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1. INTRODUCTION

..A major objective of the Blast OverPrassure (BOP) program is to under-
stand blast injury. This includes the injury mechanisms, theories of tissue
failure, deteraination of tissue failure strength, and prevention. With finite
element model simulation, for a given blast wave loading, wa are able to
predict the intrathoracic overpressure histories at various points in the lung
f13]. Questions arising are:

® What insightful information does the model prediction provide on the
origin of injury?

® How do we correlate the actual blast iijury with the 1local over-
pressure predictions?

This report documents ocur efforts toward these objectives. A review of
lung traums following blast wave exposure and impact is made in Section 2. It
provides a summary of lung injury descriptions in both macroscopic and micro-
scopic terms. With this backgrcund, we then look at the model simulation of
wave dynamics in the lung, identify wave propagation characteristics. A com-

parison between lung hemorrhage and model overpressure prediction is made.

Typical patterns of lung blast injury are that (1) injury often starts to
occur at the superficial layer of the pleura, (2) injuries are often seen as
“rib-marking.” Section 3 presents a local model to look into the pleural

surface wave dynamics. Larger inertial force of the bony rib can result in

local indentation on the lung parenchyma at the pleural surface of the impact
side. Due to wave reflection from the relatively solid wall of chest, lung
parenchyma at the pleural surface can experience higher overpressure compared

———m w

to an interior point. At the pleural surface, parenchyms next to a bony rib
can experience aven higher overpressure compared to that next to intercostal

muscle because of more effective wave reflection.
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2. A EXVIEW OF LUONG TRAUMA POLLOWING DLAST WAVE EXPOSURE AND IMPACT

A body 1is under mechanical stress when it is exposed to external mechani-
cal loading. For a living biological body various physiological functions can
also be disturbed or damaged if the induced mechanical stress is beyond the
sustaining tolerance of the tissue. Since the Second World War there have been
various studies, clinical and experimental, in an effort to understand differ-
ent aspects of blast injuries; e.g., mechanism, lethality, diagnosis, treat-
ment, prevention, and establishtment of DRC under different blast environments.
Systematic studies have been done by Zuckerman in Great Britain, Desaga in
Germany, Clemedson and JBnsson in Sweden, and the group at the Lovelace
Foundation of the United States, all aimed at the goal of understanding blast

injuries.

In addition, the automobile industry expends effort in studying impact
injury relating to the crashworthiness of vehicl~as. There are also several
pathological case reports about human body free-fall into water following a
suicide jump. Injuries or damage from these other trauma may be relevant to
blast injuries. The purpose of this section is to sunmarize information gath-
ered from a literature search on the lung trauma following blast waves or
impact loading. The photos in this section are repruduced from the quoted

references.

2.1 GROSS DESCRIPTION OF LUNG DAMAGE

Blast injuries without clear body surface wounds have been found to occur
mostly in air-containing organs and usually showing blood-stained froth in the
mouth, nose, and upper respiratory passages [l11]. Common causes of death are
assoclated with the formation of air or fibrous emboli that are believed to
originate in the lung. Rupture of the visceral pleura, formatior of pneumo-
thorax, hemothorax, gross hemorrhage, and pulmonary edema are commonly used as

gross descriptions of lung trauma.

Zuckerman's observation of lung damage after animal postmortem studies

are summarized in Table 2-1.
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Figure 2-1. Lungs of a rabbit exposed to blast,
showing small areas of hemorrhage,
following the lines of the ribs [11].

Figure 2-2. Lungs of a monkey exposed to blast,
showing more extensive area of
hemorrhage [11].
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Figure 2-3. Very severe hemorrhages throughout
the lungs of a rabbit exposed to
blast [11].

Figure 2-4. Section through lung of a cat exposed
to blast, showing extent of a zone of
hemorrhage {11].
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Zuckerman also noted the most vuinerable regions to be
l. The anterior and inferior borders,

2. The costal surface, especlally che side closest to the explosion
(Figo 2"'5: 9

3. The mediastinal surface of the lung,.

Jénsson et al. [4] observed two types of impact injury depending on the
magnitude and the rate of chest wall deformation from side impact experiments
using rabbits. For velocities below 5 m/s with 502 chest wall deflection they
observed lung tearing without significant hemorrhage. For velocities exceeding
10 m/s, however, severe hemorrhage was s8een even when the chest wall
deflection was less than 152, The second type of injury is considered toc be
similar to that due to blast exposure. Lau et al. [5) confirmed the observa-
tion with rabbit sternal impact experiments. They described the first type
damage as contusion of the bronchial region and the second type injury as

contusion at both bronchial and aveolar regions.

