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1.0 I NTRODUCTI ON

This manual discusses the development of the blast damage assessment method used in the
FACEDAP computer program to calculate blast damage to individua structural components, or to an
entire building, from an externa explosive threat. The FACEDAP program is intended to be a tool for
quickly determining the approximate structural damage to conventional buildings and building components
caused by a given external explosive threat (e.g., no gas pressure |oads are considered). Non-structural
components, such as windows and doors, am not currently considered by the program. This manual is
intended as a reference to users of the FACEDAP program. Therefore, it is intended to supplement the
FACEDAP User's Manual®, and the FACEDAP Programmer’s Manual™. In one form or another. the
basic blast damage assessment methodology incorporated in the FACEDAP program has been used in a
number of previous projects™ and in previous computer programs®4! over the last five years. However,
its gradual development, and the assumptions upon which it is based, have not been discussed and
summarized in a single document. This has been due, in large part, to the incremental development of
the current methodology. Therefore. this theory manua is also intended to provide a summary of the
development of the blast damage calculation method currently in the FACEDAP program and to assess
the strong points and weak points of this methodology for its use as arelatively quick. approximate means
of determining blast damage to conventiona buildings and structural building components.

The methodology in the FACEDARP program is based on a graphica procedure which compares
the dynamic response characteristics of structural components (i.e. mass, stiffness and strength of the
components) to calculated blast load chamcteristics (i.e. peak shock pressure and impulse) and, based on
the comparison, defines four different levels (0%, 30% 60%, and 100% damage) of blast induced damage.
The dynamic response and blast load chamcteristics are used to calculate two non-dimensional parameters
that define a point on a graph. known as a pressure-impulse diagram, which is divided into regions

corresponding to each of the four damage levels. This procedure is intended to predict damage without-

the built-in conservatism that is usually present in design procedures. The four damage levels listed above
have been correlated with the levels of protection used by the U.S. Army Corps of Engineers as follows™:
1) the 0% damage level is similar to the High Level of Protection; 2) the 30% damage level is similar to
the vesim Level of Protection; 3) the 60% damage level is similar to the Low Level of Protection; and
4) the 100% damage level is Similar to Collapse.

Building vulnerability is based on the calculated damage level of each component in the building.
The percentage of building damage is calculated by “weighting” each calculated component damage level
with a weighting factor, summing the weighted damage of al building components, and then dividing this
sum by the value corresponding to total failure of al building components and converting this ratio to a
percentage. Cascading failure, where failure of a supporting component causes failure of all supported
components, is considered in the summation agorithm. Building repairability and reusability are also
considered in similar summation processes. Finally, the building level of protection is assumed equal to
the lowest level of protection calculated for any of the building components. The component damage and
building vulnerability calculation procedures am discussed in more detail in the following chapters.

Because of assumptions used in the methodology and because of limited validation, there ate
several recommended limitations on the use of the blast damage assessment methodology which is in the
FACEDAP program. The FACEDAP program should mot be used for final &sign or for any case where
high accuracy s required. This caution is necessary because the pressure-impulse diagrams, which predict
building component blast damage for the twenty-four different structural components considered in the
methodology, are based on limited data in some cases, and on simple dynamic structural response theory
and a number of assumptions in other cases. Neither the pressure-impulse diagmms, nor the summation
procedure used to get percentage of building damage, have been fully validated yet to determine the bounds
on their accuracy. The explosive charge should be at a scaled standoff between 3.0 ft/Ib*? and 100 ft/Ib'?
away from the building and located near the ground surface so that assumptions used in the methodology
related to the blast Ioad on each building component will be applicable.
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Some conservatism can be built into the caculated building damage if conservative strength
properties are input for building components However, the pressure-impulse diagrams only predict
damage to components during flexural or buckling mode response and do not consider any damage
due to shear falure. Although the available test data has not shown that conventionally designed
components tend to fail in shear under blast loads that are applied at scaled standoffs greater than 3.0
ft/Ib'?, no thorough study has been made of how this limitation affects the FACEDAP program

2.0 HISTORY OF THE DEVELOPMENT OF THE BLAST DAMAGE
ASSESSMENT PROCEDURE USED IN THE FACEDAP PROGRAM

The blast damage assessment procedure in tbe FACEDAP program is an extension of work
performed by Southwest Research Ingtitute (SwRI) during a number of previous projects. The
development of this procedure was initiated by SwRI in 1987 during a project for the Naval Civil
Engineering Laboratory (NCEL) in Port Hueneme, California®. During this project, the basic
two-step procedure discussed above was developed as a hand calculation procedure to  determine
building blast damage. Pressure-impulse diagrams which predicted blast damage to twenty-three
different components commonly used in construction were developed based on available test data,
basic structural dynamics theory, and a number of assumptions. Procedures to calculate overal
building damage, based on the summation of calculated damage to &l building components, were
aso developed. Building damage was characterized in terms of the percentage of building damage,-
a repairability factor, and a building reusability percentage. Twelve common buildings, considered
typica of conventional buildings on U.S. Nava bases, were “designed” by SwRI, and the blast
damage assessment methodology was exercised for given explosive threats to these buildings.
Curves for each common building which related the explosive threat to tbe calculated percent
building damage, repairability factor, and building reusability factor were plotted. These curves
could then be used to quickly assess blast damage to any building which could be categorized as
similar to one of the twelve common buildings.

Following this initial development effort, the U.S. Army Corp of Engineers, Omaha District
funded work that used the basic procedure developed for NCEL. but considered component blast
damage in terms of specific categories used by the Army™. It was determined that the Army’s
damage categories. or levels of protection, could be equivalent to the existing damage categories
used in the initial development for NCEL. During the work funded by the Army, the
pressure-impulse diagrams used for calculating blast damage to masonry and reinforced concrete
components were modified These diagrams were largely based on available test data. The same
data used in the initial project for NCEL was used again, but this time data from tests where arching,
or compression membrane response, occurred was separated from tests where such response did
not occur. For some component types, two separate pressure-impulse diagrams were developed
one applicable for components in buildings where arching could be expected, and one applicable
where no arching was expected. In general, the pressure-impulse diagrams for al masonry and
reinforced concrete components were. modified so that they predicted more damage than before. -
a factor of two or more times as much damage in many cases. A pressure-impulse diagram to
predict the blast damage to prestressed concrete beams and one-way slabs was also developed In
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addition, the pressure-impulse diagrams used to predict blast damage for most steel components

was Smplified from the two-step procedure developed for NCEL into a one-step process. The
previous method involved determining both the ductility retio and the ratio of midspan deflection
to span length of a steel component, and then basing the component damage on the more severe of
these two ratios compared to given criteria.  The simplified procedure bases al calculated damage
on the ductility ratio. After these modifications were made to the pressure-impulse diagrams, the

two-step procedure to determine building damage parameters developed for NCEL was used to

cadculate the level of protection for the twelve common buildings and aso for a thirteenth building

condtructed with prestressed concrete components.

During the effort for the Corp of Engineers and during a period after this work, NCEL
funded SwRI to develop a computer program, named BDAMAEXE, which incorporated the blast
damage assessment procedure as it was modified for the Corp of Engineers™. Then, engineers at
NCEL incorporated BDAMAEXE into the BDAM program, which has a preprocessor and
postprocessor to fagilitate user input and output!®, NCEL adso funded SwRI to vaidate the blast
damage assessment methodology incorporated into the BDAM code against some building blast
damage data from World War I, Unfortunately, very little information was available on the size
of the damaged building components and therefore many assumptions had to be made. The
“validation” of the code therefore depended very heavily on what particular assumptions were made;

The most current effort related to the blast damage assessment procedure has resulted in
this theory manual and the FACEDAP computes progran. The FACBDAP computer program
incorporates the BDAMAEXE program, with modifications made to the equations from the
pressure-impulse diagrams for steel and wood components described in the next paragraph, in a
user friendly computer program. This program has a more sophisticaied — preprocessor and
postprocessor than the BDAM code, which greatly reduces the amount of user effort required to
input the properties and geometry of each structural component in a given building and alows more
inspection of calculated component damage levels and calculated blast loads on building
components.  The FACEDAP program is discussed in detall in Reference 1.

