadumsamaindiens
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Mechanical Properties of Rubberwood Oriented Strand Lumber

(OSL): The Effect of Strand Length

S. Chirasatitsin, S. Prasertsan and W. Wisutmethangoon
Department of Mechanical Engineering, Prince of Songkla University,
Hat Yai, Thailand, 90112.

B.Kyokong
Institute of Engineering and resources Management, Walailak University,

Nakhonsithammarat, Thailand, 80160.

Abstract

Effect of strand length on mechanical properties (tension, compression and
bending) of oriented strand lumber (OSL) made of rubberwood (Hevea brasiliensis
Muell. Arg.) was reported. Three strand lengths of 50 mm, 100 mm, and 150 mm with
1 mm thickness and 15 mm width were used. The strands were mixed with 5% pMDI
glue (weight basis) in a tumble mixer. The OSL specimens were formed by hot
pressing process of unidirectionally aligned strands. Average specific gravity and
moisture content were 0.76 and 8.34%, respectively. Tension and compression tests
were carried out for directions both parallel and perpendicular to grain while bending
test was performed only in parallel direction. Ultimate stresses and moduli of
elasticity were examined from the stress-strain curves. It was found that for the
parallel-to-grain direction, the longer strand OSL gave higher strength. The role of the
strand length did not appear for the direction normal to the grain. The relationship
between the mechanical properties of OSL and strand length was well described by

the modified Hankinson formula.

Keywords: Rubberwood, oriented strand lumber, composite wood, strand length,

mechanical properties.
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Introduction

The quantity of discarded rubberwood (Hevea brasilliensis Muell. Arg.) from
the replantation scheme was estimated to a figure of 11,875 tons annually (Prasertsan
and Krukanont, 2003). Thailand importation of timber and wood product was
estimated at around 15,000 million Baht a year (Royal Forest Department of Thailand,
2 There is an opportunity for rubberwood residue to fill the demand-supply gap, if it
was properly engineered. Engineered wood commonly appears in the form of wood
composite. Wood composite products are manufactured by gluing small pieces of
wood together. Typical commercial products are plywood, oriented strand board
(OSB) and the likes.

Oriented strand lumber (OSL) is similar to OSB, but, instead of board
formation, the technology gives structural lumber from strands. MacMillan Bloedel,
Ltd. developed an OSL product marketed as TimberStrand® LSL in North America
and Intrallam LSL in Europe. As being used as structural timber, the required
mechanical properties are substantially different from those of the boards. It can be
anticipated that the strand length plays an important role in governing the mechanical
properties of the lumber. In general, the OSL is manufactured from longer strands in
comparison to the OSB and orientation has significant effect on the strength. Many
research works revealed that increasing of the strand length has resulted in the
increase of the strength and modulus of composite wood products (Post, 1958;
Brumbaugh, 1960; Badejo, 1988; Barnes, 2000). But none has reported product from
rubberwood. This article reports the study leading to the understanding of the effect of
the strand length on the properties of rubberwood OSL.

Materials and Methods

Strands used in this study were cut from rubberwood veneer of 1 mm
thickness. The width was 15 mm and the lengths were 50 mm, 100 mm and 150 mm
(in grain direction). The strands were dried and conditioned in an oven for 24 hours,
then mixed with 5% pMDI (by weight) and a predetermined quantity water to attain
12 % moisture content. Mat of uni-directional orientated strands was formed
manually. The amount of the laid strands was targeted for a lumber having density of

800 kg/m’ (rubberwood density is 680 kg/m’) at 20 mm thickness. Hot pressing was
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performed in 3 steps following well-known references (Moslemi, 1974; Barnes, 1979;
Smith, 1980; Maloney, 1993). The mat was pressed to 9 MPa within 90 seconds and
kept at this maximum pressure for 8 minutes. The press then released pressure to 6
MPa and 3.5 MPa, which again the holding time at each pressure was 8 minutes. The
working temperature was 150 °C.

