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Abstract 

Reusable Launch Vehicle (RLV) structures have non-axisymmetric cross sections and the fuselage is generally D-shaped to 

dissipate the heat generated due to aero-thermodynamic effects during re-entry. Equivalent axial Load (EAL) computation 

procedure for D-shaped sections is not available in literature. In this paper, a procedure developed for computation of EAL for 

D-shaped aerospace vehicle structures subjected to axial force and biaxial moments is described. The theoretical derivation of 

EAL, the computation procedure and parameters which control the EAL for D-sections are discussed. Interaction diagrams are 

developed for quick computation of EAL and compared with that of circular sections. The maximum stress occurrence point in a 

D-section is found out for different bi-axial moment combinations. Verification of the EAL computation procedure using finite 

element analysis method is also carried out. The concept may be useful for reducing the complexities in the fuselage design 

process, testing schemes, arriving at flight clearance strategies for Day of Launch (DOL) winds and for flight data analysis.  

Keywords: D-section, EAL, eccentricity, moment ratio, stress 

________________________________________________________________________________________________________ 

I. INTRODUCTION 

Launch vehicle primary structures such as base shrouds, interstages and heat shields, subjected to axial force (P) and bending 

moment (M) are conventionally designed as axially loaded members [1] to resist the Equivalent Axial Load (EAL). The concept 

of EAL is not only useful for the design process, but also to arrive at simplified structural testing schemes and test set-ups, 

launch clearance strategies and also in flight data analysis. Strains on structural members are measured in flight using axial strain 

gauges and are converted into axial loads and bending moments and EAL experienced at a section. EAL computation procedure 

for launch vehicle structures with circular cross-sections are available in literature and are well established.   

Unlike the launch vehicles, RLV configurations are not axisymmetric in geometry. The fuselage cross-sections of RLV 

airframes are generally D-shaped, because D-shape offers a large windward surface area. Hence, during re-entry flight of RLV 

through atmosphere at high angle of attack to reduce the kinetic energy, maximum heat can be dissipated from the bottom 

surface. EAL computation for D-shaped sections is not available in literature. This poses several complexities for the fuselage 

design and testing process, arriving at flight clearance strategies for the Day of the Launch winds and also in flight data analysis 

of fuselage. Hence, a methodology for computation of EAL for D-shaped sections subjected to axial force and biaxial moments 

is developed. This paper addresses the theoretical derivation of EAL, computation procedure and parameters which control EAL 

for D-shaped structures. Interaction diagrams are developed for quick computation of EAL, for commonly occurring eccentricity 

and moment ratios of D-sections. 

II. NOMENCLATURE 

 R =  Radius of D-section 

 t = thickness of section 

 A = Area of section 

 ai = Area of ith segment 

 zi = z-distance of ith segment c.g from base 

 P  =  Axial Force 

 M  = Bending moment 
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 My  =  Moment about y axis 

 Mz =  Moment about z axis  

 Iyy  =  Area Moment of inertia about Y-axis 

 Izz =  Area Moment of inertia about Z-axis 

 e =  eccentricity = My/P 

 α  =  Moment ratio = Mz/My 

 σ  =  Stress at extreme fibre 

 e/R = Eccentricity ratio 

 Zcg  = Centroidal distance along Z-axis from base 

 Z’cg  = Centroidal distance along Z-axis from crown 

 Ycg  = Centroidal distance along Y-axis from base 

 EAL = Equivalent Axial Load 

 FEA = Finite Element Analysis 

III. THEORETICAL DERIVATION 

EAL for a section subjected to axial force and bi-axial moments is the effective axial load generated on a section, assuming 

maximum stress is induced uniformly on the entire section. Hence the primary step in the computation of EAL is to calculate the 

maximum stress and its point of occurrence on the section. 

The configuration of a D-section considered for EAL computation is shown in Fig. 1. The section has a radius of 'R', flat 

bottom width of 2R and vertical distance from crown (A) to bottom corner (C) is also 2R. The thickness of section is denoted as 

't' and the centroid of section is CG and the geometric centre is denoted as ‘O’. 

