
Wing structural loading and design
The three most important structural components of an aircraft; wings, fuselage and empennage are 

considered from the point of view of structural design as beams with variable loading along the

length or span.
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Span-wise and chord-wise beam must posses 

adequate bending and torsional stiffness to

support loads.


1. Wing loads 
2. Structural design

Wing as a simple beam – shear and bending loads

Sign conventions for positive 
loads on a beam element:
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Integration of an impulse (point 
load, delta function) produces a 

step (Heaviside function):
(1)

For a distributed load (+ve downwards)
dV

dx
= �q
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(2) where q is load/unit length.

Bending moment: dM

dx
= V
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(3)
ˆ B

A
dM =

ˆ B

A
V dx
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so that (4)

Wing (massless) with fuselage point load W in steady level flight:

Loading

Shear force V

Bending moment M

ˆ +b/2

�b/2
⇢V1�(x)dx = W
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(Lift = weight)

(5)

obtained by integrating (2);

for point loads, use (1)

obtained by integrating (3)

Simple to generalise for further distributed/point wing inertia loads.

W
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Integrates to zero owing to (5).

Must be zero at each tip owing to (4).

�q = 1
2⇢V

2
1Clc(x) = ⇢V1�(x)
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distributed lift (-q) 
balances weight W



Load factor
Aircraft loads are those forces applied to the airplane structural components. The determination of 

design loads of the wing involves both aerodynamic studies and knowledge of structural design 
requirements specified by the airworthiness authorities.

In straight steady level flight, the wing lift supports the weight of the plane. However, in different 
maneuvers or flights through turbulence or gusts, the net load on the wing can change.  

The amount of change in loads with respect straight level flight is measured in terms of the load factor.

n = 1 +
�L

W
straight steady level flight

n = 1

load factor vs lift coefficient
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Turning performance — 1 
Recall the relationships developed for turning flight:

Horizontal equilibrium

Vertical equilibrium

Leading to

From which we obtained the following for rate and radius of turn:

Now to consider the thrust requirement, we use the fundamental performance equation, simply (here):

If we set n=1, we recover the equation for thrust required in level flight at speed V.  Increasing the load 
factor produces more induced drag at a given speed and hence demands more thrust.

orNow

Typically we wish to maximise the turn rate and minimise the turn radius.  The first usually more important.
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we normalise the FPE:

Using where is the level-flight minimum-drag speed

and is the corresponding drag force,

or

And we can see how the extra induced drag 
that comes with load factors n > 1 produces a 
requirement for more thrust at any speed.

Eshelby Whitford

We wish to find out the aircraft manoeuvre 
capabilities, both for instantaneous and sustained 
turns.

Turning performance — 2 
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Examples of load factor 
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Turning performance — 5 
We just found the maximum sustained turn rate (MSTR) 

By similar means one can find the conditions for a sustained minimum-radius (sharpest) turn, SST.

Or the sustained turn that produces maximum sustained load factor n.

Defining also a dimensionless turn radius r = gRH/V*2 one can tabulate the maximum 
dimensionless sustained-turn values permitted by the drag polar and constant thrust.
(One should compare these to the limits imposed by structural strength and stall.)

Pamadi

Note that these values are for (jet) aircraft where the thrust is assumed independent of speed.
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Eshelby

4. One consequence  is that looping manoeuvres 
typically do not have a true circular fight path.

(Instantaneous) Pull-up and Pull-down
1. For instantaneous manoeuvres, we don’t worry about having enough thrust to maintain airspeed.  

Pull-up and pull-down from level flight are typical.

2. At Pull-up

3. At Pull-downR

Brandt el al.
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Examples of load factor 

Structural design criteria
The structural criteria define the types of maneuvers, speed and loads to be considered in 
structural design analysis.

The criteria imposed by the airplane operator are based on conditions for which the pilot will 
expect the airplane to be satisfactory.

Airliners must be capable of performing well-regulated conditions in a safe manners, while military

aircraft may not have well defined missions. Hence they need wider design limits.

Bell X-1 n = ±18
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The V—n diagram
1. This expresses the load-factor/speed envelope of the aircraft as determined by performance 

constraints (e.g. stall) and structural strength.  Its limits vary with altitude and aircraft loading.
2. The load factor is derived from L=nW, i.e. n=L/W and describes how much load the structure 

carries compared to the case in level flight.

