mETS

FAPIZFEE 7R 23EXFPTE FetaaHol] ofsh A

A Finite Element Analysis for the Concrete Highway Pavements with Skewd Joints

= = 2
Jo, Byung Wan

2 X

04719 gl ETEPE AHE BHAAEE o8 PHELYL, EaEH8e FRAHA WY
3 & g4AS 282 WS 2T AN Fo2 AA A8 Yl e ol gHoiA frk

a8y, i dA % AIelx el dy 2328 IFE2AMEe(d | vjF Interstate-10
and 75, $59| B8 LEES R F¥ LEHER) 448 F34, 33 39 £ YWY §o8 ¥ R
2] & ojEd AL e vl ol EAHE FRATAL A F& 244 E o|FF 84
BE ¥ATze sj4E B8, g A R eEWslY ohE Ao vugHa) 94X, 2 Hg AR
3¢ 18 ngN, EadE ¥FERY T2RAQ BAEE sfdsie 9 sk

B =RoAE 88 A 9y o883 I ArpleZE(skewed joint)e] E38 F29EH
o2 #H4e Btk

...................................................................................................................................................

In twentieth century, a rigid pavement composed of a series of thin Portland Cement
Concrete has been accepted due to the desirable structural strength of concrete, durability
and economy.

However, despite of precise design and construction of concrete highway pavements,
some of concrete pavements (example : Interstate-10 and 75 in U.S.A, 88 Olympic express
highway and Jung-bu express highway in Korea) has already shown severe signs of
longitudinal and transverse cracking, faulting, and pumping before the end of their in-
tended service life. This highlights the need for better understanding of concrete pave-
ment behavior using structural analysis program.

For these reasons, this research was performed to study an analytical bshavior of con-
crete pavements, especially for the effects of skewed joints on concrete pavements. Sub-
sequently, this research should give better understanding of concrete pavement behavior
to the highway engineers and provide effective remedies to the concrete highway pave-

ments.

...................................................................................................................................................
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1. Introduction

This research was performed to study an
analytical behavior of concrete highway
pavements with skewed joints. In order to
extend the capability of a previous finite
element analysis program, an effort was
undertaken to derive the stiffness matrix and
equivalent nodal load matrices due to the
temperature variations, frictional resistance
and uniformly distributed loads on paralle-
logrammic plate bending elements.

The program, FEACONS(Finite Element
Analysis of Concrete Slabs) originally deve-
loped at the Department of Civil Engineer-
ing, University of Florida, was expanded from
a rectangular element to a parallelogrammic
element to consider the skewed joint pavement
system. This program FEACONS V® can
analyze a three continuous slab system with
the consideration of the effects of skewed
joint, live load, dead load, subgrade voids,
joint conditions and temperature variations
within the concrete slab.

Using this program, a comparative study
was performed to investigate the effects of
skewed joints on concrete pavement system.
Furthermore, a maximum principal stress
profile was presented to show lines of con-
stant principal stress on the surface of the
slab. This provides a very concise way of
looking at the distribution of stresses and
helps highway engineers understand how they
interact in the pavement system.

2. Parallelogrammic Plate Bending Element

The element used in this analysis is the
four nodes paralielogrammic plate bending
element as shown in Figure 1. The material
that comprises the element is assumed to be
linear elastic, homogeneous, and isotropic.

This element has a vertical deflection w and
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Fig. 1. Dimensions and Positive direction of a
Parallelogram Plate Bending Element.
two rotations about x, y axis, for a total of
twelve degrees of freedom per element.
The displacements shown in this figure
correspond with the assumed positive direc-
tions of nodal forces at the each nodes. The

array of nodal displacements is:

¢ = | qa| = W, = Wi
iz 0 —dwi/dy
Gia 0_yi d w.-/dx

(where, t=1, 2, 3, 4 node number)
The array of corresponding nodal forces is:
P=[P
P,
Pis
If we assume the generic displacement fun-

