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The problem of longitudinal-transverse deformation and strength of an orthotropic plate on the action of a local 

transverse force and stretching along the contour of the membrane forces is studied. The direction of laying the fiber of 
a unidirectional composite that provides the lowest level of stress and deflection is determined. 

In the zone of application of concentrated force in thin-walled structures, significant bending moments and shear 
forces occur, which are a source of stress concentration. To reduce stresses, the method of plate tension by membrane 
forces applied along the contour is chosen. The maximum possible order of membrane tension forces is selected, which 
provides conditions for the strength and rigidity of the solar panel plate structure, which has a hinge-fixed support 
along the contour. Pre-tensioning the plate web allows to reduce the stress by 50 times. 

The problem of compound bending of isotropic and anisotropic plates when applying transverse and selection of 
longitudinal loads, with restrictions on strength and stiffness, can be called a problem of rational design of the 
structure. The resulting equations and calculation program can be used in the design of plate structures, as well as in 
the educational process. 
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Изучается вопрос продольно-поперечного деформирования и прочности ортотропной пластины от воздей-
ствия локальной поперечной силы и растягивающих по контуру мембранных сил. Определено направление  
укладки волокна однонаправленного композита, обеспечивающего наиболее низкий уровень напряжений и про-
гиба. 

В зоне приложения сосредоточенной силы в тонкостенных конструкциях возникают существенные изги- 
бающие моменты и перерезывающие силы, являющиеся источником концентрации напряжений. Для умень- 
шения напряжений выбран прием натяжения пластины мембранными силами, приложенными  
по контуру. Подобран максимально возможный порядок мембранных сил натяжения, обеспечивающий условия 
прочности и жесткости конструкции пластины солнечной батареи, имеющей шарнирно-неподвижное  
опирание по контуру. Предварительное натяжение полотна пластины позволяет уменьшить напряжения  
в 50 раз. 

Задачу сложного изгиба изотропных и анизотропных пластин при приложении поперечных и подборе про-
дольных нагрузок с ограничениями прочности и жесткости можно назвать задачей рационального проекти-
рования конструкции. Полученные уравнения и программа расчета могут быть использованы как  
при проектировании конструкций пластин, так и в учебном процессе. 

 
Ключевые слова: изгиб пластины, продольно-поперечное деформирование. 
 
Introduction. Space technology uses rectangular 

flexible plates with photovoltaic cells attached to its sur-
face. Plates are attached to rigid ribs and pre-stretched 
using forces in its plane [1; 2]. 

Composites, often unidirectional, the physical proper-
ties of which sometimes differ 15 times, and the strength 
differ up to 40 times are used [3] as materials. Therefore, 
the plate material should be considered substantially 
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orthotropic. The task is to ensure the fulfillment of the 
required conditions for the rigidity and strength of the 
plate. 

A pre-stretched plate (membrane) is subjected to a 
transverse load, which is classified under the concept of 
compound bending [4]. In compound bending, as in sim-
ple bending, we can consider the total action on the plate 
of a number of different transverse loads, equal to the sum 
of the actions on it of all loads separately, however, if the 
membrane forces themselves are functions of the trans-
verse load, then the principle of additivity (superposition) 
does not apply [5]. 

The transverse loads acting on the plate are distributed 
over a substantially small surface. When calculating 
structures, real loads are replaced by idealized forces, 
dividing them into loads distributed over a large surface, 
and local loads acting in a small area. When the dimen-
sions of the zone within which the load acts are signifi-
cantly small compared to the dimensions of the entire 
surface of the structure, or, for example, when the diame-
ter of the loaded zone is less than the thickness of the 
plate, the load can be considered as local, applied at one 
point [6]. In the area of application of a concentrated 
force in thin-walled structures, significant bending mo-
ments and shearing forces arise. These local forces are the 
source of stress concentration. One of the methods for 
reducing stresses can be the tension of the plate by mem-
brane forces applied along the contour. 

On the theory of compound bending of isotropic 
plates, the following works can be mentioned [7–9];  
a review and analysis of deformation models is given in 
[10–16]. 

Work objective. It is required to choose a model for 
calculating thin plates from an orthogonal anisotropic 
material; to solve the problem of ensuring the rigidity and 
strength of a compound bending of an orthotropic plate 
for optimal orientation of the composite fibers located in a 
rectangular non-deformable contour, with a simultaneous 
application of transverse and longitudinal loads. 

