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A Methodology for Analyzing
Laser-Induced Structural Damage

where K* is the stiffness matrix and D* is the response for the
damaged case. Let D* be written in terms of a truncated
Taylor series expansion,
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Introduction

T HE possibility of a weapon system incorporating a high-
powered laser necessitates the development of a means

for analyzing laser-induced structural damages. The problem
lies in determining the degree and location of the damage.
Thus, an analysis must be conducted, investigating a large
number of possible levels and locations of damage. Since
repeating a complete structural analysis for each hypothetical
case would be extremely costly, a more cost-effective method
is required.

The objective is to develop a method by which a structural
designer can determine at relatively low cost those critical
members of the structure needing strengthening or redun-
dancy to survive laser strikes. We approach this task by using
a finite element method and an iterative reanalysis technique
applied to the damaged structure. An approximate solution to
the heat conduction problem resulting from the laser engage-
ment provides a means of evaluating the local damage.
Temperatures and phase changes are translated into local
structural effects such as changes in geometry, stiffness, and
thermal stress. These are then translated into damage
parameters consistent with the overall structural analysis.

Theory
The structural analysis method used is based on the

displacement method of finite element analysis. Let K be the
stiffness matrix, D the displacement vector, and P the total
structural load matrix. Then the problem reduces1 to

KD = P (1)

a set of algebraic equations that may be solved numerically.
Most of the computational time is expended on the decom-

position of the stiffness matrix. As decomposition is indepen-
dent of the loads or the number of separate loading condi-
tions, an analysis using multiple loading conditions requires
only a single decomposition. To further reduce the cost of
analysis so that a comprehensive analysis can be performed, a
reanalysis method has been developed.2

Assume now that Eq.(l) has been solved for D. When the
structure is damaged, the equilibrium equation changes to

K*D*=P (2)
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(3)

where g/ are n implicit parameters whose changes will affect
the displacement. If the stiffness is assumed linear in g,., the
loads independent of g,-, Eq. 3 and the original equilibrium
equation can be manipulated to

KbD=-bK(D + W) (4)

An iterative algorithm for the perturbation can be written as

1 = - K- 1 dK(D + 6Z>*) (5)

where q is the cycle of iteration.
The solution converges if [7+</> + </>2 + ... + <f>Q] converges,

where </>= -K~ldK. For small changes in structural stiffness,
c/><?^0— oo, and the solution converges.

Convergence alone is not a justification for using an
iterative technique. To be useful, the technique must be more
efficient than direct analysis of the modified or damaged
structure. Simulation of a laser strike on a flat panel modeled
with 48 triangular elements produced the estimate that the run
time for approximately 30 cycles of iteration is equivalent to
the time required for one direct analysis of the damaged
structure.

The laser-induced effects to be included are the loss of struc-
ture due to melting, the induced thermal stresses resulting'
from thermal expansion, and the change in material properties
due to temperature changes. In order to evaluate these effects,
the temperature changes in the structure must first be deter-
mined. We consider only an axially symmetric, continuous,
and stationary laser beam striking a flat plate at normal in-
cidence. An approximate temperature distribution is obtained
by dividing the panel into finite cells and performing heat
balances on each at successive increments in time, as previ-
ously described.3'4

With the heating of elements, thermal expansion occurs and
generates thermal stresses. With the addition of the thermal
load, Eq. 1 becomes

(6)

where \l/ contains the thermal load effects determined from the
change in temperature. Note that solutions for various ther-
mal loads require only a single decomposition of K.

The damage due to material loss is incorporated by deter-
mining the loss of stiffness an individual element incurs when
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Fig. 1 Residual stiffness of plates with holes of varying depths and
radius.
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Fig. 2 Intermediate complexity
wing model (even-numbered
elements on lower surface); root
chord = 48 in., semispan = 90 in.
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Fig. 3 Effect of laser energy absorbed on the maximum tip
displacement.

some of its material is removed by melting. A parametric
study was conducted with a finite element analysis of a flat
panel in a state of tension with holes of varying diameters and
depths. In Fig. 1, hole depths are expressed as fractions of
panel thickness. The oval hole has an aspect ratio of 2, is com-
pletely through the panel, and is aligned with the long axis
transverse to the load. The stiffness for the damaged panel
was calculated as a percentage of the stiffness for the un-
damaged panel. The results are used to determine the loss of
stiffness of an individual element. Repeating this for each
affected element enables the dK due to loss of structure to be
determined.