It

i

ction, vertical displacement W, within an ele-
ment expressed in terms of x, y coordinates
is :

W=C+CX+CY+CX?+Cs XY +CsY?
+Cr- X2+ C XY +CoX - Y2+ Cpp- V3
+CuX3 Y+ Cp- XY?

which is a complete cubic of ten terms and
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two quartic terms. From this assumption, it
is possible to derive the displacemment shape
functions, stiffness matrix, equivalent load
matrices based on the displacement-strain-
stress relationship and virtual work basis of
finite element methods. For reference, the
stiffness matrix of parallelogrammic plate
bending element is given in appendix.

3. Computer Modeling

A jointed concrete pavement is modeled by
a three continuous slab system with two in-
termediate joints as shown in Figure 2.
Each concrete slab is modeled as an assem-
blage of parallelogrammic plate bending ele-
ments.

Load transfers across the transverse joints
between two adjoining slabs are modeled by
shear (or linear) and rotational (or torsio-
nal) springs connecting the slabs at the no-
des of the elements along the joint.

Frictional effects of the tie bars at the
longitudinal joints are modeled by shear
springs at the nodes along the longitudinal
edges.

The subgrade is modeled as a Winkler
foundation which is modeled by a series of
vertical springs at the nodes. Subgrade voids
are modeled as initial gaps between the slab
and the springs at the nodes. A spring stiffness

of zero is used when a gap exists.

/ j;] mﬂ
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Fig. 2. Finite Element Modeling of a Three Slab
Pavement System (Ref. 1).
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4. Development of Analytical Tools

A computer program (FEACONS V) was
developed by Jo, Byung-wan, Shau Lei®,
Kevin Lee Toye™, at the Department of Civil
Engineering, University of Florida. The sim-
plified flow chart of this program is shown
in Figure 3.
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- Material Properties
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oo Skewed Angle
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1. Due to Weight of Slab
2. Temp. Gradient

3. Applied load

1. Internal moments

2. Flextural stresses

3. Max.Prin Stresses

(remerate Force vector and
compute erulting defletions

[ Recover the Forces

Print Output Results

Incremental Loading

Fig. 3. Simplified Flow Chart of Feacons N Pro-
gram.
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Fig. 4. Uniform Axie Load on Skewed Joint Ele-
ment.



5. Case Study : Effects of Skewed Joints on
Concrete Pavements

Case study was performed to investigate
the effects of skewed joints on the structu-
ral response of concrete pavements. The de-
sign information and field data considered
were those which were relevant to the In-
terstate-75 concrete pavement in Florida, U.
S.A. (Refer to Figure 4.)

5. 1. Input data

Slab dimensions : Length =22 ft(6.7 m),

Width =12 f£(3.65 m),
Thickness =9inch(22.9cm)
Skew angle : 0, 9.4623°, 184°

Material properties . Density of concrete=
140 pcf(2.24 t/m?®)
Elastic modulus of concrete =5290 ksi
(370000k g/cm?®)
Poisson’s ratio of concrete=0.2
Spring stiffness : Subgrade spring stiffness
=0.175 kei(4.85 kg/em®)
Rotational joint stiffness=16,000k/in
(2860 t/cm)
Linear joint stiffness=10 ksi
(7000 kg/cm?)
Edge spring stiffness=10 ksi
(7000 kg/cm?)
Temperature differentials : Coefficient of
thermal expansion =0.000006 (1/“F)
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Fig. 5. Input Meshes for Joint Loadings
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Fig. 6. Input Meshes for Mid-Slab Loading

Temperature differentials(=top-bot-
tom)=0°F, —10 F(at night), +20°F
(day time)

Magnitude of axle load : AASHTO HS20-32
kips per axle. Maximum possible load
=32%x1.25=40 kips (1816ton) per
axle.