I. Statement of the problem of deformation of an 
orthotropic model of compound bending. A differential 
formulation of the problem of longitudinal-transverse 
bending of a plate is considered. Geometric nonlinear 
equations are simplified: they neglect the derivatives of 
the functions of membrane displacements of the basal 
surface. The resolving equilibrium equation is compiled 
according to the deformed scheme. 

1. Physical equations. As the governing equations, 
we use Hooke's law for a body with orthogonal-
anisotropic properties, compiled in the Cartesian coordi-
nate system Oxyz [17] 
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,              (1) 

where the components of the strain tensor xx , yy , xy  

related to the stress tensor components x , y , xy  

compliance coefficients: 

11 11 /c E ,    22 21 /c E ,    12 21 2/c E  , 

21 12 1/c E  , 66 121 /c G , ( 1 21 2 12E E   ).     (2) 

Here 1E , 2E , 12 , 21 , 12G  are elastic characteris-

tics of rigidity (technical constants) of an orthotropic ma-
terial determined for the principal directions of elastic 
symmetry 1–2. 

The inverse matrix of (1) matrix has the form: 

11 12

12 22

66

0

0

0 0

x xx

y yy

xy xy

b b

b b

b

     
             
            

.              (3) 

Here, 

22
11 2

11 22 12

c
b

c c c



, 12

12 21 2
11 22 12

c
b b

c c c
 


, 

 11
22 2

11 22 12

c
b

c c c



, 66

66

1
b

c
 .       (4) 

The coefficients of matrix (3), expressed in terms of 
technical constants (2), have the form: 
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0
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0
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.       (5) 

2. Geometric equations (deformations). We apply 
the geometrically nonlinear Love – Karman – Novozhilov – 
Papkovich equations [4; 7; 10]: 
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.             (8) 

In practical plate design, membrane displacements 

0 ( , )u u x y , 0 ( , )v v x y  one to two orders of magnitude 

less deflections of the middle layer ( , )w w x y . There-

fore, in equations (6)–(7), we can exclude the derivatives 
of membrane displacement functions, which gives: 
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.    (11) 

Equations (9)–(11) can be called quasi-nonlinear, 
since they contain squares and the product of the first 
derivatives of the deflection functions. 

3. Stress and internal strength factors. Substituting 
(9)–(11) in (3), we obtain the stress values: 
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Integration of stresses (12)–(14) along the plate height 
h ( / 2 / 2)h z h    gives a group of internal force fac-

tors, membrane forces, bending moments and torque: 
22

11 122x
h w w

N b b
x y

              
,              (15) 
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4. Equilibrium equation. The model of S. P. Ti-
moshenko, in which the equilibrium equation [9] corre-
sponds to the state of compound bending: 
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2 2 2
2 xy yx

H MM
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q N N S
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.   (21) 

Substituting moments (18)–(20) into (21), we obtain 
the resolving equation for calculating the orthotropic  
plate 

4 4 4
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in which the stiffness parameters are equal: 
3
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3
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B  .     (23) 

In the right part (22) ( , )x xN N x y , ( , )y yN N x y   

и ( , )xy xyS S x y . At the first step of calculating  

a compound bend, these forces are assumed to be equal  
to the pretensioning forces. It can be assumed that  
if in the numerical analysis of the plate deformation it 
turns out that the forces calculated by formulas (15)–(17), 
depending only on the squares of the first derivatives  
of the deflection functions, will be comparable with  
the order of the applied membrane tension forces, then  
the calculation problem should be reformulated and  
considered as a boundary value problem with variable 
coefficients. 

5. Transition from a continuous problem statement 
to a discrete (finite-difference) one. Discretization of 
equations (22) is carried out by the method of grids [18], 
replacing the differential operators with central differ-
ences. Finite-difference analogue of differential equation 
(22) for a uniform square grid 1,2,...,i n , 1,2,...,j m , 

with step   is the following: 
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6. Internal force factors and stresses of a discrete 
problem. Internal force factors are calculated by the for-
mulas (15)–(17): 
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Stresses are calculated at grid points: 
max 2/x xM h   , max 2/y yM h   , max 2/xy xyH h   . 

II. Calculations of the stiffness and strength of an 
orthotropic plate. The longitudinal-transverse deforma-
tion of an anisotropic plate is considered, and the strength 
is estimated. The level of membrane forces is determined, 
depending only on the squares of the first derivatives of 
the deflection functions. The calculations were performed 
on the basis of our own Maple program [19]. 