Severd modifications t0 the originally developed pressure-impulse diagrams have dso
been made during this project. These modifications were made because of observed inconsistencies
in the pressure-impulse diagrams for different component types, where damage calculated for wood
and steel components was much less than that for apparently stronger reinforced masonry  and
concrete components. Limited data from steel beams responding in tensile membrane response
had been broadly assumed applicable for other steel components, such as metal stud walls,
corrugated steel decking. and open web sed joists, during the origina development  of the
pressure-impulse diagrams for these componenta. The pressure-impulse diagrams for these steel
components were reformulated during this project baaed on more conservative assumptions which
are discussed in this manual. The pressure-impulse diagrams for wood components have aso been
reformulated based on a more conservative interpretation of the data originaly used to develop the
curves. The methodology used to calculate blastdamage to frames has aso been modified Damage
to open web stedl joists has been simplified to the extent that prediction of blast damage due to web
buckling has been eiminated and damage from flexmal response is predicted more conservatively.
Many of the pressure-impulse diagrams developed in the origind work for NCEL have been
modified in subsequent work so as to predict more damage than they origindly did. These

3
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modifications, which have been made possible by continuing funding, are based on more careful

analysis of assumptions and the available test data. The development and assumptions used to
develop the current pressure-impulse diagram for each of the twenty-four component types
considered in the FACEDAP blast damage assessment procedure are explained in Section 4 of this
manual.

A methodology has also been developed to predict blast damage from internal blast
loading’“. None of this methodology is incorporated into the FACEDAP program, which is only
intended for use in predicting building damage from exterior blast as described above. This
information is included in this section, however, for completeness. The methodology described in
Reference 8 is a two-step procedure to determine damage to a one-room building which is similar
in concept to that described above for externaly loaded buildings. However, an approximate energy
balance is used to determine component damage rather than pressure-impulse diagrams. The applied
energy (i.e., the work energy and kinetic energy) is first calculated based on the assumptions that
the blast load from the shock wave in the building is a purely impulsive loading and the blast 1oad
from the quasistatic pressure buildup is an immediately applied load with a long duration compared
to the natural period of the building components. The work energy and kinetic energy terms
calculated with these simplifying assumptions are then modified by reduction factors based on some
single-degree-of-freedom dynamic analyses of typical building components which considered the
actual calculated durations of shock and quasistatic blast load and the natural periods of the building
components. The calculated strain energy absorbed by the building components in the energy
balance is increasedrelative to theoretical values by a factor which is based on comparisons between
damage caculated with a theoretical analysis and that calculated using the origina pressure-impulse

diagrams for various components.

30 CALCULATION OF BLAST LOADS

As mentioned in the first section, the calculation of building damage begins with the
calculation of blast loads on each component of the input building, The blast pressure history is
caculated based on the input equivalent TNT charge weight, the charge location relative to the
building, and the assumption of a surface burst explosion. The pressure history is characterized in
terms of the positive phase impulse and peak pressure. The impulse is the integral, or area, of the
pressure under the pressure-time curve. This is illustrated in Figure 1. Only the postive portion
of the blast pressure history shown in Figure 1 is considered in the blast damage assessment
procedure. This simplification is discussed later in this section. The peak positive phase pressure
and impulse are calculated for each building component using curvefit equations to data from
Reference 9, which are aso those used in the recently updated version of TMS5-1300 “Structures to
Resist the Effects of Accidental Explosions"?®, The curvefit equations are high-order polynomial
curve-fits which are a function of the scaled standoff (the standoff between the charge and building
component divided by the cube root of the charge weight) and the charge weight. The standoff is
caculated as the straight line distance from the charge to the geometric center of the component.
Either fully reflected or incident (free-field) blast pressures on each component are caculated
according to logic which is based on the angle of incidence between the direction of blast wave
propagation and the outward normal from the component surface. This angle is illustrated in Figure
2.
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Theprevioussummarydescribesthesimplified ~ methodusedinthe  blastdamageassessment
procedure in the FACEDAP program to calculate blast loads on each building component.
According to the current state of knowledge, there are a number of factors which generally affect
the blast load on structural components which are not included in this procedure. If these factors
do not cause more than a 15% to 30% error in the calculated blast loads, than it is appropriate to
ignore them since the blast damage assessment methodology does not calculate structural blast
damage very precisely and is intended to be a relatively quick procedure to determine the
approximate amount of blast damage. As the error exceeds this amount, it may begin controlling
the overdl accuracy of the methodology. Therefore, it is important to look at the variables not
considered in this procedure and assess the effect of their exclusion or simplification on the calculated
blast loads for typica conditions. The next paragraphs describe major variables which are not
included and give a discussion on how each smplification affects the accuracy of the calculated
blast loads. A more thorough discussion of each of these variables can be found in Chapter 2 of
Reference 10.

THE MACH STEM HEIGHT

The blast |oads are always calculated assuming a hemispherical surface burst of the
explosive. This assumption is aways conservative and it is redigtic if the “triple point”, which
defines the height of the Mach stem off the ground, is greater than the building height  For most
expected uses of this procedure, the scaled height of burst (the charge height off the ground divided
by the cube root of the charge weight) will be less than 1.0 fi/1b"? and the scaled standoff will be
greater than 3.0 ft/Ib*?. For these cases, the triple point is usually greater than the height of a one
or two story building and the assumption of a surface burst is therefore a redistic one.  Section
2-13.2 of Reference 10 gives more explanation which is pertinent to this assumption.

THE ANGLE OF INCIDENCE

When a building surface partially blocks the propagation of a shock wave, it reflects the
leading portion of the shock wave back into the trailing portion of the wave. This causes a buildup
of temperature and density in the air immediately in front of the surface which, in turn, causes the
pressure acting on the surface to aimost instantaneously rise to a value at least twice as large as the
free-field pressure. The intensity of the pressure build up, or rise to its “reflected” magnitude,
depends on several parameters including the scaled standoff and the angle of incidence between
the reflecting surface and the direction of shock wave propagation. The angle of incidence of a
point on a surface is the angle between the outward normal and the direct vector from the explosive
charge to the point This is illustrated in Figure 2. The point of interest is aways at the center of
the component and the blast load at the center is used as a uniform load over the entire component.
For a given scaled standoff, the pressure measured on a large rigid surface and an angle of incidence
equal tozero degreesisthe fully reflected pressure at that scaled standoff. For a given scaled
standoff, the pressure measured at a point on a surface which has an angle of incidence of 90 degrees
(i.e, it is pardlel to the direction of blast wave propagation and does not reflect the shock wave at
al), is the incident, or free field pressure at the given scaled standoff.  Since the impulse is the
integra of the pressure history, the impulse applied to a surface is also increased from its free field
value if the angle of incidence is less than 90 degrees.



According to the simplified procedure, the blast pressure on the building components can
be either the fully reflected or the incident pressure corresponding to the calculated scaled standoff,
depending on the angle of incidence. If the angle of incidence is less than 45 degrees, fully reflected
peak pressure and impulse are calculated. Otherwise, the incident peak pressure and impulse are
caculated. In redlity, the peak pressure transitions from fully reflected to fully incident as the angle
of incidence changes from zero degrees to 90 degrees as a function of the incident pressure.  Figure
3 (from Reference 1) shows this relationship with a series of calculated curves. The fully reflected
peak pressure corresponding to each side-on pressure shown is the product of the side-on pressure
and the reflection factor shown on the vertical axis of the figure. The recommended minimum
scaled standoff is 3.0 fi/ib*?. This implies that only curves corresponding to peak incident, or side-on
pressures less than 150 psi are applicable. Figure 3 shows that, for the applicable side-on pressure
levels, the peak blast pressure remains close to its full reflected value for angles of incidence less
than 45 degrees. Therefore, the smplification that the blast pressure. is constant at its full reflected
vaue in this range of incident angles is a good simplifying approximation. On the other hand, the
pressures a angles of incidence greater than 45 degrees are always greater than the incident, or
free-field, pressure level that is assumed. This is particularly true for pressures near 150 psi, and
therefore scaled standoffs near 3.0 fi/1b'?, and at angles of incidence between 45 and 60 degrees.
The reflection factor for impulse is aso a function of angle of incidence, but it is a smoother
relationship than that shown in Figure 3. Impulse on components with angles of incidence between
zero and 45 degrees are predicted well with the simplified blast load calculation method (usualy
within 20% and on the conservative side), but impulse on components with angles of incidence
greater than 45 degrees are underestimated, athough to a lesser extent than the peak pressure.
Impulse is underestimated by factors from 2.5 to 1.5 for angles of incidence between 45 degrees
and 70 degrees. In summary, the smplified consideration of the relationship between angle of
incidence and reflection of the blast wave is quite accurate for components with a center point at
either small angles of incidence (less than 45 degrees) or large angles of incidence (near 90 degrees
or greater than 90 degrees). However, it underestimates the peak pressure and impulse on
components with angles of incidence between 45 degrees and approximately 70 degrees by factors
between two and five. For many buildings at larger standoffs from the charge, most of the
components on walls subjected to reflected pressures will be at angles of incidence less than 45
degrees because. the radius of wall area which is a an angle of incidence less than a given vaue
apha in Figure 2 increases with the distance R, or the standoff.