Although the major loss of stiffness to an element would
usually be due to a loss of material caused by melting, the ef-
fect on the entire structure need not be significant unless the

melt occurred on a major load-carrying member. However, a
temperature rise can occur over a larger section of the struc-
ture and reduce Young's modulus in a number of elements,
resulting in a major stiffness change for the entire structure.
This effect was evaluated by assigning to each element a
modulus corresponding to an average temperature, deter-
mined by taking the mean of the nodal temperatures. A table
of Young's modulus temperature was developed for T2014
aluminum5 and used to compute a new Young's modulus for
each element and the resulting dK.

Example
The laser damage program developed was applied to two

different structures. These structures are of two levels of com-
plexity, one being a simple two-dimensional plate and the
other a much more refined three-dimensional wing structure.
These problems demonstrate the ability of the program to be
used for a smaller localized analysis as well as for a large air-
craft structure.

The three-dimensional structure analyzed was the
"intermediate-complexity wing" shown in planform in Fig. 2.
It is a typical wing box structure clamped at the root and
modeled using rods, triangular membranes, quadrilateral
membranes, and shear panels.2 The model employed 88 nodes
and 158 elements. The top and bottom skins are modeled us-
ing triangular and quadrilateral membranes and the spars and
ribs by shear panels with rods providing the axial support. The
material in the panel is assumed to be 0.1 in. aluminum. The
applied loading condition was generated by using simplified
pressure distributions representative of a subsonic forward-
center-of pressure loading. This cantilevered wing was chosen
for study as an illustration of the application of the method to
the preliminary design of a lifting surface.

The damage cases for this structure were constructed by
varying the locations and the duration times of the laser
strikes. A beam radius of 4.0 in. and an absorbed peak inten-
sity of F0 = 25 Btu/in.2/s. was assumed. The laser damage
simulated represents that caused by a beam moving across the
wing at approximately center span. All three damage modes
were included. The overall objective was to observe the
response of the structure as the damage increased to the level
at which the structure would collapse. The various cases and
results are listed in Table 1. The temperatures were determined
as described previously, using eight elements through the
thickness with a radial dimension of 0.197 in. The beam was
considered to move across the wing, completely melting each
element in the times given. After the temperatures were found,
new element stiffnesses were determined, taking into account
the material removed and the changes in modulus. The
iterative finite element analysis, incorporating the thermal
load, was then used to determine displacements. The number
of iterations required to achieve convergence is given. Each of
these four cases was also analyzed by NASTRAN to obtain

Table 1 Description of intermediate complexity wing cases

Case

1

2

3

4

Elements
exposed

27

27
29

25
27
29

25
27
29
31

Element
volume removed
through melt, %

100

100
100

100
100
100

100
100
100
63.49

Exposure
endurance, s

.455

.455

.455

.455

.44

.40

.40

.44

.44

.44

Max
disp,
in.

14.11

15.12

19.52

24.54

Iteration
time as %

of undamaged
solution time

15.00

42.67

200.00

360.00

Iteration
cycles

4

15

80

150

Damage
range

Minor

Medium

Major

Major
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confirmation that convergence occurred. A more complete
discussion of results is given in Refs. 6 and 7.

Because the overall structure is large enough that the
temperature changes are localized, major damage to an ele-
ment (such as complete removal through melt) generates only
a localized damage condition and a minor change to the total
structure. For example, in case 1, element 27 was entirely
removed by damage, yet the displacement at the wing tip in-
creased by only 2.3% from the undamaged response. Case 4
represents a laser beam moving across the wing at approx-
imately center span, resulting in a hole cut through the top sur-
face for 93.75% of the chord at that spanwise location. This is
the collapse condition; the prescribed load is now an ultimate
load for the damaged structure.

Figure 3 reflects the results of all four cases. In this figure,
the total laser energy added is plotted against the maximum
displacement for each case. The plot indicates that an energy
threshold exists, above which the damage level increases
significantly. The value of that threshold is, of course, specific
to the conditions of the engagement, the nature of the
material, and the details of the structure.

Although not discussed here, the time required to apply this
reanalysis technique was compared with that required to
generate a model for each case. A substantial reduction in the
number of man-hours required to produce models for multiple
damage levels was found.6

The reanalysis method for laser damage calculations was
found to be capable of predicting the response of a structure

under load subjected to a laser strike. Given the numerous
assumptions, any numerical values computed by this process
should be treated as only tentative, but adequate for the con-
ceptual design phase. The findings indicate that for most
minor and medium ranges of damage, the reanalysis technique
is an efficient method for analyzing a large number of damage
possibilities.
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