1. Given. Let us consider a plate (1 0.8 )m m  made 

of unidirectional carbon fiber reinforced plastic [3]  
Tornel-300  (Carbon-fiber-reinforced-polymer  (CFRP)),  

thickness h = 2 mm. Strength of the material along the 

grain 1 1400МPа  , across the grain 2 34.5МPа  ; 

shear strength 12 74МPа  . Tensile modulus along fi-

bers 1 142.8Е GPa ; tensile modulus across fibers 

2 9.13Е GPа ; Poisson's ratios: 21 0.32  , 12 0.02  . 

Shear modulus is 12 5.49G GPа . Maximum deflection 

boom 15 .w mm   

The plate is exposed to concentrated force Р = 1000N 
in the centre. A hinge-fixed support is specified along the 
contour. 

2. Determination of the most favorable orientation 
of fibers of a unidirectional composite in terms of plate 
stiffness. Let us investigate the stress-strain state from the 
action of only a concentrated shear force Р. 

In fig. 1 let us consider the orientation of the compos-
ite in the global coordinate system of the plate (Оxy) and 
give the strength parameters with the stiffness characteris-
tics in its own principal axes О12. Let's call these parame-
ters and characteristics normative. 

Let us show in fig. 2 options for the arrangement of 
fibers: we orient the composite of unidirectional CFRP 
with fibers parallel to the long side of the plate (fig. 2, а) 
and parallel to the short side of the plate (fig. 2, b). 

 
 

 
 

Fig. 1. Composite orientation in the global plate coordinate system (0xy)  
and strength parameters with stiffness characteristics 

 
Рис. 1. Ориентация композита в глобальной системе координат пластины (0xy) 

и прочностные параметры с характеристиками жесткости 
 
 

 
 

а      b 
 

Fig. 2. Plates with two types of composite fiber orientation:  
a – carbon fiber is located along the long side of the plate; b – carbon fiber is located along  

the short side of the plate 
 

Рис. 2. Пластины с двумя видами ориентации волокон композита:  
а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 
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Let us write the physical law for the first orientation of 
the fibers along the long side of the plate (fig. 2, а): 

1 0.02
0

142.8 9.13

0,32 1
0

142.8 9.13

1
0 0

5.49

xx x

yy y

xy xy

GPа GPа

GPа GPа

GPа

 
 

     
              
            

 
 

 

and for the second orientation of fibers along the short 
side of the plate (fig. 2, б): 

1 0,32
0

9.13 142.8

0,02 1
0

9.13 142.8

1
0 0

5.49

xx x

yy y

xy xy

GPа GPа

GPа GPа

GPа

 
 

     
              
            

 
 

. 

Let's perform the calculations, the results are shown  
in fig. 3–7. 

The most favorable orientation of the fibers of a unidi-
rectional composite in terms of plate rigidity is the ar-
rangement of the composite fibers along its short side. In 
this case, the deflections are less by 56 % than when the 
fibers are arranged along the long side. Normal stresses in 
both cases are greater than the normative ones, strength is 
not ensured. Stress regulation is required. Calculations for 
both fiber arrangements are discussed below. 

3. Location of composite fibers along the long side 
of the plate. The loads 510 /xN N m  and 

510 /уN N m  are applies. The calculation results are 

shown in fig. 8. The initial stresses from pre-tension are 
equal to: 0 /x xN h   и 0 /y yN h  . 

The results shown in fig. 8, a show that under tension 
510 /xN N m  deflection in the center of the plate 

max 20,8w mm w   and stresses across the fibers, equal 
max

2130МPаy
    , are above standard. 

The results shown in fig. 8, b show that under tension 
510 /yN N m  deflection in the center of the plate 

max 10.05w mm w  , which satisfies the stiffness condi-
tion, and the stresses across the fibers 

max
2129.8МPаy
     remain above standard.Let's in-

crease efforts of xN  and yN  by an order. The calculation 

results are shown in fig. 9.  
When loading the plate with pretension 

610 /xN N m  (fig. 9, а), the stress acting across  

the fibers decreases from 474,6 MPa (at 0xN  )  

to 31,9 MPa (at 610 Н/мxN  ). 

The applied force 610 /уN N m  (fig. 9, b) by itself 

creates a preliminary tension across the fibers signifi-

cantly more than the standard 0
2500МPаy
    . As for 

the deflection, it is significantly less than the standard and 

equal to max 1.84w mm w  . 
Let us present the diagrams of deflection and internal 

force factors for this loading case in fig. 10–14. 
4. Location of composite fibers along the short side 

of the plate. The loads 510 /xN N m  and 
510 /уN N m  are applied. The calculation results are 

shown in fig. 13. The initial stresses from pre-tension are 
equal to: 0 /x xN h   и 0 /y yN h  .  