CLEARING TIME OF RELIEF WAVES OFF BUILDING FREE EDGES

The angle of incidence affects the magnirude of the reflected pressure. on a component.
The clearing time of the relief waves off building free edges affects the duratrion of the reflected
pressure, and therefore affects the impulse. The duration of thereflected shock pressure on a surface,
and thus the magnitude of the impulse, is dependent on the distance from the component to the
nearest free edge of the structure. This is true because when the blast wave first begins to propagate
past the free edges of a surface, relief waves are formed at these edges which propagate toward the
center of the surface and, as they propagate., relieve the density and pressure buildup aong the
reflecting surface. After the relief waves have cleared through an area of the surface, the reflection
factor shown in Figure 3 is no longer relevant and the pressure is equal to the free field value. If-
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the time required for the relief wave to reach a point of interest on the surface is greater than the
positive duration of the blast pressure, then no reduction in the reflected pressure occurs. The
simplified blast load caculation procedure assumes that thereis never any reduction in the reflected
pressure due to the presence of relief waves. Therefore, it assumes that the bulk of the impulse is
aways applied to a reflecting surface prior to the arrival of relief waves. As Figure 1 shows, most
of the impulse is applied early within the duration due to the shape of the blast pressure history.

The approach taken by the simplified blast load calculation procedure is always
conservative and for most cases it is relatively accurate. For scaled standoffs between 3.0 ft/1b*
and 10 fe/1b™, the total positive phase duration, in milliseconds, is approximately twice the scaled
charge weight (the cube root of the charge weight). This can be verified by inspecting Figure. 2-15
in Reference 10. For a typical building in this range of scaled standoffs, the clearing time required
to relieve the reflected pressure on the wall is approximately 18 ms using the approximate empirical
formula below taken from Chapter 8 of Reference 11.

t = 35/U (3.1)
t. = clearingtime
S = height of wall (or one-half wall width if thisis less than height) - a

value of 12 ft was used in above estimate

U = shock front velocity « avalue of 2 ft/ms was used for above estimate
(see Figure 2-15 in Reference 10)

We will assume that almost alt of the impulse occurs within the first half of the pressure history

here. Based on the discussion above, at least one half of the positive phase duration, and thus most
of the impulse, will occur within the clearing time (before the relief waves relieve the reflected

pressure) when the charge weight is less than 18 = 6000 Ib. This implies that, for charge weights
less than 6000 Ibs and scaled standoffs between 3.0 ft/b"® and 10 fi/Ib'?, the arrival of the relief

wave will be too late to significantly affect the impulse. It is thought that these charge weight and
scaled standoff ranges include the bulk of the situations which will probably be considered.
Therefore, the assumption in the smplified blast load calculation procedure that relief waves do
not affect impulse on reflecting surfaces is a reasonable assumption that does not significantly

reduce the accuracy of the blast load calculations for most expected uses of the code.

DRAG PRESSURES

The effect of the drag phase of the blast load is not considered by the simplified blast load
calculation procedure. Drag loads are caused by the “wind” that occurs as the shock wave accelerates
air particles which interact with the structure. Just as with a typicad wind gust, the load on the
structure front watl which blocks the wind is increased and the load on the roof and other walls is
decreased due to a suction effect In Reference 10, drag pressures are equa to the product of the
dynamic blast pressure and a drag factor {gq x Cd). The drag pressures only add to the incident
shock pressure because the reflected pressure includes the effects of both the shock wave and the
pressure of the accelerated air particles which are stopped by the surface. For the front wall, which
blocks the accelerated air particles, the drag factor is equal to 1.0. However, most of the components
on this surface are subject to reflected pressures and therefore no additional drag force is required.
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The blast load on those components on this wall a an angle of incidence greater than 45 degrees
is adready underestimated since no reflection is assumed, as discussed previously, so ignoring the
drag force on these components is secondary. The drag factor on al other building walls and roof
(which are loaded by an incident pressure history) is negative, since the accelerated air particles
cause a suction pressure on these surfaces as they flow by. Ignoring the drag forces on these surfaces
IS conservative. Moreover, the product of (gy x Cg) is amost always less than 20% of the peak
incident pressure so that the reduction in loading that is being ignored is not substantial. This can
be verified by inspecting the ratio of the dynamic pressure to incident pressure, which is aways

less than 1.0, in Figure 2-3 of Reference 10 and the negative drag factors recommended in Section
2.15.3.3 in Reference 10. In summary, the approach to ignore the effect of the drag phase is a good
smplifying assumption for the expected uses of this code.

RATIO OF SHOCK WAVELENGTH TO COMPONENT SPAN

Components which lie along the direction of shock wave propagation are loaded gradually
by the shock. When the center of the component is loaded with the peak incident shock pressure.,
no load is (yet) applied to the far edge of the component away from the charge, and the near edge
of the component is loaded with a reduced pressure that is dependent on the ratio of the wavelength
to the component length. For structural analysis and design purposes, the transit time of the shock
wave across the component span is not considered explicitly. Instead, the pressure is assumed
constant along the span and is calculated based on the scaled standoff to the center of the span. This
is the approach taken by the simplified blast load calculation procedure. However, the peak pressure
calculated with this scaled standoff is often multiplied by a reduction factor to account for the fact
that the actual average pressure which acts on the span is always less than the cal culated peak
pressure. If this more accurate approach is taken, the duration is also multiplied by an increase
factor to account for the fact that the total time over which some part of the component is loaded
by the blast is increased. If the wavelength is long compared to the span, then most of the span is
subjected to the same pressure at any given moment, and both the reduction factor on the pressure
and the increase factor on the duration approach 1.0. Thus, the increase and reduction factors are
a function of the ratio of the blast wavelength to the component span.

The magnitude of the increase on the duration and the reduction factor on the peak pressure
can be estimated for the range of expected uses. In Figure 2-15 of Reference 10, the scaled blast
wavelength varies from 0.5 ft1b'? to 2.0 f/1b'? for scaled standoffs between 3.0 ft1b*® and 10
ft/Ib'?, An “average’ scaled wavelength of 1.0 ft/1b"? will be used here. Assuming a span length
of 20 ft, the average wavelength is less than the span when the charge weight is less than 8000 Ibs.
This is equivalent to saying that the span length will typicaly be greater than the blast wavelength.
Figure 2-196 in Reference 10 shows that, when the span is greater than the blast wavelength, a
significant reduction factor is recommended for the equivalent peak pressure (a reduction factor
between 2 and 4). Figure 2- 198 indicates that, for this same case, the effective duration increases
by a factor between 1.5 and 3. This latter statement is based on the curves in Figure 2-198 for 16
and 32 psi incident pressure and a comparison of the scaled durations in Figure 2-198 to the scaled
durations at the same pressures (16 and 32 psi) in the free field shown in Figure 2-15. The reduced
equivalent peak pressure and increased effective duration work together to keep the impulse
approximately the same as that predicted by simply assuming the blast load constant over the span
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and equal to the value calculated using the scaled standoff to the center of the span. As mentioned
previoudy, this is the assumption made in the simplified blast load caculation method in the
FACEDAP code. However, this method will overestimate the equivalent peak pressure by a
significant margin. Therefore, the simplified method will reduce the accuracy of damage calculated
to components which are sengitive to the peak pressure by overestimating the peak pressure but
will not affect the accuracy of damage calculated for impulse sensitive components. Pressure
sensitive components are those which have a natural period at least three times the blast wave
duration. The beams, or girts along sdewalls, and roof beams and roof dabs typicaly have spans
paralel to the direction of the blast wave propagation.