Area of cross section with thickness, t << R is given by 
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i = segment of D-section: EC, EF, CB, BAF  (Refer Fig. 1)   
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Fig. 1: D-shaped section: Configuration 

For t  << R, t3 are very small in magnitude and can be neglected, 

t
t

t
tt 3

R4.23756π) +(32

12

3
R3

R 2

2

3
(R) π

12

3
(R) 8

 =
zz

I 
                                        .....  (5) 

Moment of inertia Iyy about centroid, 

2

R0.1401

π

2(R)
 t R π 

2

π

2.(R)
 t R π

2

t
3

(R) π

2
R) 0.5 -R (0.8599 t R

12

3
(R) t

 2
2

R) (0.8599 t 2R

12

3
(t) 2R

  
yy

I















































                        .....  (6) 

For t  << R, t3 are very small in magnitude and can be neglected,  
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If we consider a symmetric right half of D-section about the axis A-O-D, the maximum stress on the section can occur at a 

point on the curve AB (above CG) or BC, CD (below CG). The two possible regions can be analyzed in detail as following 

cases. 
1) Case (i):   Maximum stress at a point P(yo, zo) above CG, where (yo, zo) are the co-ordinates of 'P' with respect to geometric 

centre 'O' and   is the angle subtended by arc BP with centre 'O'. Then  yo =  R cos ;  zo =  R sin. Hence from the CG 

point, the co-ordinates of P(y', z') are y' =R cos ; z' = R sin + 0.1401 R.                   

Maximum stress at P, (Refer Fig. 2) 
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Fig. 2:  Bending stress distribution on D-shaped section 

Hence the maximum stress in region above CG of the section is given as follows. 
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Multiplying with A/P and knowing  A.max1 = EAL1,  My = P.e  and Mz = α.My,  eqn.(9) transforms as follows: 
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To find the angle ' ' at which, the maximum stress occurs above CG, differentiating eqn.(10) with respect to ' ' and equate to 

zero. 
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The location (θ)  of the maximum stress point (P) above CG for varying ‘α’ is shown in Fig. 3. 

 
Fig. 3: Variation of max. Stress occurrence location with increasing moment ratio 
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2) Case (ii):  Maximum stress occurs below CG, in the regions BC, CD 
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The maximum possible values for (yCG, zCG) in the regions BC, CD is (R,0.8599 R) and the simultaneous maxima occurs at point 

'C'. Hence the maximum stress in region below CG of the section is given as follows. 
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Multiplying with A/P and knowing  A.max2 = EAL2,  My = P.e  and Mz = α.My,  the eqn.(13) transforms as follows: 
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For a D-section for which e/R and α are defined, the EAL can be computed as follows. 
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The variation of EAL1/P and EAL2/P with e/R ratio for different moment ratios (α) is shown in Fig. 4. The look-up table for 

EAL/P for various e/R and α ratios are generated and given in Table-1. 

IV. EAL COMPUTATION PROCEDURE 

Given a D-section for which e/R, P, α are defined, the EAL shall be computed as per steps described in (a) to (d). 

1) Step (a):  Calculate EAL1/P = k1 and EAL2/P = k2 using eqn.(15) 

2) Step (b):  If k1 > k2, then EAL for D-section is k1P, else EAL is k2P. 

V. SPECIAL CASES 

 e/R = 0, i.e., no moments are induced,  EAL1/P = EAL2/P =1; Hence EAL = P 

 e/R = 1, α = 0; EAL1/P = 2.987; EAL2/P = 2.499; Hence EAL = 2.987P        

 e/R = 0.5, α = 0.5; EAL1/P = 2.090; EAL2/P = 2.171; Hence EAL = 2.171P  

 e/R = 1.0, α = 1.0; EAL1/P = 3.669; EAL2/P = 4.184; Hence EAL = 4.184P  

VI. INFERENCES AND DISCUSSION 

From Fig. 3, when D-section is subjected to uni-axial moment (My), the maximum stress occurrence is at crown point ‘A’, i.e., θ 

= 90o. But when biaxial moments are induced and as magnitude of Mz increases, the maximum stress occurrence move towards 

the bottom corner point ‘C’ of the D-section.  