Specimens were cut from the hot-pressed panels (400 mm x 400 mm)
Altogether, 27 specimens of dimension 38 mm x 7 mm x 254 mm (width x thickness
x length) were cut in dog bone shape for tension test. The gauge length was 51 mm
for tension. The dimensions of the compression specimen were20 mm x 20 mm x 80
mm (width x thickness x length). The corresponding dimensions for the bending test
were 50 mm (width) x 20 mm (depth) x 350 mm (length). The experiments were
conducted on a Lloyd Universal Testing Machine (150kN) at 25°C and 67%RH.
Three replications of specimens with three different strand lengths were performed for
each test. Prior to the tests the specimens were conditioned at 20+1°C, 65%RH for at
least 24 hours. ASTM D 1037-99 procedure was applied for tension and compression
tests, and JIS A5908-1994 was used for bending tests. The mechanical properties
were normalized by quantifying in specific values (per specific gravity).

The modified Hankinson formula (Barnes, 2001) commonly used to describe
properties of OSL, POSL, as a function of slenderness ratio (strand length per in situ

strand thickness, {) was represented by

— PSW
©20-sin” (arctan(2/C)) + cos" (arctan(2/())

(1

POSL

where Pgw is the parallel-to-grain property (strength) of solid wood and n is the
experimentally determined exponent. For this study, in situ strand thickness was 1
mm; thus, the slenderness ratio is the strand length (in mm). Mathematically, Psw was

the possible maximum value Of Pogl.
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Results and Discussion

Specimen Physical Properties

The specific gravity and moisture content of the specimens are shown in Table
1, which gives the average values of 0.76 and 8.34%, respectively.

Tensile properties

Typical stress-strain curves of specimens tested in tension parallel and
perpendicular to grain are shown in Figure 1. The ultimate tensile stress is the
maximum stress appeared on the stress-strain curve and the modulus of elasticity is
the slope of the secant drawn from the original to the maximum stress (ASTM E111,
1978). For the parallel-to-grain test, it was found that the OSL failed like brittle
materials. The maximum stress and strain tested in the direction parallel to grain was
substantially higher than that of perpendicular to grain. The OSL is relatively weak in
the direction perpendicular to the grain. In some cases, a slip occurred (as appeared in
Figure 1b) before the self-tightening grips firmly hold the specimens. This did not
have effect on the mechanical property evaluation since the modulus was determined
from the slope after the slip.

Figure 2 illustrates the data fitting by the modified Hankinson formula, which

subsequently gives equation (2)

1
UTS,, = UTS 2
st W (20 -sin'?* (arctan(2/¢)) + cos'* (arctan(Z/Z;))) @)

where UTSsw parallel to grain of solid wood was 50.91 MPa interpolated to SG = 0.7
(Puajindanetr and Wisuttipaet, 2003). The coefficient of determination, R?, was 0.83.
The longer strand length (or larger slenderness ratio) has resulted in the decreasing of
the stress transfer angle and, hence, increase the strength. UTSogt. is about 90% of
UTSsw as the slenderness ratio is 360.

Compressive properties

Typical stress-strain curves of compression tests were shown in Figure 3. The
failure was accompanied by specimen delamination. The specimens both in direction

parallel and perpendicular to grain split out in the direction normal to load direction
and failed.
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Similar to Figure 2, the modified Hankinson formula describing the
compressive strength parallel to grain is obtained as shown in equation (3) with R* =

0.96 (Figure 4)

UCS,, = UCS, ( , 1 j 3)
20 - sin(arctan(2/¢)) + cos(arctan(2/C))

where UCSgw = 52.67 interpolated to SG = 0.7 (Puajindanetr and Wisuttipaet, 2003).
Longer strand length withstands higher compressive load due to smaller stress transfer
angle. UCSogy. 1s about 90% of UCSsw as the slenderness ratio is 360.

Bending Properties

Typical load-deflection curves of OSL tested in static bending were plotted at
3 different strand lengths and given in Figure 5. The bending modulus of elasticity is
the slope of a chord in the linear region, which is the slope of a line drawn from 10%
to 40% of the maximum stress (BS EN 310, 1993). Specimens failed under tension at
the bottom surface.

The modified Hankinson formula, represented by equation (4), is used to

describe the bending strength.

UBS,, = UBSy, ( ‘ 1 j (4)
20 - sin(arctan(2/C)) + cos(arctan(2/))

where UBSgw 95.45MPa interpolated to SG 0.7 (Dhonanon and Cheuwichitchan,
1980). Equation (4) is plotted in Figure 6 with R* of 0.89. UBSos; at 150 mm strand
length was about 70% of UBSsw. According to this equation, UBSpsp would
approach 90% of the maximum value (UBSgsw) for the strand length of 360 mm (1
mm thickness).