The results presented in fig. 13 a show that when 
stretched by force 510 /xN N m  deflection in the center 

of the plate max 11,3w mm w   turned out to be of the 
same order of magnitude with the allowable deflection, 
and the stresses across the fibers, it is 

max
2130.9 МPаx
    , above the standard. 

 
 

    
 

а       б 
 

Fig. 3. Comparison of deflections and maximum stresses with standard:  
a – fiber CFRP along the long sides of the plate; b – CFRP fibers are located along the short sides of the plate 

 
Рис. 3. Сравнение прогибов и максимальных напряжений с нормативными:  
а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 

 

1P kN

max

max
1

max
2

max
12

437

1970МPа

474,6МPа

405МPа

x

y

xy

w mm w







 

   

   

   

max

max
2

max
1

max
12

280

438,9МPа

1834,5МPа

32,4МPа

x

y

xy

w mm w







 

   

   

   

1P kN



 
 
 

Сибирский журнал науки и технологий.  Том 21,  № 4 
 

 504

    
 

а      б 
 

Fig. 4. Comparison plots of deflections:  
a – fiber CFRP along the long sides of the plate; b – CFRP fibers are located along the short sides of the plate 

 
Рис. 4. Сравнение эпюр прогибов:  

а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 

 
 

    
 

а      б 
 

Fig. 5. Comparison of bending moments Мх:  
a – CFRP fibers are located along the long side of the plate;  
b – CFRP fibers are located along the short side of the plate 

 
Рис. 5. Сравнение изгибающих моментов Мх:  

а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 

 
 

    
 

а      б 
 

Fig. 6. Comparison of bending moments Му:  
a – CFRP fibers are located along the long side of the plate;  
b – CFRP fibers are located along the short sides of the plate 

 
Рис. 6. Сравнение изгибающих моментов Му: 

а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 



 
 
 

Информатика, вычислительная техника и управление 
 

 505

   
 

а       б 
 

Fig. 7. Comparison of torque Нху: 
 a – CFRP fibers are located along the long side of the plate;  
b – CFRP fibers are located along the short sides of the plate 

 
Рис. 7. Сравнение крутящих моментов Нху:  

а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

а      б 
 

Fig. 8. Calculation results for a plate in which CFRP fibers are located along its long side:  

a – pre – stretching by force 510 N/mxN  ;  b – pre-stretching by force 510 N/mуN   

 
Рис. 8. Результаты расчета пластины, в которой волокна углепластика расположены  

вдоль ее длинной стороны:  

а – предварительное растяжение силой 510 H/мxN  ;  

б – предварительное растяжение силой 510 Н/муN   
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Fig. 9. Results of calculating a plate in which CFRP fibers are located along its long side:  

a – pre – stretching by force 610 N/mxN  ; b – pre-stretching is applied 610 N/mуN   

 
Рис. 9. Результаты расчета пластины, в которой волокна углепластика расположены  

вдоль ее длинной стороны:  

а – предварительное растяжение силой 610 Н/мxN  ;  

б – приложено предварительное растяжение 610 Н/муN   

 
 
 
 

 
 

Fig. 10. Diagram of deflections for calculating  
a plate in which CFRP fibers are located along  

its long side 610 N/mxN   and  1P kN  

 
Рис. 10. Эпюра прогибов расчета пластины, 
в которой волокна углепластика расположены 

вдоль ее длинной стороны при 610 Н/мxN    

и 1 кНP   
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а      б 
 

Fig. 11. Diagram of the bending moment xM  of a plate in which CFRP fibers are located along its 

long side at 610 N/mxN   and  1P kN :  

a – general view of the diagram; b – view of the diagram in the 0yz plane 
 

Рис. 11. Эпюра изгибающего момента xM , в которой волокна углепластика расположены 

вдоль длинной стороны при 610 Н/мxN   и 1 кНP  :  

а – общий вид эпюры; б – вид эпюры в плоскости 0yz 
 
 

   
 

а      б 
 

Fig. 12. Diagrams of moments of a plate in which CFRP fibers are located along  

its long side at 610 N/mxN   and 1P kN :  

a – plot 
xM ; b – plot 

хуН  

 
Рис. 12. Эпюры моментов пластины, в которой волокна углепластика  

расположены вдоль ее длинной стороны при 610 Н/мxN   и 1 кНP  : 