Input meshes : Refer to Figure 5 and 6

5. 2. Results : Effects of skewed joint

The maximum stress in the slab caused by

a 40 kip (18.16 ton) single axle load(which
is two 20 kip (9.08 ton) wheel load at 6 feet
(1.8m) apart) applied at a skewed joint was
computed and compared to that caused by
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the same 40 kip(18.16 ton) axle load at a re-
gular transverse joint.

(1) Joint Edge Loading

The maximum flexural stress caused by a
40 kip joint edge load and a+20 F temper-
ature differential was computed with skewed
angles A=0, 94, 184° and are tabulated in
Table 1.

The maximum computed bending and shear
stress at the regular transverse joint(A =90")
with dT=+20 ‘F temperature differential
were a longitudinal tensile stress of ¢.=598
psi (419 kg/cm?) at the top surface of the
slab and just to the right of the joint (Node
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Table 1. Effelcts of Skewed Joints on Maximum Stresses due to a Joint Edge 40 KIPS Axle Loading

Skew maximum stress (psi) maximum principal stress (psi)
Angel Oxx Oyy Oxy 0 oz Omax
A=0 598.3 678.3 93.4 678.9 594.7 250.5
(242N) (229N) (270N) (229N) (242N) (209N)
A=946 607.3 743.1 105.4 754.2 594.9 293.8
(203N) (216N) (507TN) (216N) (203N) (222N)
A=184 665.1 628.2 127.0 678.9 608.4 438.1
ANy Q7mND» (B507F) Q77N) (A7) (209N)

Input data : Ks = 0.175 ksi, dT = +20°F(* 1 ksi=70kg/cmd

Ke = 10 ksi,

K1 =10 ksi,

Kr=16,000 k

* The numbers in parenthese denote node numbers at which maximum stress ocers. N denotes near the
loading zone and F denotes far away from the loading zone.

number 242), and a transverse tensile stress

of a,=

678 psi(47.5 kg/ecm?), located near the

center line along the joint, and a shear
stress of 0,,=93 psi(6.5kg/cm?®), located very

near the loading point.

A similar analysis was done with a skew

angle of 946°, but using the same slab length
and input parameters. The maximum com-
puted bending and shear stresses were a
=608 psi(42.6
kg/cm?), located near the joint, a transverse
tensile stress of o,=743 psi(52 kg/cm?) and
a shear stress of 0.,=105 psi(7.4 kg/em?).
Referring to Table 1, which gives results

longitudinal tensile stress of .,

for joint edge loading, the major principal
stress, 01 increases and then decrease with
increased skew angle. The minor principal
stress increases, but only for the highest skew
angle, while the shear stresses increases
continually. In no case, however, are the
variations in stress truly striking.

Another way of evaluating the effect of
skewed joints on concrete pavement is
through a maximum principal stress profile,
showing lines of constant principal stress on
the surface of the slab. This provides a very
concise way of looking at the distribution
of stresses, and will be used throughout this
chapter. Figure 7 shows the effects of skewed

joints on the maximum principal stress pro-

Input Dtata Slab Dimension Length =221t
Width=12ft Thick=9n Skew=9.46 °
Material Property Ec=5290 PR=0.2
Stiffness Ks=0.1 Kr=1000, K1=10 Ke=10
-54 dT==-10 F WheelLoadeJE 40Kips ~54

- 150

\
~100

-—-150

80.54

skew

V/ =) 4

(Principal Stress profile to EJE 40 kips)
(~sign denotes compression at the bottom in psi)

~100 /
—150

-—200

N —150

)
~100

(-

\

/]
/ ~250
-306 |

/ Vi
Fig. 7. Effects of Skewed Joint on Principal Str-
ess Profile.

file associated with an equivalent joint edge
load of 40 kips and a —10 °F temperature
differential. It is seen that even though the
variations in maximum stress displayed in
Table 1 are not drastic, these higher stress
levels are reached closer to the corner when
the joint is skewed. This may well have a
more powerful effect on behavior, even
though there are small changes in maximum
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Table 2. Effelets of Skewed Joints on Maximum Stresses due to a Mid-Slab Loading of 40 KIPS.