* Regulations typically require an additional structural 
safety factor of approx. 1.5 at the peak load factors. 

8. Example codified limit load factors:
McCormick

Vc
A.k.a.
VNE, VD

Cruise Velocity

Brandt et al.

3. Normal level flight has n=1.
4. Exceeding the structural limit n value can 

lead to airframe damage or breakage.
5. Exceeding the dynamic pressure (q) limit 

can lead to flutter or shock buffet.
6. Typically, positive structural limits are 

larger than the negative limits.
7. At the ‘corner velocity’ Vc, simultaneously 

at the structural strength and 
aerodynamic stall limits, the maximum 
rate of turn is achieved.

107
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The gust load diagram
1. Allowance is made for atmospheric turbulence in the form of gust loading factors, using gust 

velocities based on statistics and experience, varying with altitude.
2. Consider an aircraft encountering an idealised gust, speed Ude, in level flight:

4. Different gust factors are applied at different flight speeds VC, VD.
5. Finally: another load envelope that overlays the V—n envelope, and we take the worst cases.

3. A `gust alleviation factor’ Kg is applied to allow for aircraft motion/flexure in gust:

Kg is a quasi-empirical function of 
aircraft density relative to air density.

McCormick

McCormick
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Gust loadings

Gust loads are derived from the assumption that the aircraft flies though a sudden upward gust 

326 Advanced Aircraft Design

Figure 11.3 Derived gust velocities for discrete gust criteria according to FAR 25.341 (a)

several altitudes. The lift curve slope is required for computing the mass parameter and the gust
load factor. It can be predicted with the DATCOM method [18] for straight-tapered airfoils,

dCL

dα
= 2π A

{
(tan2 #0.50 + 1 − M2)A2 + 4

}1/2 + 2
rad−1 (11.10)

This equation does not account for transonic lift divergence. The maximum level flight speed
of a transonic airliner will occur near the force break where Equation (11.10) underestimates
the wing lift gradient by 5 to 10%. On the other hand, the lift on the complete aircraft is
generally less than that of the exposed wing whereas the latter determines the wing load.

11.3 Basic Wing Box
The basic weight analysis is applied to a simplified wing geometry. In particular, the presence
of the fuselage and the carry through structure are ignored, the wing is assumed to have
no leading and trailing edge kinks and tip structures such as winglets and sheared tips are
ignored. Hence, the wing is schematized into a straight-tapered ruled surface, an acceptable
simplification when the major effects of wing geometry variation are required. Refinements
are discussed in Section 11.8.

11.3.1 Bending due to Lift

Normal bending of the wing is caused by the upward aerodynamic force component normal
to the wing plane caused by angle of attack increments. It can be shown that, within the flight
envelope of a civil aircraft, this normal force is only slightly less than the lift. Hence, it is
conservative to use the lift instead of the normal pressure force component for computing the

Gust velocities according to FAR 25.341


Gust speeds are specified by structural design criteria as function of design speed and altitude

Design speed reminder

	 Design speed for maximum gust intensity

	 Design cruise speed

	 Design dive speed
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Figure 11.6 Forces contributing to inertia relief of wing bending due to lift

11.4.2 Weight-Critical UL and Design Weights

The effect of a filled fuel tank on the root bending moment is determined in a way similar to
the bending moment due to lift. The inner tank bulkhead is assumed to coincide with the root
station (Figure 11.7) and the upward moment due to lift and fuel (index LF) amounts to

(MLF)y=0 = 0.25 bst nULT (η cp WG − ηf Wf) (11.50)

or

(MLF)y=0 = 0.25 η cp bst nULT

{
WZF +

(
1 − ηf

η cp

)
W f

}
(11.51)

Figure 11.7 Fuel tank geometry

Wing loadings

Lift distribution
Wing weight distribution
Inertial relief: 

fuel tanks 
	 engines

Schematic of forces applied to the wing and contribution to the bending moments



Lift distribution
For unswept wings of moderate to large aspect ratio, the span wise lift distribution can be 
evaluated with the lifting line theory or VLM.

Aircraft loading & Structural layout. Howe D.