Apparently, the first type injury, which is similar to the damage from
quasi-static loading, 1s due to the great body deformation associated with
large inward chest wall displacement. The second type injury, which s similar
to the damage from high-strain-rate loading, 1s due to the propagation of
stress waves characterized by the transient chest wall velocity. This has led
to the suggestion that the chest wall velocity is a critical parameter in lung
injury of this type.

2.2 MICROSCOPIC DESCRIPTION OF LUNG DAMAGE

The microscopic changes observed at the alveolar level when hemorrhage

and edema occur are summarized below.
Zuckerman described that:

l. Capillary dilation occurred with exudation of £fluid into many
alveoli,

2. 1In severe cases with disrupted alveolar wall and torn capillaries,
red cells appeared in the alveoli, small bronchioles, and intersti-
tial hemorrhage occurred (Figs. 2-6 and 2-7;,

3. 1In very severe cases, larger bronchioles were filled with blood.
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Figure 2-5. Lungs of a rabbit exposed close to the
explosion of oxygen and hydrogen in a
balloon. The hemorrhages are confined
to the side clcsest to the explosion [l1].
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Figure 2-6. Section of a rabbit lung after exposure
to blast. The alvaoli and bronchioles
are filled with blood (x 71) [11].

Figure 2-7. Section of the lung® of a woman killed in an air
raid. The casualty wvas extricated from the
remains of her house, and autopsy revealed
numerour hemorrhages in both lungs. The specimen
has been stained with scharlach R. (black regiuns)
to demonstrate fat (x 58) (H.L.5) [11].
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Webster et al. [10] performed pathology studies on traumatized lungs,
including blast injured lungs. He described one or all of the fnllowing
chanjjes to lung parenchyma after trauma:

l¢ The lower respiratory tract is filled with edematous fluid.
2. Hemorrhage, in which the alveolar spaces are filled with red cells.

3. Desquamative alveolitis, 1in which the alveolar epithelial celils
become swollen following basement membrane edema in the alveolar
wall. The swollen alveolar epithelial cells are then shed into
alveolar spaces (Fig. 2-8).

With electron aicroscopy he demonstrated the granularity of the endothe-
11al cell with widening canals between the endothelial cells (Fig. 2-9). The
plasna may then pass into the basement membrane and eventually into the alve-
olar spaces (Fig. 2-10). Following the edema of basement membrane, degenera-
tive changes develop at epithelial cells resulting in swelling of these cells

and subsequent desquamation which may be such as to fill the alveolar spaces.

Therefore, the integrity of the pulmonary structure and function, e.g.,
gas exchanges, biochemical equilibrium, surfactant secretion and elasticity of
the alveolar wall, are damaged or disturbed. The last two changes can probably
explain, at least 1in part, the reduction of lung compliance of rabbit lungs
following air blast exposures [1].
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Figure 2-8. Section of lung one week after trauma showing the
desquamation of the alveolar epithelial cells (200x)
(10].
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Pigure 2-9. Ultrastructure of thr caplllery endothelium showing
the gas transfer vesiiles and intercellular canal
) (54,000x; inset 14,000x),

Legend: CAP, capillary; ERD, endothelial cell; V, vesicles;
ALV, alveolar syace [10].




7igure 2-10. Ultrastructure of the alveolar wall (54,6007).

Legend:

CAP, capillary; END, endothelial cell; BM, basazment
menbrane; EP, alveolar spitheliun; AL, alvaolar lining.
The basewment membrane is edematous and the endothelial
and epithelial cells sre wore granular than usual. The
osnophilic and non-osmophilic lsuyers of tn> alveolar
1iring are showu [10].
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3. FINITE JLEMENT ARALYSIS OF WAVE DYRANICS OF TEX LDWC

Various clinical and experimental bdlast injury studies clearly demon-
strate thst lung hemorrhage tends to first appear at certain locations with
certain characteristic patterns. The superficial layer of the pleural aurface,
especially the impact side, and that bordering the heart are identified as the
regions most likely to have gross hemorrhage. The “rid marking” type hemor-
rhage 1is a characteristic pattern. The injury observation indicates that
different parts of the lung experience different local loadings during the
blast incidence, and wave dynamics may play an important role in the formation
of damages.

A two-dimensional finite element model has been constructed to simulate
the blast exposure of a sheep [13]. This model demonstrates the wave propaga-
tion characteristics inside the thorax during blast exposure. It predicts that
tissLes at different parts of the lung experience different wave loading
histories to result in different local stress histories. The complex anatomi-
cal environments, geometric shapes, material properties, and body orientation
to the direction of the incident wave can all complicate the wave dynamics to
result in different loading histories inside the chorax.