BMOE at any given slenderness ratio, was represented by

1
BMOE ., = BMOE 5
ost W (20 -sin®” (arctan(2/£)) + cos"” (arctan(2/(;))j )
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where BMOEgsw = 9.42 GPa interpolated at SG = 0.7. The data fit well with the
equation as indicated by R* = 0.92 (Figure 7). Predicting by the equation, OSL with
360 mm of strand length and 1 mm of thickness yields modulus of elasticity in

bending of 90% of BMOEgy,.

Effects of Strand Length

Specific mean values and coefficients of variation of mechanical properties
tested in tension, compression and bending were given in Table 2. The coefficients of
variation, although seems relatively high (0% — 35%), is in the same range of solid
wood reported at 14%-34% (Wood Handbook, 1999).

For tension parallel to grain, the OSL made of longer strands exhibited higher
sUTS. Statistical analysis showed that the results are highly significant (Pr < 0.01).
However, for the perpendicular to grain direction there was no obvious effect of the
strand length on the sUTS. This is explained by the very weak cohesive force (of
wood itself) in this direction. As a result, the SUTS parallel to grain is about 35 times
higher than that of perpendicular to grain. The sSTMOE parallel to grain is about 6.5
times higher than that of the other direction. There is no significant evidence of the
role of the strand length in both directions.

It was found that SUCS and sCMOE parallel to grain increased as the strand
length increased (Pr < 0.05), but statistically insignificant for the perpendicular-to-
grain direction. The SCMOE parallel to grain was about 18 times of that perpendicular
to grain. The OSL with longer strand was significantly stronger than the shorter one in
term of sUBS and sBMOE.

The mechanical properties of rubberwood (solid wood) and the average
properties of OSL were compared at SG = 0.7 and given in Table 3. UTS parallel to
grain of OSL with strand length 150 mm was slightly higher than that of the solid
wood, while UTS perpendicular to grain was only 50% of the solid wood. Voids have
weakened the tensile properties of the OSL, especially for direction perpendicular to
grain in which the glue lines were relatively short. UCSs of OSL were less than that
of the solid wood because of the delamination. Bending properties, UBS and BMOE

of the OSL were not as strong as the solid wood. However, the properties follow the
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modified Hankinson equation. Therefore, it is anticipated that the mechanical
properties of OSL could be improved if manufactured front longer and thinner
strands. The slenderness ratio () of 360 could give OSL strength appoach 90% of the
solid wood. Industrial stranding machine could produce strands as thin as 0.6 mm
(Lowood, 1997), which will increase the slenderness ratio and, hence, the properties

of the OSL.

Conclusions

1. The longer strands increase UTS UCS UBS and BMOE parallel to grain of OSL.
Mathematically, OSL properties approach the solid wood properties as the strand
length increase. OSL made from longer strand will be beneficially stronger.

2. Hankinson formula can be used to determine the mechanical properties of OSL
provided that the mechanical properties of the solid wood and the slenderness

ratio are known.
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Nomenclature

n : The experimentally determined exponent in equation (1)
C : Slenderness ratio in equation (1)
%MC : Moisture content

OSB : Oriented strand board

OSL : Oriented strand lumber

R’ : Coefficient of determination

SG : Specific gravity

SCL : Structural composite lumber
SW : Solid wood

sUTS : Specific ultimate tensile stress

sTMOE : Specific tensile modulus of elasticity
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sUCS : Specific ultimate compressive stress
sCMOE : Specific compressive modulus of elasticity
sUBS : Specific ultimate bending stress

sBMOE : Specific bending modulus of elasticity
TABLE CAPTIONS

Table 1 Specific gravity (SO) based on oven-dry condition and moisture content
(%MC) of specimens

Table 2 Mean and coefficient of variation (CV) of OSL mechanical prdperties tested
in tension, compression and bending.

Table 3 Mechanical properties of Rubberwood (solid wood) and the average

properties of OSL made from Rubberwood compared at SG = 0.7

FIGURE CAPTIONS

Figure 1. Typical tensile stress-strain curves of OSL specimens (sample of 150 mm
strand length) (a) parallel to grain, (b) perpendicular to grain

Figure 2. Ultimate tensile stress (UTS) parallel to grain fitted by the modified
Hankinson formula.