Skew maximum stress (psi) maximum principal stress (psi)
Angel Osx Oyy Gy a [ Oma
A=0 744.3 564.9 77.6 744.3 564.9 337.6
(249N) (255N) (507N) (249N) (255N) (248N)
A=946 747.8 575.7 1017 748.0 575.4 335.9
(275N) (255N) (507N) (275N) (255N) (2714N)
A=184 579.6 603.2 120.4 760.3 601.7 353.9
(275N) (229D (505F) (275N) (229N) (287N)

Input data : Ks = 0.175 ksi, d7 = +20°F(* 1 ksi=70kg/cm?)

Ke = 10 ksi, K1 = 10 ksi,

Kr=16,000 k

* The numbers in parentheses denote node numbers at which maximum stress occrs. N denotes near the
loading zone and F denotes far away from the loading zone.

stress.

(2) Mid-Slab Edge Loading

Second, the maximum stresses in the slab
caused by the combination of a 40 kip single
axle load at the mid slab edge and a tem-
perature differential of +20°F in the slab
were computed for both skewed and perpen-
dicular joint and the results are shown in
Table 2.

Table 2 shows that with an equivalent mid
-slab edge load of 40 kips and +20°F temper-
ature differential, the maximum flexural and
principal stresses are slightly increasing as
the skew angle grows. Therefore, it can be
concluded that the use of a skewed joints in
concrete pavements induces slightly higher
stresses, which should not in themselves
affect structural performance. However, the
higher stress are attained closer to the corner,
which may or may not affect structural
performance significantly.

(8) Stress Investigations For The Corner

Crack Problems With Skewed Joint

One aspect of the deterioration of the I-
75 skewed joint concrete pavement is corner
cracking, which occurs mostly at the acute
corner of a slab. It was decided to supple-
ment the conclusions of the stress levels
very close to the corner. The results of these
analyses are shown in Table 3.
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Table 3. Stress Investigation at the Joint Edge
corner.

Input Parameter:Slab L==22ft, W—12ft, T=0in
Concerte Ec=5290, Joint Load =40. Kip

Stiffness Ks=0.175. Ke=10, K1=10, Kr=16000
Zero Temperature Differential case,

M See details.
[ ]

A

%223 249, 27!

222 248 274
05t KI/ 056t \r\Noda No.

Joint

Skew Node No.

Angle| 222 223 224 248 248 250 274 275 276
0 249 245 203 207 210 178 —16 10 36

9 | 9.46| 220 246 201 237 210 151 8 13 18

psi |18.46] 160 241 182 235 206 120 11 11 —0.2

0 47224 92 34160 77 1 78 45
oy | 946/ --52 253 186 —2.2188 128 —33 95 74
psi |18.46] —316 227 217 —118 200 142 —144 110 79

As expected, Table 3 shows that flexural
stress in the X-direction due to the 40 kip
joint edge load decreases very slightly as
skew angle grows. However, the flexural
stress in the Y-direction increases as skew
angle increases significantly for the higher
skew angles. This result, coupled with the
presence of higher principal stresses closer



to the joint, may contribute to the higher
frequency of corner cracking on the skewed

joint pavement.
6. Conclusions

Skewed angle 9.46° and 18.46° in the con-
crete pavement were analyzed and compared
to those of normal joint pavement to evalu-
ate the structural performance of skewed
joint concrete pavement.

The main conclusions of this research are
summarized as follows ! the maximum princi-
pal stress of skewed joint pavement is sligh-
tly higher than that of normal joirit pave-
ment, about 0 to 10 % depending on the sub-
grade modulus, temperature differentials, and
live load positions. Furthermore stress con-
centrations on the acute joint are observed
to be a possible cause of corner cracking
failures. Therefore, it can be concluded that
the use of skewed joint in concrete pavement
may not be beneficial to the structural per-
formance of pavement system.