The major contribution of a biomechanical wodel is, of course, to exhibit
the underlying principles of mechanics which would otherwige be difficult to
see from experiments. Limitations on experimental instruments and techniques
can often restrict the availability of response data. Most of the past work
was done under the assumption that uniform overpressure occurs in the lungs
during blast exposure and it can be measured by esophageal preasure probes.
Examination of injury patterns, certainly, does not support this concept. With
the 2-D finite element wodel we can reasonably predict the esophageal pressure
measurements under various loading conditions [13]. We can also exhibit the
wvave propagation characteristics as well as the different local overpressure
distribution inside the thorax.

Understanding of tissue failure mechanisms under blast wave requires

correlations between wodel prediction of tissue response and the actual damage




observation. The rest 6f this report summarizes our efforts toward this goal.
Various comparisons are made on & qualitative basis.

3.1 SINULATION OF WAVE PROPACATION IN THRE LUNC

In the following, we shall see the wave propagation in the lung as the
2=-D FEM model 1is exposed to a blast wave of 45 psi peak pressure and 1 wns
duration, The analysis 1is carried out for 30 ms since the experimental
esophageal pressure measurement diminishes after 20 ms. At a given time step,
distribution of lung overpressurse will be shown. Different degrees of local
overpressure inside the chest cavity 1is represented by different colors.
Evolution of color contour lines is, therefore, an indication of wave motion
as time increases. The airblast comes from the right side of the sheep. The
anterior and posterior sides of the model correspond to the low and upper
edges of the page, respectively (see Fig. 3-1).

For clarity the overpressure is shown for the lang with the rest of thas
organs removed. Clinical studies and animal blast experiments indicate that,
in addition to the chest wall pleural, the pleural region near the heart can
be injured easily. In the current analysis it corresponds to the concave
region of the subplots. Following the onset of blast arrival :+ tlie right bdbody
surface, the sequences of wave propagation is summarized in the following
(Fig. 3-2):

l. At 1,00 ms, the incident wave starts penetrating into the right side
of the lung.

2. At 1.25 ms, we can see further progression of the incident wave front
entering from the right side. The left side of the lung is now also
under the incident compression wave entering from the left side of
the body surface,

3. At 1.75 and 2.00 ms, high compression starts to be seen at the right
pleural surface. Because of wave reflection from the body surface,
the actual blast pressure exerting on the right body surface is twice
of the free field value. In other words, a larger compression 1is
delivered to the right pleural surface. Lung tissues at the superfi-
cial region are exposed to the “less filtered” or larger pressure
loading than those at the interior.

4., From 2.0 through 2.75 ms, high compression 1s seen at the lower

corners as well as the lung near the heart. The wave is reflected
from the relatively solid wall of the heart, resulting in higher

16
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labels in the lung region represent probe locations.
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pressure at the near myocardium wall. This local pressure increase 1is O
due to wave reflection. i

S As time goes by, compression waves entering from diffc(ront parts of

the body surface progress further to the center. At 3.75 through 4.0 o

L ms they start merging at a region approximately the geometric center .
| due to a focusing effect. L

6. After passing each other, the wave fronts radiate away from the focal
region. At time 5.25 through 5.5 ms, the stronger wave coming from
the right side now reaches the left pleural surface. Reflection from
the chest wall results in an overpressure increase at the left
pleural surface. This does not occur at the other side, since waves
coming from the left body surface are not as strong as those from the
right, impact side.

7. Following this, the whole lung enters a tension phase. At 9.0 ms, we
are able to see the gradual progression of the recoiled tension wave o
inside the 1lung. With the complicated geometry of the thoracic .
cavity, the wave motion in the lung becomes very complex. )

8., At time 11.50-12.50 ms, the greatest magnitude of the tension wave K3
occurs at the border near the pleural surface and the heart due to or
wave reflections from the "solid wall”.

9., From 12.75-14.50 ms, the rebounded tension waves again merge at the
region rear the geometric focal point of the lung to result in a high
tension. The relatively high tension at the border near the heart 1is
probably due to the secondary reflection in addition to the component
summed from the focusing effect. oy

10. Following 14.50 ms, the non-uniform oscillation of the waves contin-
ues with diminishing amplitudes. The analysis is extended up to 30.25 o
ms. te

Wave speed in the lung has been measured to be in the range of 20-30 ‘

m/sec, which 1s much lower than the wave speads in the skeletal muscle (1500

m/sec) and the bone (3000 m/sec) [3]. The low speed that waves travel in the %
g
lung lobes makes wave dynamics an important factor in causing damage. The h
RR
complex environment of the thoracic cavity makes the wave motion inside the >

lung and its associated damage mechanisms compl‘cated.