Figure 3. Typical compressive stress-strain curves of OSL specimens. (sample of 150
mm strand length) (a) parallel to grain, (b) perpendicular to grain

Figure 4. Ultimate compressive stress (UCS) parallel to grain fitted by the modified
Hankinson formula with n = 1.25, SG = 0.7 and UCSgw = 52.67 MPa.

Figure 5. Typical load-deflection curves of specimens tested in bending parallel to
grain of various strand lengths.

Figure 6. Ultimate bending stress (UBS) parallel to grain fitted by the modified
Hankinson formula with n = 1.00, SG = 0.7 and UBSgw = 95.45 MPa.

Figure 7. Bending modulus of elasticity (BMOE) parallel to grain fitted by the
modified Hankinson formula with n = 0.95, SG = 0.7 and BMOEgw 9.42
GPa.
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Table 1 Specific gravity (SG) and moisture content (% MC) of specimens (oven-

dried weight basis)
Strand Tension Compression Bending
length of Parallel to grain
OSL SG  %MC SG  %MC SG  %MC
(mm) — o4CV]  [%CV] [%CV] [%CV] [%CV] [%CV]
50 0.78 8.41 0.76 8.36 0.76 8.34
[2.46] [0.49] [1.46] [1.41] [4.51] [1.92]
100 0.74 8.53 0.76 8.31 0.70 8.34
[7.12] [0.41] [5.73] [2.73] [3.44] [0.63]
150 0.73 8.65 0.78 8.14 0.72 8.41
[11.21]  [2.94] [6.61] [3.74] [6.42] [0.54]
Perpendicular to grain
50 0.84 8.38 0.76 8.38 n/a n/a
[7.22] [1.77] [8.25] [1.53] n/a n/a
100 0.72 8.41 0.76 8.27 n/a n/a
[6.48] [3.80] [6.27] [1.87] n/a n/a
150 0.74 8.32 0.83 7.87 n/a n/a
[14.50] [2.66] [10.68] [10.92] n/a n/a

n/a : data not available

Table 2 Specific mean value and coefficients of variation (CV) of OSL

mechanical properties

Strand Tension Compression Bending
length Parallel to grain
of OSL sUTS SsTMOE sUCS sCMOE sUBS sBMOE
(mm) (MPa) (MPa) (MPa) (MPa) (MPa) (GPa)
50 49.58 2073 49.65 5692 84.59 7.92
[13.56] [4.39] [0.51] [7.82] [4.08] [3.26]
100 55.98 2116 52.74 6036 90.88 8.78
[4.01] [11.76] [3.31] [8.68] [13.04] [8.19]
150 76.82 2340 58.36 6193 99.23 9.42
[2.37] [16.27] [98.00] [12.41] [9.51] [7.29]
Perpendicular to grain
50 2.65 385.8 13.50 324.6 n/a n/a
[13.06] [15.18] [20.15] [6.99] n/a n/a
100 1.58 270.8 13.03 315.1 n/a n/a
[25.54] [32.52] [18.03] [6.21] n/a n/a
150 1.50 352.2 15.78 340.3 n/a n/a
[14.10] [35.36] [19.57] [28.59] n/a n/a

n/a : data not available ; Coefficients of variation (CV) are given in brackets [],

unit in %
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Table 3 Mechanical properties of rubberwood (solid wood) and the average

properties of OSL made from rubberwood compared at SG = 0.7

Solid OSL @ OSL @ OSL @
Mechanical property

wood 50 mm 100 mm 150 mm
UTS parallel to grain (MPa) 50.91' 34.07 39.19 53.77
UTS perpendicular to grain (MPa) 2.80 1.86 0.78 1.05
UCS parallel to grain (MPa) 52.67' 34.76 36.92 40.82
UCS perpendicular to grain (MPa) 11.87° 9.45 9.21 11.05
UBS 95.45* 59.21 63.62 69.46
BMOE 9.42° 7.76 8.39 9.23

' Puajindanetr and Wisuttipeat, 2003

? Chunwarin, 1980

3 Kasemset et al., 2000

* Dhonanon and Cheuwichitchan, 1980.
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Figure 4. Ultimate compressive stress (UCS) parallel to grain fitted by the modified
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Figure 7. Bending modulus of elasticity (BMOE) parallel to grain fitted by the
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