Obviously, use of higher order displacement
function and a large number of nodal meshes
will lead to better accuracy. Qur 12 degrees
of freedom plate bending element, called
MZC rectangle developed by Melosh, Zienkie-
wicz, and Chung®, is nonconforming because
normal slopes are not compatible, and dis-
continuities occur at adjoining edges. Subse-
quently, use of BFS rectangle, developed by
Bogner, Fox, and Schmit®, generally pro-
duces greater accuracy than the MZC rect-
angle because of a higher order displace-
ment function (16 degrees of freedom) and
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and a larger number of nodal displacements.
Nevertheless, both MZC and BFX rectangle
can model states of constant strain for a
flexture in plate, and they also have complete
and balanced displacement funciton, which
produces great convergence.
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APPENDIX : STIFFNESS MATRIX OF PARALLELOGRAMMIC PLATE BENDING ELEMENT

(12X12 SYMMETRIC)

A+ CiC1+ CoCa+ 1.9C5C5
+PR(2C,+0.5C,)
+ny(4Hu+%H55)

—0.7CCi— CCr —8— cacs+ ic7 Ci~ CsC

—PR(0.5C) ] 8 by

—0.2D,, Hs

A;+C Cg‘+ 0.7C.C,s %C&CQ-C7C9+ PR(—(ISDCS A 9t 3 CgCg-— Cow

+ PR(2C:D+0.5C,D) ~DCy +DXY—§PBl + ; cgc.O + PR —(z‘ Z5)

+D,,(4C,D +0.2C.D) +DXY( Q11+15Qu 2Qu)|

0.5A, +-0.501C1—-CzCz 0.201C7+ CzC? 0.5A3+0.5C109—C1C|0 A4+ Clcl+CzCz+ 1.903C3
—1.9CCs+ PR(C—05C;) | +DXY(0.2Hz) —0.7C:Co+ PR(C:D—CD | +PR(2C1+05Cs)

+DXY(2H44~—75—H55)

—0.5C.D)+DXY(2C.D
~2C:D—0.2C.D)

+DXY(4Hu+_§.Hss)

—0.2C,C1— CCr "IZ‘S‘CSCB+‘§”C7C7 *—é-Cng+PR( —%)DCs 0.7C,C+CoC
+DXY(~0.2Hs) , . +PRO.5C;+ DX Y0.2Hs

+DXY(—2)Ps +DXY(~+)Py

75 3

0544+ 0.5CCo+ C:Cio ‘~05C9+PR( ——)DCa -2—A2+1cgcg lsc,ocm As+CiCo+0.7CCs
—0.7C:Cs + PR(C:D—0.5C:D 1 43 8 +PR(2C.D+0.5CiD)
+CiD) + DXY(2C:D +2C:D +DXY( 5P ‘*’P R7Zo+DXY(zQu | | Dyy(4CD+02C.D)
~0.2C:D) 5sz)
A~ CiCi105C,Cs 0.7CiCr+ CoCa—05CiCh A+~ CiCo—0.2C:Cs 05A1—05C.Ci—05C,C
—1.9CsCs+ PR(-2C,—0.5Cs)| +PROSCi+DXY0.2Hs | +PR(~2CD) +1.9C:Cs+ PR(-Ci+0.5Cs)

+DXY(—4Hu - »57~H55)

+DXY(—4C\D~0.2C:D)

+DXY( —2H“+g~H5)