For wings of moderate to large aspect ratio, the span wise lift distribution can be evaluated with

the lifting line theory.

l(y) = ⇢V �(y) (lift per unit span)

Basic lift distribution
It is convenient to calculate the total loading as the sum of two separate effects

Basic loading, corresponding to zero overall lift and induced by twist of the airfoil along the span.

Additional loading, due to the lift arising from an increment in angle of attack.


✏(y) twist distribution of the wing

l(y) = ⇢V �(y) lift curve slope of the airfoila0(y)

Z b/2

0
a0(y)c(y)dy = �

Z b/2

0
a0(y)✏(y)dy

↵0

l(y) =
1

2
⇢V 2c(y)a0(↵0 + ✏(y))

overall zero-lift angle for the wing

For overall zero-lift


and we define the average lift curve slope as

Z b/2

0
a0(y)c(y)dy = Sā/2

↵0 =
�2

Sā

Z b/2

0
a0(y)✏(y)c(y)dy

hence the overall zero-lift angle for the wing is


(additional balances basic at CL = 0)



Additional lift distribution: ideal
In lifting-line theory, the induced drag is minimized when the overall spanwise lift distribution is of semi-
elliptic shape. A elliptical lift distribution can be employed a first approximation.


lmax

l(y)

y b/2

(l/lmax)
2 + (2y/b)2 = 1

l(y) = lmax

p
1� (2y/b)2)

lmax is usually estimated from equilibrium of forces
 L = W

L = 2

Z b/2

0
l(y)dy =

1

2
⇡lmaxb/2 = W

( l  = lift per unit span)

Additional lift distribution: Schrenk’s approximate method
The shape of additional distribution is the mean between the ideal semi-elliptic shape and that which 
would result directly from the wing planform geometry.


c(y)a = (c(y)e + c(y))

The resulting additional lift distribution consists of 
two parts depending on

1. Average lift curve slope and actual geometry

2. Elliptical distribution


{Cl(y)c(y)}a = ↵a0(c(y)e + c(y))

a: additional

e: elliptical


Aircraft loading & Structural layout. Howe D. 
Chapter 9



Lower aspect ratio or swept wings
It is necessary to consider the distribution of the lift over the whole surface, not just the lifting line. For 
instance, swept wings required both chord wise and span wise direction to be analyzed simultaneously.


Although there is a number of pseudo-empirical methods to obtain lift-distributions of swept wings, 
such as the Stanton-Jones* method, vortex-lattice numerical methods are appropriated to estimate lift 
distributions in these cases.


* See Aircraft loading & Structural layout. Howe D. Section 9.3.2.3

Asymmetric lift distributions
Rolling maneuvers

Yawing maneuvers

Associated with aileron deflections. 

Typical design conditions are:

	 Critical wing torsion

	 Vertical tail loads by induced yaw

	 Centrifugal forces on engines and fuel tanks.

Associated with rudder deflection, lateral gusts or

wing-mounted engine failures.

Design conditions are critical vertical tail loads




Wing weight distribution
Wing weight distribution has a large influence on the structural design loads.

The 1.2 coefficient represents that the wing structure 
is neither hollow nor solid. It accounts for spars and 
stringers

Wing weight distribution is a function of the chord
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Figure 11.6 Forces contributing to inertia relief of wing bending due to lift

11.4.2 Weight-Critical UL and Design Weights
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Figure 11.7 Fuel tank geometry

m(y) = Kc↵(y)

↵ = 2

↵ = 1 Hollow wing box

Solid wing box

↵ = 1.2

Wing weight distribution

Ww ⇠ 0.86b(SMZFWMTOW)
0.25

The K factor is obtained from the total wing weight. The weight  
is usually estimated from statistics (Torenbeek) as first approx

hence

K =
Ww

2
R b/2
0 c1.2(y)dy
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Figure 11.7 Fuel tank geometry

The typical designs weights are:

	 MTOW Maximum take-off weight 

	 MLW    Maximum landing weight

	 MZFW  Maximum zero fuel weight

	 OEW    Operating empty weight

m(y) = Kc↵(y)

Ww ⇠ 0.115MTOW

or a more precise correlation ( using SI units) 



Load reliefs: fuel and engines

Engines and fuel tanks act as bending reliefs. They contribute to 
shear force, and bending and twisting moments.