From Fig. 4, when moment ratio α = 0,  EAL1/P  > EAL2/P. As 'α' increases or in other words the magnitude of the moment 

Mz is increased, EAL2/P gradually increases and there is a critical value of 'α', where  EAL2/P = EAL1/P, after which  EAL2/P > 

EAL1/P. This indicates that the maximum stress occurrence location shifts from above to below centroid location of D-section, 

after reaching a critical moment ratio. 
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a) 

 
b) 

 
c) 

 
d) 

Fig. 4:  Variation of EAL/P with e/R for varying moment ratios 

VII. CRITICAL MOMENT RATIO (ΑCR) 

Maximum stress occurrence location takes a transition from above to below CG when, 

EAL1/P = EAL2/P                            .....  (16) 

Expanding eqn.(16)  
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Rewriting eqn.(17) after cancelling e/R,  
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Table – 1 

EAL/P for various e/R and moment ratios (α) 
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0 1.000 1.994 2.987 3.385 3.981 4.577 4.974 

0.1 1.000 1.998 2.995 3.394 3.993 4.592 4.991 

0.2 1.000 2.010 3.020 3.423 4.029 4.635 5.039 

0.3 1.000 2.030 3.059 3.471 4.089 4.706 5.118 

0.346 1.000 2.041 3.082 3.499 4.123 4.748 5.164 

Transition EAL2/P EAL2/P EAL2/P EAL2/P EAL2/P EAL2/P EAL2/P 

0.35 1.000 2.044 3.089 3.507 4.133 4.760 5.178 

0.4 1.000 2.087 3.173 3.608 4.260 4.911 5.346 

0.5 1.000 2.171 3.342 3.810 4.512 5.215 5.683 

0.6 1.000 2.255 3.510 4.012 4.765 5.518 6.020 

0.7 1.000 2.339 3.679 4.214 5.018 5.821 6.357 

0.8 1.000 2.424 3.847 4.416 5.271 6.125 6.694 

0.9 1.000 2.508 4.016 4.619 5.523 6.428 7.031 

1.0 1.000 2.592 4.184 4.821 5.776 6.731 7.368 

1.1 1.000 2.676 4.353 5.023 6.029 7.035 7.705 

1.2 1.000 2.761 4.521 5.225 6.282 7.338 8.042 

1.3 1.000 2.845 4.690 5.427 6.534 7.641 8.379 

1.4 1.000 2.929 4.858 5.630 6.787 7.944 8.716 

1.5 1.000 3.013 5.027 5.832 7.040 8.248 9.053 

1.6 1.000 3.098 5.195 6.034 7.293 8.551 9.390 

1.7 1.000 3.182 5.364 6.236 7.545 8.854 9.727 

1.8 1.000 3.266 5.532 6.438 7.798 9.158 10.064 

1.9 1.000 3.350 5.701 6.641 8.051 9.461 10.401 

2.0 1.000 3.435 5.869 6.843 8.304 9.764 10.738 

Rearranging eqn.(20), we get 

crcos-  1 cr
2

cos-1 0.72

  1 cr sin0.72 crcos

  1.034 crsin 0.744 crcos 1.034

 cr sin0.744  - cr
2

 sin1.034 cr
2

cos 1.034 -crcos 1.034

















                                             
.....  (21) 

Squaring and rearranging eqn.(21), we get 

0 0.4816crθcos 2-crθ
2

cos 1.5184                                                                                  .....   (22) 

Solving quadratic eqn.(22) 
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For bi-axial moment case,  

346.0

cr
tanθ

1.034
crα       ;  71.5 crθ

o                                                                              .....  (24) 