0.7C\C7— CoCs—0.5C:Cy
+ PR0.5C;+ DXY0.2Hz

—1—8,5CGC6+-§*~C107

+DXY( -——1%)1%s

~%Cng+PR( —»16—)1306

+DXY( ~«317)Pm

~0.2C,C7+ CoCe+0.5C2Cy
+DXY(—0.2)Hs

As+ CiCs+0.2C:Cs

- —Cng+PR( ~—)DCs

%A 2+ ACQCQ — %Cmcw

0.5A43+0.5C,Cs+ CiCio

+PR2C\D+DXY(4C:D 4 8 —0.2C:Cs+ PR(C.D+CiD)
+£0.2CD) +DXY( )Pal +PR~—Z¢+DXY( Qu +DXY(2C.D+2CD
—0.5A:—0.5C,C,—0.5C.C; —0,2CC7— CyCs+0.5C2C —0.543—0.5CCa+CiCu —A—CiC1+0.5CC,

+1.9C,Ca+ PR(~ C, +0.5C2)
+DXY( —ZH“+%H$)

+DXY(—0.2Hz)

+0.2C.Co+ PR(—-C\D
+GCD)+DXY(—2CD
+2C3D +0.2C.D)

- 1.90303+PR( -2C1-0.5C3)
+DXY( —41-1.4——57-1{55)

0.2C\Cr+ C.Cs— 0.5C:Cr CsCs+ C7C7— CiCr ‘él—CeCﬂ’PR'é“DCs —0.7CiCy— C2Cs+0.5C:C

+DXY0.2Hs + DXY P,B +DXY%—P8. +PR(—05C7)
+DXY(—0.2Hs)

0.5A43+0.5C:Co— CiCro cscg+ PRL +DCs lAz + %cgcg + -2—010010 As+CiCo+0.2C:Cs

20.2C,Co+ PR(C:D — CiD) 1 3 2l +PR2CD

+ DXY(2C:D-2CsD-0.2C,D ) +DX Y Py C°C‘“+P R( Z‘ Zs) +DXY(4C:D+0.2C:D)

+DXY(—+ 3 Qu+ 15sz 2Q1)
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'§CBCS+iC’(CT+ CeCr
-f-DXY Pss

—C5C9+ CiCs+ PR (“‘DCG
+DC-;) +DXY—— 81

iAz + '4—CBC9 + Ts‘s‘cwcm
% CgDm+PR(—8—Z4+Zs)
+DXY( Q11+—"Qu+ 2Qu2)

Natations :

Ai=1/A B,=1/B
A,=1/A% B,=1/B?
As=1/A B;=1/B?
Av=1/4" Bi=1/B"
CoCr=B; - cosec(a)

CsCo=A: - cot’(a) * cosec(a)
C:Co=A, + By * cot’(a) - cosec’(a)
CiCo=A: - cot'(a)

0.2C,C7— C:C6-0.5C;Cx
+DXY0.2Hs

—~0.543—0.5CCy— CiCyp
+0.2C:Cs+ PR(-C,D—CiD)
+DXY(-2C\D—-2C;D)
+0.2C.D)

A+ (C\Ci+ CoCa+ 1.9C5C;
+PR(2C,+0.5C,)

+DXY(4HM+%H56)

2ot Lo+ e LéCng«#PR%DCs —0.7C,Cr— CiCs 2ot :;‘—c,c,+cﬁc,
+DXY%PBs +DXY%P3. HER=05G +DXYie Psa
+DXY(~0.2Hs)
CﬁCg + PR*"DC@ —lA 2+ ngCQ + 125010Cm —A3;—CiCo—0.7C:Cs —Cng + CyCs
+DXY~—P31 + Cng+PR(—2~Z.+Zs) +PR(—2CD—0.5C.D) +PR(—~DCs+D07)
+DXY(—-Q|1 o 15Qm +2Qu)| +DXY(~4C.D—0.2C.D) | + DXY Pa
—0.7C\Cr+CoCs+0.5CCr | - As— CiCa—0.2C:Ce 0.5A4+0.5CC1 — CoCy 0.2C,Cr+ C:Cr
+PR(—0.5C) +PR(—2C\D) —1.9C:Cs+PR(C1—0.5C;) | +DXY0.2Hs

+DXY(—0.2Hs)

+DXY(—4CiD~0.2C.D)

+DXY(2Hu—5H)