EFFECT OF THE NEGATIVE PHASE OF THE BLAST PRESSURE HISTORY

The smplified blast load calculation method does not calculate the negative phase blast
pressures and therefore assumes that these pressures do not significantly affect component damage.
In genera, the negative phase can be “in-phase” with the component response so that it occurs
during rebound and causes damage or failure during rebound. If the negative phase pressures are
significant compared to the positive phase pressure, then the additional damage occurring during
rebound for a case of m-phase negative phase loading can be significant. Figure 4 from Reference
12 illustrates how the inclusion of the negative phase loading can influence a damage curve on a
P-i diagram The approximate ratio of negative phase pressure to positive phase pressure is relatively
small (less than 20%) except when the peak positive phase incident pressure is lessthan 2 psi.  This
can be verified by comparing Figures2-15 and 2-16 in Reference 10 using the theoretically predicted
peak negative phase pressures in Figure 2-16. These figures aso show that the negative phase
durationistypicallymuchlongerthanthepositivephaseduration. Therefore the damage contributed
by the negative phase pressure can be significant compared to that caused by positive phase loading
when the component strength is on the order of 2 ps and when the response of these components
is in-phase with the arrival of the negative phase blast According to caculations in the appendix
of Reference 7, where response properties (such as the ultimate resistance and natural period) of a
large number of components in twelve “typical” unstrengthened buildings were calculated, this
includes a surprising number of components. These components include open web joists, cold
formed steel beam sections, wood components, unreinforced masonry components, and even some
lightly reinforced concrete components. Prediction of negative phase pressure and impulse is
plagued by the fact that there are relatively few measurements of this phase of the blast pressure
history as evidenced by the fact that the blast curves in Reference 10 rely on theory rather than on
empiricism, as is the case for the positive phase blast.

UNIFORMITY OF THE SPATIAL PRESSURE DISTRIBUTION

The structural analysis procedures in the simplified blast load calculation method assume
a spatially uniform pressure distribution on the component. This is the same assumption used in
Reference 10 for blast resistant structural design and in many other simptified analyses of structural
response to blast load. The redtriction that this methodology be used for scaled standoffs at least
equal to 3.0 ft/1b'? ensures that the actual pressure distribution on components will be uniform for
practical purposes. This restriction is also intended to ensure that the code is not used to predict
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damage for situations where local damage mechanisms, such as local breach or shear failure, can
cause significant amounts of component damage. The component blast damage prediction methods
only consider damage which occurs during flexural response or column buckling.

SUMMARY

In summary, the method used in the FACEDAP blast damage assessment procedure for
caculating the positive phase blast pressure and impulse is generally conservative athough it is
nonconservative for some components on building walls where reflected blastpressures occur. The
calculated peak pressure and impulse are unconservative for components which are subjected to
reflected blast pressures and are oriented at angles of incidence between 45 degrees and 70 degrees
withrespect to the direction of blast wave propagation because only free field pressures are calculated
on these surfaces. The nonconservatism in the simplified blast load calculation procedure for this
case is a factor between two and five for the peak pressure and a factor between 1.5 and 2.5 for the
impulse compared to more accurate methods in Reference 10. The peak blast pressure can be
overconservatively calculated (conservative by afactor between 2 and 4) on components in sidewalls
and roofs with spans parallel to the direction of shock wave propagation in the simplified procedure
because it does not consider the reduction in effective peak pressure that occurs when the shock
wavelength is less than the span length. For most other cases, the simplified method calculating
positive phase blast loads gives results which are close to those which would be calculated using
the more accurate methods in Reference 10. An important unknown is the amount of
nonconservatism inherent in the fact that the simplified procedure ignores the effect of the negative
phase blast pressure on the damage of light building components (building components with an
ultimateresistancelessthan2psi).  Asafinanote,  wherethecomponentdamagepredictionmethods
are based on data from explosively loaded buildings (and, to a lesser degree, explosively loaded
components) rather than on theoreticadl methods, some of the variables affecting blast loads are
considered implicitly in the damage data.

4.0 PREDICTION OF COMPONENT DAMAGE

As mentioned in the introduction, the component damage assessment procedure is based
on avallable data and basic structura dynamic theory. The theoretica development is based on an
idedlization of the building components as single-degree-of-freedom (SDOF) systems responding
in flexure or buckling to linearly decaying blast loads. The exponentially decaying positive phase
pressurehistoryin Figure 1 is idedized as alinearly decaying pressure history with the same impulse.
This results in a“pseudo” load duration which is shorter then the actual duration T shown in Figure
1. Using these idedlizations, component response, or damage, is related to the component properties
for a full range of possible blast loads with equations that are derived from basic structural dynamics
theory. This is done using pressure-impulse diagrams, or P-i diagrams, which separate damage into
four damage categories with “damage curves’, as discussed below. The graphica nature of P-i.
diagrams alows damage data to be directly plotted against the theoretically determined damage
curves. In some cases, the data “vaidated” the theoretical curves in the sense that it shows that
they predicted damage which fell in the same damage category, or damage level, predicted by the
theoretically determined damage curves. In other cases, the theoretically generated damage curves.
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were “shifted” to match the damage data. Generaly this latter case occurred when the component
was responding in some response mode other than the flexural mode assumed in the development
of the theoretical damage curves.

An understanding of the development of the P-i diagrams is essential to an understanding
of the building damage predicted by the FACEDAP program. Considerable explanation is provided
in the following sections on both the theoreticaly developed damage curves and on the data used
to validate or shift the curves. The P-i diagrams used to predict component damage for each of the
twenty-four component types considered in this methodology are presented in the next section, and
the development of each of these diagrams is explained in the following sections.

41  Component P-i Diagrams

The following table lists the twenty-four component types considered in the FACEDAP
program.

Table 1. Structural Components Considered in the FACEDAP Program

Concrete Components

Steel Components
Steel Beams

Masonry Components

One-Way Unreinforced
Masonry

Wood Components
Wood Stud Walls

R/C One-Way Slabs

Metal Stud Walls

Two-Way Unreinforced
Masonry

Wood Roofs

R/C Two-Way Slabs

Open Web Steel Joists
(bending response)

One-Way Reinforced
Masonry

Wood Beams

R/C Exterior Column
(bending response)

Corrugated Metal Deck

Two-Way Reinforced
Masonry

Wood Exterior Columns

R/C Interior Column
(buckling response)

Steel Exterior Columns
(bending response)

Masonry Pilasters

Wood Interior Columns

R/C Frames
(lateral frame sway)

Steel Ipterior Columns
(buckling response)

Prestressed Beams

Steel Frames
(lateral frame sway)
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All' component response is determined in terms of the four qualitative damage levels
described below. These are not “officia” descriptions, they are a synthesized combination of the
gualitative descriptions found in References 3 and 4. The four damage levels have also been
correlated with the levels of protection defined in Reference 13, which are used by the U.S. Army

Corp of Engineers™}, These corrdations are included in the damage level descriptions.
0% Damage: No appreciable damage; the component is reusable without
repair. This damage level can be equated with aHigh Level
of Protection.
30% Damage: Moderate damage; the component is probably repairable

and\¢t has provided a medium, or generally adequate Jevel
of protection to personnel and equipment from the gifects
of the eXploson. This damage level can be equ.aged with
a Medium heve of Protection.

60% Damage:  Severe damage;\the component is not worth repairing, but
it has not failed andlit has provided at least sogne protection
to personnel and eéquipment from the offects of the
explosion. This damagg level can be equafed with a Low
Level of Protection.

100% Damage:  The component is definitely teyond repair but it has not
necessarity completely collapsed. has undergone a
deformation such that it cannot b¢ gbunted on with high
certainty to protect personne:l andiequipment from the
effects of the explosion. This damggeigvel can be equated
with “collapse” as it is wsed jn of a Level of
Protection. However, compogents withh 100% damage
which isrelatively near the /horderline Between 100%
damage and 60% damage /will most probably not be
collapsed in terms of the ggheral usage of this\word.