3.2 COMPARISON OF LUNG INJURY AND MODEL OVERPRESSURE PREDICTION !

A comparison of FEM model ITP predictions, esophageal pressure measure- L

ments, and lung injury borderlines are shown on Figure 3-3(a) and (b). In

terms of external peak blast overpressure, the maximum of model ITP W




predictions are compared with experimental measured values [see Fig.3-3(a)].
The borderline for lung injury 1is identified as 17 psi. As the external peak
blast is more than 41 psi, severe lung injury 1is reported [l14]. Figure 3-3(b)
shows sin"'ar comparison on the maximum of ITP increasing rate. These types of
comparison provide us with first step correlation among external blast, animal

response, and the resulting damage parameters.

With the finite element transient analysis we are able to capture the
important wave features: focusing snd reflection. It enables us to identify
the occurrence of the high stress concentration in terms of timing and loca-
tion. These regions are seen to correspond to, qualitatively, sites of ob-

served lung hemorrhage following animal blast exposure.

Photographs (Fig. 3-4) taken from WRAIR sheep blast experiments were
provided by Dr. Kenneth Dodd. Traumatized lungs were carefully removed from
the animal after blast exposure for injury examination. These photographs show :
different degrees of lung injury due to blast wave exposure., On the top row, f
the animal was exposed to an airblast of 65 psi peak pressure. On the lower i
row, the sheep was exposed to an airblast of 50 psi peak pressure. Ventral and
dorsal views are shown at the left and the right, respectively. Both cases
show extensive areas of confluent hemorrhage on the intercostal surfaces. Some
portions show the "rib marking” characterized by the dark red strips which
extend deep into parenchyma from the surface. Serious hemorrhage 1s also seen
at the lung pleuras bordering the heart. Ecchymotic spots are seen to scatter

the rest of the lung surfaces.

Figure 3-5 shows maps of the maximal compression and tension any point in é?
the lung experiences during the transient analysis. It appears that high
compression occurs at the chest wave impact side. The narrow pleural region
between the heart and the chest pleural surface also experiences very high
compression. This is due to summation of the incident compression wave and the E‘
reflected component from the "firm organ” of heart. Similar high compression \
r also occurs at the other side of the heart but not as seriously since the g

impact wave is not as strong as that at the right side. High compression at

the geometric focal point is due to wave focusing eifect. The high compression
| right above the heart can be due to the reflection and focusing effects.

Distribution of maximum tension shows high tension occurs at the region near
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Figure 3-4. Gross injuries on sheep lungs after blast wave exposures.
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the focal point, especially the part right above the heart. High tension 1is
also predicted at the chest pleural surface of the wave impact side as well as
the other side.

Comparison between traumatized lungs and model overpressure predictions
shows that the chezst pleural surface and the pleuras bordering the heart are
the areas subject to most extensive hemorrhage and the highest overpressure
loadings. The comparison is qualitative, yet it demcnstrates the linkage

between injury and local overpressure loadings.

Whether the lung damage of hemorrhage and edema, which mostly develop at
a later time, are caused by the over—-tension or overcompression is still a
question needing more investigaticn. It can be achieved by spatial refinement
of the model.

3.3 A LOCAL MODEL OF THE PLEURAL SURFACE WAVE DYNAMICS

Various experimental blast trauma studies indicate that hemorrhage usual-
ly starts at the superficial layer of the lun; on the impact side. The term
"rid marking” is commonly used to descrite this type of hemorrhage. Zuckerman
describes "spot of hemorrhage on lung surface, often following the lines of
the ribs.” For severe cases he describes, "rupture of visceral pleura, super-
ficial lacers~lon along the lines of the ribs, occurrence of hemothorax and
pneumothorix. The bony rib and intercostal muscle appear to provide different
environments for the bordering 1lung tissue during blast. The lung tissue
underneath the rib and the lung tissue underneath the intercostal muscle may

experiences different pressures at wave reflection.

In order to better understand this fundamental phenomenon and its asso-
ciated damage mechanism, an idealized local model of the pleural surface is

used. The mc: - . con s of a rib-muscle-lung structure.

The purpose of this model is to study the wave propagatinn characteris-
tics at the chest pleural surface where materials of different mechanical
impedance meet. As m . *)>ned earlier, the low speed wave travels in the lung
lobes compared to . .2 in muscle and bone, making wave traasmission and
reflection across the material interface an important factor in causing

damage.