Fuel tanks are filled from wing tip to root and the fuel is 
consumed from wing root to to tip.


Fuel tanks are installed between front and rear spars

The Wing Structure and Its Weight 337
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Figure 11.7 Fuel tank geometry

Structural analysis of the wing
The first step consist of evaluating the contribution of the lift distribution, weight distribution, fuel 
weight, engine weights and additional loads to the shear force and bending and twisting moments.


The wing is considered as a beam. Notice that the masses are always multiplied by the load factor 
and the gravity.

Shear force

Bending moment

Twisting moment

ac: aerodynamic center; cg: wing center of gravity; ta: torsional axis; 

xac xtaxcg

c

l(y)

nm(y)

l(y)

nm(y)

Mt(y0) =

ˆ b/2

y0

⇥
l(y)(xta � xac)� gnm(y)(xta � xcg) +

1
2⇢V

2c2(y)Cm

⇤
dy
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Mb(y0) =

ˆ b/2

y0

[l(y)� gnm(y)] (y � y0) dy
<latexit sha1_base64="f/l38K1/PD39SkXkICg3iqAOwys="></latexit><latexit sha1_base64="f/l38K1/PD39SkXkICg3iqAOwys="></latexit><latexit sha1_base64="f/l38K1/PD39SkXkICg3iqAOwys="></latexit><latexit sha1_base64="f/l38K1/PD39SkXkICg3iqAOwys="></latexit>

q(y0) =

ˆ b/2

y0

[l(y)� gnm(y)] dy
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The three most important structural components of an aircraft; wings, fuselage and empennage are 

considered from the point of view of structural design as beams with variable loading along the

length or span.

Aircraft loading & Structural layout. Howe D.

Span-wise and chord-wise beam must posses 

adequate bending and torsional stiffness to

support loads.


1. Wing loads

2. Structural design

Preliminary sizing of wing components

Example



The initial sizing of structural members requires knowledge or determination of:

Preliminary sizing of wing components

Loads distributions


Airframe life requirements or stiffness criteria. 


An initial definition of the location of main structural members.


An initial choice of the main material of construction


In what follows, guidelines for preliminary sizing of wing components is based on simple spanwise 
estimation of loads, standard wing structure layouts and metallic or composites materials.

An important property of the structural cross-section is the shear center (center of twist).

Cross-section of structural box

The shear center depends on the size of the structural elements, hence it is not  possible to 
determine its position until the size of the elements have been determined.

Assumptions are required to enable a prediction:

	 1. The cross-section is symmetrical about a horizontal plane

	 2. The structural box is represented by front and rear spars webs together

	 	 with upper and lower skins, which reacts only to shear loads and torsion. 

	 3. The bending moment is reacted by the spar flanges and stringers on the cover skins.

spar web

spar flange

spar flange

A reference position at which vertical force may be applied without causing any shear in the upper 
and bottom skins is obtained with these assumptions as

e = w/(1 + h3/h1) Fraction of the wing box width 

For a rectangular wing box e=0.5w, which is a good approximation, the front and spars vertical web 
reactions are:

F (y) = q(y)/2



Aeroelastic requirements provided by the airworthiness authority are usually employed instead of      
stiffness criteria. However, these criteria are still useful for initial design phases.

Torsional stiffness requirement

Stiffness criteria is used to establish a minimum average value of the thickness of the shear material 
for the vertical webs and cover skins of the wing structural box.

The twist angle at each cross-section location is given by (Bred-Batho formula) 

✓ = (Mt/t✓)

Z
P

4GA2
dl

Mt

t✓

A
P

G

dl

Twisting moment
Cross-sectional area of wing box
Perimeter of wing box
length of the box

mean thickness of web spars and cover skins

shear modulus of the material

The torsional stiffness is usually measured or 
defined at 0.7 of the wing halfspan. The twist 
angle is integrated from root to 0.7b/2 

Mt/✓ = kt✓ = m✓

t✓ = m✓/k
k comes from the integration, while the 
stiffness requirement is defined by 
design criteria.

m✓ stiffness criteria

The overall torsion moment at any given cross-section is used to check the shear thickness of the 
spar webs and cover skins required to react the torsional loading.