These damage categories were selected in the/original development of the blast damage
assessment procedure based in part on the qualitativ e gamage descriptions found 3 testcdata. They
were aso based in part on some consideration of co miponent response criteria i.ey ductility ratios
and end support rotations) caled out in design cri tefia for different protection lewels im IReferences
10 and 14. A qualitative description of damage/definitins was selected as opposed to a more
quantitative description of damage since it is smore appopriate for expressing the component
response calculated with the approximate damage assessment techniques in the methodology.
However, in subsequent work the four dama ge categories were correlated with specific component
response criteria for most of the twenty-izz{r component types because it was judged that in spite
of the approximate nature of the me:thodology, itwas nonetheless better to provide some qualitative
description of the four damage levels™™.
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AU component response is determined in terms of the four qualitative damage levels described below.
The descriptions shown for each damage level are not "official” descriptions; they are a synthesized
combination of the qualitative descriptions found in References 3 and 4. The four damage levels have aso
been correlated with the levels of protection defmed in Reference 13, which am used by the U.S. Army
Corps of Engineerd® These con'erations are included in the damage level descriptions.

0% Damage: No appreciable damage; the component is reusable without repair. This damage level
can be equated with a High Level of Protection.

30% Damage: Moderate damage; the component is probably repairable and it has provided a medium,
or generally adequate level of protection to personnel and equipment from the effects
of the explosion. This damage level can be equated with a Medium Level of
Protection.

60% Damage: Seven damage: the component is not worth repairing, but it has not failed and it has
provided at least some protection to personnel and equipment from the effects of the
exploson. This damage level can be equated witb a Low Level of Protection.

100% Damage: The component is definitely beyond repair but it has not necessarily completely
collapsed. It has undergone a deformation such that it cannot be counted on with high
certainty to protect personnel and equipment from the effects of the explosion. This
damage level is equated with " Collapse" as it is used in terms of a Level of Protection.
However, components with 100% damage which is relatively near the borderline
between 100% damage and 60% damage will most probably not be collapsed in terms
of the general usage of this word.

These damage levels were selected in the original development of the blast damage assessment
procedure based in part on the qualitative damage descriptions found in test data They were also based in
part on some consideration of component response. criteria (i.e., ductility ratios and end support rotations)
caled out in design criteria for different protection levelsin References 10 and 14. A qualitative description
of damage definitions was selected as opposed to a mom quantitative description of damage because it is
more consistent with the approximate damage assessment techniques in the methodology. However, in
subsequent work the four damage categories were correlated with specific component response criteria for
most of the twenty-four component types because it was judged that in spite of the approximate nature of
the methodology, it was nonetheless better to pmvide some qualitative description of the four damage
levels™"). These qualitative descriptions were modified dlightly during the development of the FACEDAP

program.

Approximate correlations between quantitative measures of component response (Le. i and w/L) and
the four damage levels are shown in Table 2. The ductility ratio (#) is equal to the ratio of the maximum
deflection to the yield deflection at midspan and the deflection to span ratio (w/L) is equa to the ratio of
the maximum deflection to the span length. The ductility ratios corresponding to each damage level in
Table 2 are based on ductility ratios measured in tests where the four damage levels were observed or they
are assumed based on engineering judgement and criteria suggested in other references. As explained in
Section 4.4, the P-i diagrams were developed so that they only correlate the component dynamic response
and blast load characteristics to the ductility ratio of the component response. Therefore. the damage levels
can only be directly expressed quantitatively in terms of corresponding ductility ratios. The w/L values in
Table 2 were derived from the corresponding ductility ratios for each component damage level using an
assumed “typical” yield deflection value as a function of span for each component type (i.e., w/L = w(W),
where W = (yield deflection/L). For components with arching, w/L. values from data were used to directly
determine the w/L limits for each damage level.
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Table 2. Quantitative Criteria Defining Damage [ evels for Each Component Type

Component Type Damage Criteria Notes
Lower Limit | Lower Limit | Lower Limit | (seetext for mor e discussiom
of 0% of 60% of 100% and see general notes)
Damage Damage Damage
n wil w || p | wi
Reinforced Concrete (R/C) 1 005 5 021 20 09 |Ducdlity values assumed same as
Beam one-way R/C slab
R/C One-Way Slabs 1 007 034 1 20 } .135 |Ductility values validated w/data
R/C Two-Way Slabs without i 015 08 20 | .31 |Ductility values assumed same as
Arching one-way R/C slab
R/C Two-Way Slabs with 1 005 S | 013 | 20 | 20 |Ductility values determined from
Arching ﬂmx. theoretical approach, w/l
nes based directly on data
R/C Exterior Columns i 003 5 014 { 20 | .054 |Ductility valoes assumed same as
(bending) one-way. R/C slab
R/C Interior Columns - - - - 1 002 |Criteria apply only to impulsive
(buckling) response and are assumed
R/C Frames 13 014 6 066 | 12 | .133 | Ductility values validated
: wfsome data, w/l values are ratio
of max. frame sway to column
height
Prestressed Beams 5 005 1 01 2 02 |Ductility values are assumed
Steel Beams 2 012 7 04 15 | 009 {Ductility values are based on
some data
Metal Stud Walls 2 02 7 07 15 .15 {Ductility values are assumed
same as steel beams
Open Web Steel Joists 1 )] 35 | 035 6 06 }Ductility values are assumed
(based on flexural teasile
stress in bottom chord)
Corrugated Metal Deck 2 012 7 042 | 15 | 09 |Ductility vaines vaidated
w/some data
Steel Exterior Columns 2 009 7 032 | 15 | 068 |Ductility values are assumed
(bending) same as steel beams
Steel Interior Columns - - - - 1 ].0045 | Ductility values apply only to
(buckling) impulsive response and are
assumed
Steel Frames 13§ 021 6 10 12 | 20 }Ductility values validated
w/some data, w/1 values are ratio
of max. frame sway 10 column
height
One-Way Unreinforced - - - - 1 | .0005 |Ductility values are assumed
Masonry (unarched)
One-Way Unreinforced 25 | 005 5 02 | 10 | .04 |Duciility vaives determined fron
Masomnry (arched) . data using . theoretical
approach, w/l values based
directly on data

17

Revision 1.2



Table 2. Quantitative Criteria Defining Datnage Levels for Each Component Type

{(Continued)
Component Type Damage Criteria Notes
Lower Limit { Lower Limit | Lower Limit | (See text for more discussion
of % of 60% of 100% and see general notes below)
Damage Damage Damage
U wil W w/l 1l w/l
Two-Way Unreinforced 1 005 15 02 25 04 | Ductility values determined from
Masonry (fully arched) data using . theoretical
h, w, values based
directly on data
One-Way Reinforced Masonry| 1 0016 5 008 | 20 | .032 |Ductility values assumed same as
one-way R/C slab
Two-Way Reinforced 1 0016 5 008 | 20 | .032 |Ductility values assumed same as
Masonry two-way R/C slab
Masonry Pilasters 1 0006 5 003 | 20 | 012 | Ductility values assumed same as
R/C beafn
Wood Stud Walls 5 01 1 021 2 043 | Ductility values based on data
‘Wood Roofs 5 01 1 021 2 043 | Ductility values based on data
Wood Beams 5 008 016 2 032 | Ductility values assumed same as
wood wa.llslmof
wood Exterior Columns S o1 1 01| 2 043 | Ductility values assumed same as
(bending) wood walls/roof
Wood Intetior Columns - - - - 1 | 021 |Ductility values apply only to
(buckling) impulsive response and are

General Notes:

1. All w/l values am derived from ductility values using an assumed ratio of yield deflection to span length
for a “typical” component except where indicated otherwise.

2. All valuesin thistable are intended to correlate as well as possible to damage observed in test data and
therefore will not always correlate with design criteria

3. The lower limits of 30%. 60%, and 100% damage referred to in this table correspond directly to the
upper bounds of High, Medium, and Low Levels of Protection, respectively, as discussed in Section
4.1.