а – эпюра 
xM ; б – эпюра 

хуН  

 
 
The results shown in fig. 13 b show that under tension 

510 /yN N m  in the center of the plate deflection 

max 18,16 15w mm w mm   , that does not satisfy  

the stiffness condition; also the stress across the fibers, 

equal to max
2127,7 МPаx
    , is higher than the  

standard. 
Let's increase forces xN  and уN  to an order of mag-

nitude. The calculation results are shown in fig. 14.  
The pre-tension by force 610 /xN N m  gives tension 

across the fibers ( 0
2500МPаx
    ) more regulatory  

stress. The combined action of the shear force and the 
tensile force increased this stress 

( max
2525.4 МPаx
    ). 

When the plate is loaded (fig. 14, a) with a load acting 
across the fibers, the stress decreases from 474.6 МPа  

(at 0xN  ) to 31.9 МPа (at 610 /xN N m ). 

Applied effort 610 /уN N m  (fig. 14, b) meets all 

the criteria of rigidity and strength.  
Let us present the diagrams of the deflection  

and internal force factors for this case of loading  
in fig. 15–17. 
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Fig. 13. Results of calculating a plate in which CFRP fibers are located along its short side: 

A – pre – stretching is 510 N/mxN  ; b – applied pre-stretching is 510 N/mуN   

 

Рис. 13. Результаты расчета пластины, в которой волокна углепластика расположены  
вдоль ее короткой стороны:  

а – предварительное растяжение 510 Н/мxN  ;  

б – приложено предварительное растяжение 510 Н/муN   

 
 

 
 
 
 
 
 
 
 
 
 
 

а      б 
 

Fig. 14. Results of calculating a plate in which CFRP fibers are located along its short side:  

a – applied pre – tension is 610 N/mxN  ; b – applied pre-tension is 610 N/mуN   

 

Рис. 14. Результаты расчета пластины, в которой волокна углепластика  
расположены вдоль ее короткой стороны:  

а – приложено предварительное растяжение 610 Н/мxN  ;  

б – приложено предварительное растяжение 610 Н/муN   
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Fig. 15. Diagram of deflections of a plate in which  
CFRP fibers are located along its short side  

at 610 N/mxN   and  1P kN  

 
Рис. 15. Эпюра прогибов пластины, в которой  
волокна углепластика расположены вдоль  

ее короткой стороны при 610 Н/мxN   и 1 кНP   

 
 

    
 

а     б 
 

Fig. 16. Diagrams of moments of a plate in which CFRP fibers are located along its 

short side of the short side at 610 N/myN   and 1P kN :  

a – xM ; b – xyH  

 
Рис. 16. Эпюры моментов пластины, в которой волокна углепластика расположены 

вдоль ее короткой стороны короткой стороны при 610 Н/мyN   и 1 кНP  :  

а – xM ;  б – xyH  

 

   
 

а     б 
 

Fig. 17. Diagrams of moments of a plate in which CFRP fibers are located along  

its short side at 610 N/myN   at and 1P kN :  

a – general view; b – view in the 0xz plane 
 

Рис. 17. Эпюры моментов пластины, в которой волокна углепластика расположены  

вдоль ее короткой стороны при 610 Н/мyN   и 1 кНP  : 

а – общий вид; б – вид в плоскости 0xz  
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According to the results of calculations of a plate rein-
forced along its long and short sides, it was found that, 
according to the required characteristics of rigidity and 
strength, both variants of tension by membrane forces are 
suitable xN  и yN . 

When reinforcing along the long side of the plate, the 

pretension by force 610 N/mxN   reduces the stress act-

ing along the fibers from 1970 MPa to 617 MPa  
(fig. 3, a), and the stress acting across the fibers, equal  
to 474.6 MPa, is reduced by the preliminary tension  
to 31.9 MPa (fig. 9, a). 

For reinforcement on the short side, the pretension 
by force 610 /yN N m  reduces the stress acting across 

the fibers from 438 MPa to 29.86 MPa (fig. 3, b),  
and the stress acting along the fibers, equal to 1834.5 
MPa, is reduced by the pretensioning to 611.44 MPa 
(fig. 14 b). 

5. Simultaneous loading of plates with membrane 
forces xN  and yN . In fig. 18 we present the results of  

calculating a plate in which the fibers of the composite are 
located along its long side (fig. 18, a), and a plate  
in which the fibers are located along its short side  
(fig. 18, b). In both cases, stretching by membrane forces 
is performed simultaneously by forces 510 /xN N m   

and 510 /уN N m . Both types of loading do not satisfy 

the strength across the fibers. Let's increase the membrane 
tensile forces by 10 times (fig. 19). 