39

S S SN SR S T T IFECYYR AT S A MR AMA XA X A RA MR BN mm«umm

>




Two cases will be studied with this model. In the first case, the model
is used to study the lung overpressure difference due to the presence of rib
bone and intercostal muscle at the impact side. In the second case, the model
is used to study the wave reflection characteristics from the pleural surface

and its difference from the rib bone and intercostal muscle.,

Case 1. The geometrical configuration of the model is shown at the
center of Figure 3-6(a). Each of the small squares is a finite element in the
model representation. The dimension of each element are one centimeter on a
gide. At the right end, the six black color elements represent the bony rib.
The six elements right below the bone represent the intercostal muscle. At the
far right, there is a layer of skeletal muscle. The rest of the elements with
dot pattern represent the lung.

The wave loading is applied at the right end surface uniformly. The time
variation of the pressure loading 1is shown in the subplot at the top of the
center column. The loading has a peak pressure of 5 psi and a duration of 4.5
ms. Following the application of compression at the right end, -he wave propa-
gates toward the left. As indicated by arrows, each subplot depicts the
pressure histories experienced by the local "lung tissue” (in the sense of a
homogeneous continuum). At the right column of Figure 3~6(a) each of the
subplots represents the overpressure responses at the pleural surface. It is
seen that the lung parenchyma bordering the bone experiences higher over-
pressure response than that bordering the intercostal. For comparison these
four curves are overlaid as shown in Figure 3-6(b). This type of response
difference is not seen at interior points as shown on the four subplots at the
left column of Figure 3-6(a). At the superficial layer the lung parenchyma
bordering the bone 18 under more vigorous compression under wave incidence
because of larger inertia of the bone. In response to blast waves, with the
relatively high bulk moduli and incompressibility compared with the lung, the
rib and muscle can be set into rigid body motion and move into the lung. The
density of bone is reported to be from 2-2.9 gn/cm3 [12], and the denuities of
muscle and lung parenchyma of large animals are approximately 1 and 0.2
gm/cu3
set into motion, but it will retain that motion and make a more effective

» respectively. Because of its greater lnertia, the bone is harder to

indentation into the bordering lung parenchyma. This leads to a possible

explanation of the rib markings observed by experimentalists and cliniclans.
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Case 2. The wave reflection characteristica from the chest pleural
surface are studied. This analysis demonstrates the important wave reflection
from a relatively solid wall and the non-uniform reflection from a rid bone
and intercostal muscle. The model is shown at the center of Figure 3-7. The
bone and the intercostal are each represented by two elements at the left end.
The wave, which 1s already traveling in the 1lung region, approaches the
pleural surface from the right. A Frelander type waveform is agssumed (see the
center top of Fig. 3-7).

Due to wave reflection from the relatively solid boundary, the lung
tissue near the pleura is under increased stress magnitude. For a perfectly
rigid boundary constraint, doubling effect should occur. The depth of the lung
tissue layer under the increased stress magnitude depends on the frequency
contents and the wave length of the incident wave. For a sharp-rising incident
wave, a very acute stress increase could cccur at the 7Tegion close to the
pleura. It 1is also noted that this local stress increase due to wave reflec-
tion occurs not only for the first incident compression wave, but also for the

later rebounding waves.

For the given wave disturbance at the right end of the model, the over-
pressure responses at different points along the wave path are shown at sub-
plots of Figure 3-7 as indicated. Different points along the wave path
experience different overpressure histories. The closer to the firm wall the
stronger the reflection oncurs. Figure 3-8 shows the pressure differences at
the pleural surface along the directions normal to the wave path. The four
subplots at the left column show a pronounced stress increase at the layer
immediately adjacent to the solid material, However, the lung tissue under-
neath the bone is predicted to experlence a higher amplitude than that under-
neath the muscle. This is because the bone provides a more rigid constraint to
the lung than the muscle does. Therefore, the stress increase due to the wave
reflection is more effective at the lung right next to the bone. The more
effective reflection at the lung adjacent to the bone occurs not only for the
first incident wave but also for the rebounding waves arriving at a latter
time. The stress increase due to wave reflection from a relatively rigid wall

can further be enhanced for an inward-moving boundary wall.
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The four subplots at the right column of Figure 3-8, however, show

similar pressure histories for the four elements far away from the pleura.

This analysis demonstrates that the chest wall provides relatively solid wall

to the lung in the thoracic cavity. Wave reflection from such a wall results

in higher local stress at the superficial layer, At the border the bone

provides a more effective 80lid wall than the muscle to result in a higher

local overpressure. This also leads to a possible explanation of the origin of

lung injury. It 1is consistent with the observation that (1) injury is always

first seen from pleural surfaces, (2) the rib-marking type injury.
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