The following pages show the P-i diagmms for each of the twenty-four comﬁonent types which are
used in the FACEDAP program to predict component damage. The equations for the p and i terms on each
axis of the P-i diagmms are shown below the diagram. Each of the parameters in these equations is explained
in table format on the page preceding the P-i diagram. Also, each of the parameters related to material or
cross sectional properties of the component is illustrated in an example below the tabk._Thepand iterms
are always dimensionless. Therefore, the parameters used in tbe equations to calculate p and | must aways
be converted into a consistent set of units (i.e., inches, pounds, and seconds). It is always good practice to
include the dimensions of al parameters in the p p aud i equation and check that the dimensions cancel so
that the calculated p or i is dimensionless asit should be. The FACEDAP program automatically calculates
dimensionless p andnaemls as long as the user inputs information in the specific units called out in the

program.,
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Parameter Value for {
Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure at Center of Component -
Specific Impulse (i) Specific Impuise Applied to Center of Component -
Span Length (L) Span Length Between Supports -
Beam Width (b) Beam Width 12in
Beam Thickness (h) Beam Thickness 12in
Loaded Width (by) Loaded Width 10ft
Total Weight (W) Total Weight in Pounds of Section + Supported see equation below figure
Componeats
Concrete Compressive Strength (f’) | Compressive Strength of the Coacrete (f'c) 4,000 psi
Steel Yield Strength (f,) Yield Strength of the Steel Reinforcement 60,000 psi
Depth to Tensile Steel (d) Depth to Tensile Steel Reinforcement from Loaded Side 10in
Area of Tensile Steel (A)* ngd:)f Tensile Steel Reinforcement within Section 2.37in?
Momeat of Inertia (Ly) Moment of Inertia of Cracked Cross Section 1,150in* .
Gravity Constant (g) Gravity Constant 386.4 infsec’
Moment Capacity (M,) Moment Capacity of Beam 1.06 E6 Ib-in
Young's Modulus (E) Young's Modulus for Concrese 3.6E6psi-
» SEE GENERAL NOTES 1 AND 2: ¢
calculated Values E= STW: -
bd® (5.50 +0.083 4
1, = X< p2 ) b=
'——— b 1 = 10’ ——I
i
[ . f " 1 6" g
d = 10" h o= 12" }
. i . |
A—}. —b = 12" \—A5=3 #8 bars (2.37 in.z)

W =[(10 ft) (0.5 ft) + (12 in) (12 in - 6 in)/144] (L) (150 1b/ft’)

where L = span length (ft)
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o Parameter Value for

Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure at Center of Component
Specific Impulse (i) Specific Impulse Applied to Center of Component
Span Length (L) \ Span Length Between Supports
Beam Width (b) Beam Width 12in
Beam Thickness (h) \ Beam Thickness 12in
Loaded Width (b,) \  [Loaded Width / 10 ft
Total Weight (W) \ Total Weight in Pounds of Section + Supponey see equation below figure

Components
Concrete Compressive Strength (rA Compressive Strength of the Concete (f¢) / 4 000 psi
Steel Yield Strength (f,) \Yield Strength of the Steel Reinforcement/ 60,000 ps
Depth to Tensile Steel (d) ﬁppth to Tensile Steel Reinforcement frg‘n Loaded Side 10 in
Area of Tensile Steel (A )* mf Tenslle Steel Reinforcement v7[hm Section 237 in
1
Moment of Inertia (I,,) Momént of Inertia of Cracked Cross Section 1,150 in
Gravity Constant (g) Gravity\Constant / 3864 infsec?
Moment Capacity (M) Moment Napacity of Beam / 1.06 E6 1b-in
Young’s Modulus (E) Young's I\v}qdmus for Concrete / 3.6 EG psi
* SEE GENERAL NOTES 1 AND 2 AT END OF CO| ONS
Calculated Values M, = 0.9 bd* £,p (1-0.59'pf,/F) = 57000F,
_ bd’(5.5p + 0.083) _ 4
b = 3 P= &0
. ( i
. 6 " (
1 2 " 4
—e ‘—Ag % 3 #8 bars (2.37 ind)
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L Parameter Value for
Parameter Description Example Case Below
Peak Pressure (n) Peak Blast Pressure at Center of Component
Specific Impulse (i) Specific Impuise Applied to Center of Component -
Span Length (L) Span Length Between Supports -
Section Width (b) Section Width (Used for all Section Property 12in
Calculations)
Slab Thickness (h) Siab Thickness &in
Concrete Compressive Strength (f°,) | 28 Day Compressive Strength of the Concrete (£¢) 4,000 psi
Steel Yield Strength (f,) Yield Strength of the Steel Reinforcement 60,000 psi
Depth to Tensile Steel (d) Depth to Tensile Steel Reinforcement 45in
Area of Teasile Steel (A)* Area of Tensile Steel Reinforcement within Section 0.16 in?
Width
Concrete Density (Y) Weight Density of Concrete 150 I/
Moment of Inertia (Iy) %p&lgnt of Inertia of Cracked Cross Section Within 54 in*
i
Gravity Constant (g) Gravity Constant 386.4 in/sec’
Moment Capacity (M,) Moment Capacity of Section 3.8 E4 1b-in
Cross Sectional Area (A) Cross Sectional Area Within Section Width T2in
Young’s Modulus (E) Young's Modulus for Concrete 3.6 E6 psi

e £ S b (ITEOC AAnALs AL

* SEE GENERAL NOTES1 AND {WMW&%

Calculated Values M, = 0.9 bd* £, (1-0.59 PE/F) E = 57000\F,

bd® (5.5p + 0.083) _ A

I'ﬂ' = 2 - (bd)

A=bd

b = 12” - 1
Ag = 1 #3 bar = 011 In.2
dr=4"
4" =5" h =6"

YRR S S

21



1000

Ibar

ib
M,

Reinforced Concrete One-Way Slabs

AqEpnpnp vy s

- o
Y EELLEET Y
b crsasndanah o

n
LT TR R

M 1]
enmsagmnnp e
L] [l
N L LE P
1 L]
1 .
L] .
L crarsyranp s

b - cscsponapasd
prmemmagenay =

I-L-..---.l---

.
FPprer-—gaas
P

-.an-J---
|

1 "
ppomarsyseny

.I-J--LJ-
l

L]
mmwwgrrepugey

]
*n
L]

FITE T I LY

-
O

Ll Lo L L I T T T T

"t
ot
“=rs
180
el d
[N
RERI
[T
A1"FIY
[T
Rl
[
L] [ ]
] ] e
Fpprreraqesa -—rraY
Y=o msvquem - 004
sPsrssasmemm
ttbmenmsdrcnd k=
lil-----J---l whabdabddd
3% IR ERE
...----o--.-.
N [ ]
"ee
e
458
1y
L]
e
e
s [T
3N 1 L )
(R} [ > 1
[ER] [ » +
(3R] ] ] 1
]
s
(L]
J--I-J.bl“o--—odo--l--t-r-:

] ]
mams s mm g

e e eag T ay oy
Py

3

r
]
>
P S - T Y YT L

PO S T B

adadehd tdd

dppbabhdabidicosss ol

ELs8
YA

Boundary Conditions

Ve

'::t:ti:t!ii:::::" 3
b r ::r.*:'
-+

:

pbL?

v,

Simple-Simple

Fixed-Fixed

10.00
23.10

0.913
0.861

22



Parameter Vdue for
Parameter Description Example Case Below

Parame(er (p) Peak Blast Pressure at Center of Component

Specific Impuise (1) | Snecific Impulse Applied to Center of Component

Short Span Length (x) Shorter Span Length Between Supports

Long Span Length (y) Longer Span Length Between Supports

Section Width (b) Section Width (Used for AU Section Property 12in

Calculations)

Slab Thickness (h} Slab Thickness 6 in

Concrete Compressive Strength () | 28 Day Compressive Strength of the Concrete {fc) 4,000 psi

Steel Yield Strength (f.) Yield Streneth Of the Steel Reinforcement 60.000 psi

Depth to Tensile Steel (d)' Depth to Tensile Steel Reinforcement 4in

Area of Tensile Sted (A)* 3{1?&1 of Tensle Steel Reinforcement within Section 0.16 in?

Concrete Density (y) Weight Density of Concrete 150 Ib/fe

Moment of Inertia (L) %gggm of Inertia of Cracked Cross Section Within 39 in'

I

Gravity Constant(B) Gravity Constant 386.4 infsec’

Arching Response ﬁ\&d(ll) rclgur(Comprmion Membrane) Response Wiii No arching

Compression-omrBiock Pepttt (¢) | Distance from Neutral AXiS to Outer Fiber 57in

Moment Capacity (M) Moment Capacity of Section 3.4 E4lb-in
/ Young's Modulus (E) Young's Modulus for Concrete 36 E6psi

[ *  SEEGENERAL NOTE3
' SEEGENERALNOTE 4

NS}&N’ PA6E Sl ysERS W UAL

[
b
* Calculated Values c=h-1.38 pdf ff.
/ M, =09 bd’ £, (059 pE/F) E = 57000vF,
_ bd*(5.5p + 0.083) A
Le = 7 ()
b o= 12" As,= 1 #3 bar = 0.11 in.?
e T K S
l d,= 4.5! ’
= - e
As1 = 1 #4 bar = 0.2 in."