Diagrams for a plate in which CFRP fibers are located 
along the short side of the plate are shown in fig. 20. 

Both variants of loading the plates, in which the fibers 
are oriented both along the long and short sides, do  
not correspond to the strength across the fibers of the 
composite material. Therefore, it is necessary to select a 
material with increased strength in the direction of the 
anisotropy axis 2.  

Stretching of a rectangular composite web simultane-
ously in two directions presents certain technological  
difficulties; therefore, this option of pretensioning should 
be abandoned. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

а      б 
 

Fig. 18. Comparison of deflections and maximum stresses  
with standard ones when loads are applied simultaneously  

510 N/mxN   and 510 N/mуN  :  

a – CFRP fibers are located along the long side of the plate;  
b – carbon fiber fibers are located along the short side of the plate 

 
Рис. 18. Сравнение прогибов и максимальных напряжений  
с нормативными при одновременном приложении нагрузок  

510 Н/мxN  и 510 Н/муN  :  

а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 
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Fig. 19. Comparison of deflections and maximum stresses  
with standard ones when loads are applied simultaneously   

610 N/mxN   and 610 N/mуN  : 

a – CFRP fibers are located along the long side of the plate;  
b – CFRP fibers are located along the short side of the plate 

 
Рис. 19. Сравнение прогибов и максимальных напряжений  
с нормативными при одновременном приложении нагрузок  

610 Н/мxN   и 610 Н/муN  :  

а – волокна углепластика расположены вдоль длинной стороны пластины;  
б – волокна углепластика расположены вдоль короткой стороны пластины 

 
 
 
 

               
 
 

а     б                  с 
 

Fig. 20. Results of calculations of a plate in which CFRP fibers are located along the short side:  
a – moment xM ; b – moment xM ;  с – moment xyH  

 
Рис. 20. Результаты вычислений пластины, в которой волокна углепластика  

расположены вдоль короткой стороны:  
а – момент xM ; б – момент xM ; с – момент xyH  
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Fig. 21. Diagrams of calculated longitudinal forces  
( , )x xN N x y  and ( , )y yN N x y : 

а – diagram xN ; b – diagram yN  

 
Рис. 21. Эпюры вычисляемых продольных сил   

( , )x xN N x y  и ( , )y yN N x y : 

а – эпюра xN ; б – эпюра yN  

 
 
6. A numerical estimate of simplification of geo-

metric equations of the boundary value problem. To 
estimate the level of efforts (15) and (16), which depend 
only on the squares of the first derivatives of the deflec-
tion functions, we consider the calculation data for an 
orthotropic plate. Compared with the specified longitudi-
nal forces, the level of which was assigned from 105  

to 106 N/m, which gives stresses of the order of 50 MPa to 
500 MPa, the forces calculated by formulas (15) and (16) 
(fig. 21) give the maximum stresses up to 0.04 MPa. That 
is, the squares of the first derivatives of the deflection 

function 2( / )w x  and 2( / )w y  in (15) and (16) have 

little effect on the values of longitudinal membrane forces 
( , )x xN N x y  and ( , )y yN N x y . 

Thus, following the calculated results, it makes no 
sense to complicate the model of the longitudinal-
transverse deformation of the plate under preliminary 
tension by membrane forces and to solve problem (22) 
with variable coefficients. 

Conclusion. The selected deformation model, as a 
model of a flexible plate of small deflection made of an 
orthogonal anisotropic material, makes it possible to solve 
the problems of ensuring the rigidity and strength of com-
pound longitudinal-transverse bending of an orthotropic 
plate. 

For a rectangular plate, according to the selected de-
formation model, in order to ensure a minimum deflection 
from a concentrated force, it is more advantageous to in-
stall fibers of a unidirectional composite along the short 
side. Stress levels and deflection are reduced. 

Significant bending moments arising in the zone of 
application of a concentrated force are a source of stress 
concentration. The pre-tension of the plate web allows the 
stress to be reduced by 50 times. 

The problem of compound bending of isotropic and 
anisotropic plates when applying transverse and selecting 
longitudinal loads with constraints on strength and stiff-
ness can be called the problem of rational design of a 

structure. The obtained equations and the calculation pro-
gram can be used both in the design of plate structures 
and in the educational process. 
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