Overall torsion moment

The shear flow in spar webs and cover skins at each cross-section is approximately 

tq = T/2A�s

And the mean thickness required to react the torsion moment at each cross-section:

is the allowable shear stress and depends on the selection of material �s

Fiber-reinforced plastic composites  (± 45 degrees angle)

Metallic materials

~50% of the ultimate tensile stress

Alluminum 2024-T6, �s = 241 MN/m2

Qt = Mt/2A



The overall bending moment at any given cross-section is used to establish the approximate value 
of the required material in top and bottom spar flanges or distributed flanges along the wing box.

Overall bending moment

The direct loads in top and bottom surfaces at each cross-section are given by

P = Mb/h

For a discrete boom design, where all the bending moment 
is reacted by spar caps, the total area of the flange on one 
side of the structural wing box is given by:

Ab = P/�b = Mb/(h�b)

where         is the allowable stress.�b
For a distributed uniform flange, the required effective mean 
thickness is 

te = Mb/(hw�b)

Derivation of allowable stress needs a value for rib pitch L. An empirical optimal value is given by

L = 0.55(hr)
1/2 hr Mean depth at root chord

Typically, the effective thickness due to stringers is 50-100%.

Hence an common estimate of the skin thickness needed to react the bending moment is

tb = 0.65te

L

w
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Allowable stress
For both metallic and composites, the allowable stress depends

on the load per unit width

�b = ĀFB(P/wL)
1/2

L

Ā
FB

spacing along ribs

function of material

function of constructionin MN / m2

MPa1/2
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Thickness of upper and lower skins
For metallic skins, the thickness of the cover skins may initially be assumed to be the greatest of 
that given by 

	 Torsional stiffness criteria

	 Overall torsion moment

	 Overall bending moment

In case of composite construction, it is necessary to provide sufficient directional fibres to meet the 
various stiffness and loading conditions

	 Torsional stiffness criteria, best met ± 45 degrees angle

	 Overall torsion moment, best met with ± 45 degrees angle

	 Overall bending moment, best met with 0 degrees fibers.

Fibers with 90 degrees orientation are also required to react loads in the ribs.

Spar webs
The effective depth of the spars can be taken as the depth of the airfoil section at the spar 
positions, hence the shear flow in the webs due to the vertical shear loads is

Qv = q/ht

The net shear flow in the webs in then approximately given by 

is a better estimate than the depth of the rectangular wing box.ht

Qw = Qv + 2xQT /w

where x is the chord-wise location of the spar web relative to the mid-point of the box. The spars 
web reacts to both vertical shear loads and torsional moment. The required web thickness is:

tw = Qw/�s

is the allowable shear stress and 
depends on the selection of 
material 

�s



Stringer configuration
For overall bending moments, an estimation of the effective thickness that reacts due to stringers is 
0.35 of the total distributed flange area. 0.65 corresponds to cover skins.
Although a more precise optimization can be carried out based on structure stability, a first estimate 
of the stringer configuration can be carried out with the effective thickness obtained for overall 
bending moments.
The most common stringers are zed or (integrated) blade section

The stringer pitch is often between 1.5 and 5 times the height of 
the stringer. An initial estimate is 3.5 for zed-section stringers and 
2 for integrated blade stringers. 
For zed-section stringers, the width of the flanges are around 
40% of stringer height, hence the area is 1.8tshs

The assumption that the stringer area is 0.35 of the total effective 
area leads to

0.35te ⇥ 3.5hs = 1.8tshs

hence the thickness of the stringers is the same size as the cover 
skins.

ts = 0.68te

The width to thickness ratio of the free flange is typically 16 to 
satisfy local and global buckling. 

hs

ts

tb

0.4hs

0.4hs = 16ts

hs = 40ts

Stringer configuration

ts

tb

hs

The area of integrally machined blade stringers is simply taken as 

hsts

For very thin airfoils, the effective height of the stringer 
may be limited by the depth of the structural wing box, 
and the stringers may be replaced by full depth spar 
webs.

The stringer pitch in this case is usually only 2 stringer heights. This 
lead to a similar thickness as the cover skin

0.35te ⇥ 2hs = hsts
ts = 0.7te

Based on bucking considerations, the height to thickness ratio

is typically 16, hence

hs = 16ts = 16tb



tc
tw

hs

ts

w

h