\\ H . ”-‘ . -
D}';'r;?hu':’ Q'{h v T

. . i
o P e
[ n;’:yb”-'*l ;‘L',} ] &C/
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Parameter Value for

Loaded by Blast

Parameter Description Example Case Below
Peak Pressure {p) Peak Blast Pressure at Center of Component
Specific Impulse (i) Specific Impulse Applied to Center of Component
Span Length (L) Span Length Between Supports
Column Width (b) Width of Column Cross Section 12 in
Loaded Width (b,) W|dth of Area Supported by Component Which is 10t

Totd Weight(W)

‘gntl of Com Ponem Plus Attached Components

se¢ equation below figure |

Concrete Compressive Strength (f",) |28 Day Compressive Strength of the Concrete (fc) 4,000 psi
Steel Yield Strength (f,) Yield Strength of the Steel Reinforcement 60,000 psi
Depth to Tensile Sted (d) Depth to Tensile Steel Reinforcement 12in
Area of Tensle Steel (A)* Area of Tensile Steel Reinforcement in Column 2.37 in?
Moment of Inertia (L Moment of Inertia of Cracked Column Cross Section 1,799 in*
Resisting Lateral Load
Gravity Constant (g) Gravity Constant 386.4 infsec?
Moment Capacity (M,) Moment Capacity of Column 1.3 E6 Ib-in
Young's Modulus (E) Young’s Modulus for Concrete 3.6 E6 psi
oV FRAGE S99 OF L5545 HAL
¢+ SEE GENERAL NOTES 1 AND
Calculated Values M, = 0.9 bd* f,p (1-0.59 pf, /') E = 57000\F,
_ bd*(5.5p + 0.083) _4
be = 2 )
b. = 10 - . bar = 2.37 in.
d== 12* Agt=3 #8 bar = 2. in.
ins ar= 2
> Al 1A < .
b= 12" \—A-=3#8bar'=2.37 int
ELEVATION A - A

s [(10 -1 () + (12 ) (14 in)/1441 L) (150 IVEE)
W

column height (ft)

t (concrete) wall panel thickness {ft)
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Reinforced Concrete Exterior Columns
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Parameter Value for

Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure at Center of Component -
Specific Impulse (i) Specific Impulse Applied to Center of Component -
Smaller Column Dimension (h) Smaller Column Cross Section Dimension 12in
Larger Column Dimension (b) Larger Cotumn Cross Section Dimension 14in
Column Height (L) Column Height Between Lateral Supports -
Loaded Area (A,) Loaded Area Supported by Column 400 ftt
Supported Weight per Area (W) Weight Per Unit Area of Supported Area see equation below figure
Concrete Compressive Strength (f°.) | 28 Day Compressive Strength of the Concrete (f'c) 4,000 psi
Minimum Moment of Moment of Inertia of Cross Section About Weak 2,016 in*
Inertia (T) Bending Axis
Gravity Constant (g) Gravity Constant 386.4 infsec?
Young's Modulus (E) Young's Modulus for Concrete 3.6 E6 psi

Calculated Values b E = 57000\,
12
_L_j |— h=12"
0 [

0
DW/D—
0

PLAN VIEW

(t) (150 Ib/ft*) for flat concrete slab roof

W=
t = roof slab thickness (ft)
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Reinforced Concrete Interior Columns
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Fixed-Simple
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Fixed-Fixed
Simple-Simple
simple-simple

No
Yes
No
Yes
No
Yes
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L Parameter Value for
Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure at Center of Component -
Specific Impulse (i) Specific Impulse Apptlied to Center of Component -
Loaded Width (b)) l‘;Vidthl of Wall Area Supported by Exterior Column of 12 ft
rame
Average Column Width (b) Average Width Across Cross Section of Frame Columns 12in
Total Weight (W) Effective Weight Supported by Frame see equation below figure
Number of Bays (N) Number of Bays in the Frame (Must be Less Than 15) 2
Single Story Height (H) Average Story Height in Frame 13 ft
Number of Stories Number of Stories in Frame (2 Story Maximum) 2
Concrete Compressive Strength (") 128 Day C Strength of Concrete in Frame 4,000 psi
Columns (f'c .
Steel Yield Strength (f,) é’(l;ld Strength of Steel Reinforcement in Frame 60,000 psi
umns
Column Depth to Tensile Steel (d) éve:age Depth to Tensile Steel Reinforcement in Frame 12in
olumns
Column Area of Tensile Steel (A)* | Average Area of Tensile Steel in Frame Columns 1.58 in?
Column Moment of Inertia (L) évetage Moment of Inertia (Cracked Section) of Frame 1,486 in*
ol .
Gravity Constant (g) Gravity Constant 386.4 in/sec?
Moment Capacity (M,) Average Moment Capacity of Frame Columns 92 E5 Ib-in
Young’s Modulus (E) Young’s Modulus of Column Concrete 3.6E6psi
TV Ao 7o Ao AL AL
° SEEGENERA.LNO'[ESIANDZ ooy - BT LT DESCRIPFTION
Calculated Values MP = 09 bdz f,p (1-0.59 qu,) = STM}\IE
_ bd’ (5.5 + 0.083) 4
= P=&D
| b = 12" DETAIL &
: g (.5/(_ e K‘i?! PINE Each ract)
Yot :
] £ o o
c l—— by= 12' Lood 12]—__ 2
4 8 # = ° o
’ Lood n!ruﬂm ' £ TYP. coLu
PLAN ELEVATION DETAIL A

(t) (12 ft) (24 2
(conclete)mo slab

sz

roof weight + 1/3 (wall and column weight) within Loaded Width
ft) (150 IbARE) + 1/3 {(2 () (12 ft) (
thickness (ft)

26 ]+ [312in) (1

(concrete) wall slab thickness (ft)

29

4 in) (26 ft)/144]] (150 IL/EY)
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Parameter Value for

Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure at Center of Component
Specific Impulse (i) Specific Impulse Applied to Center of Component
Span Length (L) Span Length Between Supports -
Beam Flange Width (b) Beam Flange in Compression 18in
Loaded Width (by) Width of Area Supported by Component Which iS 5t

Loaded by Blast

Totd  Weight(W)

Total Weinht of Component Plus Weight of Any

lseeeqmation Daow f|gure "'

Supported Components i on next page
Concrete Compressive Strength () |28 Day Compressive Strength of the Concrete (PC) | 4,000 psi
Stedl Yield Strength (f,) Yield Strength of the Stedl Reinforcement 60,000 psi
Prestress Steel Ultimate strength (f,,) | Ultimate Strength of the Prestressing Steel | 250,000 psi
Depth to Tenslle Steel {d) Depth to Tensile Reinforcement 16 in

|{If Unknown: Beam Thickness - 2" |
Depthto Prestress Steel (d,) De%.h t0 Prestress Steel in Maximum Moment Area 1lin

(If Unknown: 80% Beam Thickness)
Area of Tensle Sted (A Area 0f Non-Prestressed Tensile Steel 0.88 in®

(If Unknown: 0.5% Beam Area)
Areaof Compression Steel (A,) (A[f% nci];n mpg%%%egfsegeg%mmwn Steel 093 in
Area of Prestress Steel (A) Area of Non-Prestressed Compresson Steel 058 in

(If Unknown: 0.5% Beam Areq)
Gross Moment of Inertia (,) Uncracked Moment of Inertia of Cross Section 6.005 in*
Gravity Congtant(B) Gravity Congtant 3864 infsec?
Presressed Sted Ratio (0.) Steel Ratio of Prestressing Steel 0.002
Non-Prestressed Stedl Ratio (p) Steel Ratio of Non-Prestressed Tension Steel 0.003
Compression Steel Ratio (p?) Steel Ratio of Non-Prestressed Compression Steel 0.003
Effective Moment of Inertia () Moment of Inertia of Cracked Cross Section 3,520 i
Effective Prestress Steel Strength (f,) | Effective Yield Strength in_Prestressing Steel 230.000 psi
Young’s Modulus { ~ ) Young's Modulus of Concrete 3.6 E6 psi
Moment Capacity (M) Moment Capacity of Beam 2.8 E6 Ib-in