——l%cscs+ Zec, e %—cscg +PR(—£IDCs | ~02G:Cr—CCy = 1—zscscs+ 200,
+DXY(~5)Pw +DXY(—5)Pn +DXY(~0.2Hs) +DXY(~2)Ps
_—CGCQ+PR( )DCG —Az+ ?DCQ %mCm “0.5A3—0.5C1Cg+ CiCu "_'CBCQ+PR( —'—)DCG
+DX},(__)P +PR z 1 +0.7C:Co+ PR(~CiD - DXY(__)P
u : +0.5C:D+ CsD) + DXY W
+DXY(—*QH sQn) (—2C\D+2C:D+0.2C.D)
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* Element stiffness matrix
SK(i, pi=1, 12 =ab sin(a) [SK)
j=1,12
For isotrofic material

« D,+8Kz+ Dy+8K3 - Di+SK - Dsy]

D.,=D,=1

Di=PR(Poisson’s Ratio)
D.,=(—PR)/2

CiCi=A, cot'(a)

C:C2= By + cosec(a)

CiC;=A: - B; - cot¥(a), coseci(a)
CeiCs=A: - cot¥(a) + cosec(a)
CiuwCu=B: - cot’(a) « cosec’(a)
CiCp=A, " B cot¥(a) - cosec(a)
CiCy=A; - cot(a)

CiCp=A:* B: - cot¥(a) - cosec(a)
C:=A; " By - cosec¥(a)

C\D=A; - cot®(a)

C:D=A: " By - cosec(a)

C:D=A; - B: - cot(a) - cosec(a)

‘4—A2+3'CQC9+ 8 77CuC
+ cgcm+PR(§z.+ Z)
+DXY( Q11+ 5Qn+ 2Q)

CvC7:Bz . cosec‘(a)

CsCr=A + B cot(a) - cosec’(a)
CiCr=A;" B: coti(a) - cosecqa)
CiCs=A, + B: cot{a) - cosec’(a)
C:Co=A1 + B; cot(a)  cosec’(a)
C:Lrw=Bs - cot(a) * cosec’(a)
Ci=A. - cot¥(a) .
Ci=A; + By - cosecHa)

DCs=A: - cot(a) * cosec(a)
DC;=A, - B, - cosecqa)

Zi=A: - cot¥(a)

Zs=A; - Bi - cot(a) - cosec(a)
Hu=A¢- cotz(a)

Hg=A, - By - coseca)

Hs=A; - B - cot(a) - cosec(a)
Hug=A; - cot(a) - cosec(a)
Hg=A; - By - coseci(a)

Py=A; - cosec¥(a)

Pu=A. - cot(a) - cosec(a)
Pgu=A; - B: cosec’a)

Qu=A; - cot(a)

Qz=Bs - cosec¥(a)

Qe=A, - B, - cot(a) cosec(a)

—0.5A3—0.5C,Cy— CyCro A+ CiCi+ CCr+ 1.9C5C,

+0.7C,Co+ PR(—Ci\D—C3D | +PR(2C,+0.5C2)

+.5C:D)+DXY(—2C\D 7

— 20D +0.2C.D) +DXY(4HutHs)

1 1 8 4 .

—ECGCQ‘FPR( —"G_)DCS 0.7C1Cr+ CoCy TE—)CsCG'*'?Cﬂv— CeCr

+DXY(~$)Py +PROSCi+DXY02Hs | +DXYEPu

—Az+ 200-CuCn | —As=CiCy—07CCs —cﬁcg—c7cg 5 4+ £C0—{ECCo

4 8 +PR(—2C\D—0.5CD) 1 §__

+PR Z4+DXY( Qu +DXY(—4C.D - 0.2C:D) +PR( DCs DCy) +PR( Z4 Zs)
15sz) -+ DXY “Pal +DXY( Qn‘F—Qz 2Q1z)
HB4 H4W- 1985 124 —21 —