For  < 0.346, maximum stress is induced in the region, 71.5o <   < 90o. But when   > 0.346, the maximum stress is 

induced at the corner point 'C' below the centroid of D-section. The dominant regions for EAL1 and EAL2 on the D-section are 

shown in Fig. 5. For biaxial moments of opposite sense ( is -ve), the maximum stress point occurrence pattern follows in the 

other symmetric half of D-section about vertical.  
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Fig. 5.  EAL1 and EAL2 dominant regions on D-section 

EAL/P  vs. e/R interaction diagram for D-section is shown in Fig. 6.  The EAL/P for a D-section is compared with the same for 

a circular section having radius 'R', for various moment ratios in Fig. 7. It is observed that, EAL for D-section is same as that of 

circular section, when moment ratio is zero. But when the moment ratio increases, EAL for a D-section is more than that of the 

circular section. 

VIII. VERIFICATION 

EAL computation procedure is verified using Finite Element Analysis (FEA) method for a D-section having the following 

geometric parameters. 

t = 2mm  ;   R = 1m  ;    e = 1m  ;     e/R = 1  ;    A = 14283 mm2 

Finite element model of a D- shaped structure of length 2m and having the above defined cross section parameters is 

generated. Loads are applied at the c.g of D-section at one end (Refer Fig. 8), so that the required axial force and bi-axial 

moments are generated on a section, which is located at 1m along length from the load application point. Displacements and 

rotations are constrained at the other end of the D-section. 

 
Fig. 6: EAL/P  vs. e/R: Interaction diagram for D-section 
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Fig. 7: EAL for D-section vs. circular section 

 
Fig. 8: Finite element model of D-section for EAL verification 

Axial stress induced on D-section, for moment ratios of 0.2, 0.8, 1.0 and 2.0 are extracted from FEA and they are compared 

with theoretically computed stress (Refer Table- 2). From axial stress contours shown in Fig. 9, it can be seen that maximum 

stress occurs above c.g of D-section for α = 0.2 , whereas it shifts to bottom corner locations for α = 0.8, 1.0 and 2.0. Similarly, 

EAL obtained from theoretical computation and FEA are also compared in Table-2. It can be seen that EAL obtained from FEA 

matches with the theoretically computed EAL within ±2 % accuracy. 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

0

2

4

6

8

10

12

14

Eccentricity ratio (e/R)

E
A

L
/P

EAL for D-section vs. circular section

 

 

      = 0, D-section

      = 0, circular section

      = 1.0, D-section

      = 1.0, circular section

      = 2.0, D-section

      = 2.0, circular section



Equivalent Axial Load (EAL) Computation for D-shaped Aerospace Vehicle Structures Subjected to Axial Force and Bi-axial Moments  
(IJSTE/ Volume 3 / Issue 05 / 011) 

 

 All rights reserved by www.ijste.org 
 

61 

 
Fig. 9: Axial stress contours (N/mm2) on D-section for varying moment ratios 

Table – 2 

EAL verification using finite element analysis for varying moment ratios (α) 

D- section parameters:     t = 2mm;    R = 1m;    e = 1 m;    e/R = 1;    A = 14283 mm2 

Applied loads 
Moment ratio 

Axial stress EAL 
Difference 

P My Mz (N/mm2) (kN) 

(kN) (kN.m) (kN.m) (α) EAL formula FEA EAL formula FEA (%) 

100 100 20 0.2 21.1 21.5 302.0 307.1 1.7% 

100 100 80 0.8 26.9 26.4 384.7 376.6 -2.1% 

100 100 100 1.0 29.3 29.5 418.4 421.6 0.8% 

100 100 200 2.0 41.1 40.8 586.9 583.2 -0.6% 

IX. CONCLUSION 

A methodology for computation of EAL for D-shaped aerospace vehicle structures subjected to axial force and biaxial moments 

is developed. The maximum stress occurrence point in D-section is also found out for different bi-axial moment combinations. 

Interaction diagrams are developed for quick computation of EAL for commonly occurring eccentricity and moment ratios of D-

sections and compared with that of circular section. It is observed that EAL for D-section is similar to that of circular section, 

when moment ratio is zero but different when moment ratio exists. Verification of the EAL computation procedure using finite 

element analysis method is also carried out.   
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