3ia




Calculated Values E = 57000 \F, o=
(bd)
b, {85 .
N I I
Iff, <0.17, f,=0.17
£, =fa {1-047 (£} Pﬁf&ij
a= (AL, + A L)V(85F,b) Lo = (TALE (1 - \pp) + L}2

¥ - at (4-3)+ A (o-3)

T ax % b, = §' ~—w 2
8 @ © b = 18" e A;= 3 #5 bars = 0.93 1n.
nonou i-—
codw /

J-a> /

._I

=hh— L—Ll_j

_____'o‘ " .

h —l L A,= 4 —1/2" strands = 0.58 in?
5.4’1

A:= 2 #b bars = 0.88 Tn.z

W =[5 ft) () + A, (L) (150 Ib/ft’)
L = gpan length (ft)

= Cross sectional area of beam (ft%)
t = (concrete) dab thickness (ft)

31b



Reinforced Concrete Prestressed Beams
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Parameter Vdue for

Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure a Center of Component
Specific Impulse (i) Specific Impulse. Applied to Center of Component
Span Length (L) Span Length Between Supports
Loaded Width (b,) Width of Area Supported by Component Which is 5ft

Loaded by Blast

Totdl Weight (W)

Total Weight of Component Plas Weight of An
Su]:uportecfJ Componen?sone ! Y

See eguation below figure

Stedl Yidd Strength (o) Yield Strength of Beam 36,000 ps
Plagtic Section Modulus (Z) Plastic Section Modulus 388 in
Moment of Inertia (I Moment 0 Inertia 0f Cross Section 170 in*
Gravity Constant (g) Gravity congtant 3864 in/sec’
Young's Modulus (E) Young's Modulus for Beam 29 E6 psi

T

L L T

Wi0x33
| = 110 in’
Z = 38.8 in’
w = 33 |b/ft

w = [(W,) (§ ft} + (33 Ib/i)] (L)
areal weight of paneling and insulation supported by beams (Ib/ft%)

W,

L

span length {ft)
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steel Beams
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Parameter Value for
Parameter Description Example Case Below
Peak Pressure (p) Peak BlastPressure at Center ofComponent
Specific Impuise (i) Specific Impulse Apptied to Center of Component -
Span Length (L) -
T i
1
Wall Thickness (h) Total Wall Thickness 6.6 in
Total Weight(W) %oﬁ]wwgﬁ%%ponent PliAttachedComponents | seeequation below figure
Yield Strength (a) Yield Strength ofMetal Sd 50,000 ps
Elastic sectionModulus (S) ElasticSection Modulus of Metal stud 085 in’
M oment of Inertia (I) Moment of Inertia of Stud 2.55in*
GravityConstant(g) Gravity Constant 386.4in/sec?
Y oung’ sModulus (E) Young’s Modulusfor stud 29 E6 psi
Calculated Values 5=0.08 (h + b*/10) | =0.036 (h? +h%/10)

j]\ﬁfgg 1';1:2; gllfalnlaﬂ ,;?{u;rfda‘;"ﬁ%'ﬁ grmgéag .;tqn;fp etgig::;:; equal t0 0.06", a section depth equal to (0.9)(h), an unstiffened

\ W:dfz% o-,ﬁ” AFes €yﬁﬂofﬁfa" /9(-1 é’m/fn n W 1c4 /5 A,AJQJ ,éy ,%zs’f

(o o7y
b= 16"
| | | »- "y
< L A -
| / + = 0.06 in LI
I =2.55 in®
s = 0.85 in"
16 goge metal stud w = 1.44 |bs+t
(6x1.5x0.06)
W = [W,(L33f)+ (1L441/E0] 0L)
W, = areal weight of paneling and insulation supported by studs(b#ft)
L = spanlength (ft)
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Metal Stud Walls
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Boundary Conditions A Vi

Simple-Simple 10.00 0.913
Fixed-Fixed 23.10 0.861
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Parameter Value for

Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure a Center of Component ;
Specific Impulse ) Specific Impulse Applied to Center of Component -
Span Length (L) Span Length Between Supports -
Loaded Width (by) Width of Area Supported by Component S
Joist Depth (d) Distance Between Top and Bottom Chord of Joist 24 in
Area of Bottom Chord (A) Cross Sectional Area of Joist Bottorn Chord at Midspan 1.05 in?

Total Weight (W)

Total Weight of the Joist and Deck Within the Loaded
Width

see equation below figure

Yield Strength (a,) Yield Strength of Bottom Chord 50,000 psi
Bending Stiffness o (K) Joist Bending Stiffness 1.06 E4 Ib/in for 30 fi span
Gravity Congtant(s) Gravity constant 386.4 infsec’

SEE GENERAL NOTE 6 AT-END-OF-COMPONENT DESCRIPTIONS -
SEE GENERAL NOTE 5-AT-ENRQE COMPONENT DESCREPFIONS

A

d = 24”

}mr RGE S9 gF USERF MRWUAL

2 - 11’2")(1 I’Z"XS/’ 6"
angles {(bottom corg)

24K7 Joist
Mm w = 10.1 Ib/ft T
>
by = jolst spocing 1 A=

2

: 1.05 in
ft
s

SECTION A-A
W = [(t) (5ft) (150 Ib/f) + (10.1 1b/ft)] (L)
t = (concrete) roof dab thickness
L = gpan length (ft)
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Parameter Value for

Parameter Description Example Case Below
Peak Pressure (p) Feak Blast Pressure a Center of Component
Specific Impulse (i) Specific Impulse Applied to Center of Component
Span Length (L) Span Length Between Supports
Decking Uncoated Thickness (t)  |Uncoated Thickness of Decking 0.023 in
Rib Height (h) Height of Comrugations 2in

Totd Weight(W)

Weight of Decking and Any Attached Materiadl Within 1
ft Width

see equation below figure

Yield Strength (gy) Yield Strength of Decking 40,000 psi
Elagtic Section Modulus (S) Elastic SectionModulusof DeckingPer Foot 0.29 in*/ft
Moment of Inertia M Moment of Inertia of Decking Cross Section Pa Foot 0.343 in“/ft
Gravity Constant (g) Gravity Constant \ 386.4 infsec’
Young's Modulus (E) | Young's Modulus for Decking 29 E6 psi
SectionWidth (b) Section Wii (Used to Caculate All Sectiond 12in
Properties)
Calculated Values S=45ht I=241th*

Note: These calculated values assume an effective flange width 0375 limes the section width. This is a good approximation
based on comparisons with actual section properties reported in manufacturer’s literature. A 12" section width is assumed.

t =

0.29

I
b
w

[(1.7 bA) + (WHI(1 ) (L)

Vuleraft 2V0L22 Deck
0.023 in {22 goge)
0.343 in%/f+
indsft

1.7 Ib/Ft2

areal Weight of insulation, eic., attached to decking (Tb/fe)

span length (ft)
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o Parameter Value for
Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure at Center of Component -
Specific Impulse (i) Specific Impulse Applied to Center of Component -
Span Length (L) Span Length Between Supports -
Loaded Width (b)) Width of Area Supported by Component Which is 101t
Loaded by Biast
Total Weight (W) Total Weight of Component Plus Weight of Any see equaticn below figure
Supposted Components
Yield Strength (o,) Yield Strength of Column 36,000 psi
Plastic Section Modulus (Z) Ptastic Section Modulus of Column 38.8in’
Moment of Inertia () Moment of Inertia of Column Cross Section Resisting 170 in*
Lateral Load
Gravity Constant (g) Gravity Constant 386.4 infsec’
Young's Modulus (E) Young's Modulus of Column 29 E6 psi
by = 10
_‘ IBL L 1 W10x33
r Al 1A N [ =170 in®
Z = 30.8 iIn"
w =33 Ib/ft
ELEVATION A - A
w = [(loft) (t) (150 Ibft’) + 33 Ib/ft] (L)
t = (concrete) wall slab thickness (ft)
L = span length (ft)
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With TensionMembrane

Steel ExteriorColumns
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Parameter Value for

Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure a Center of Component
Specific Impulse (i) Specific Impulse Applied to Center of Component
Smaller Column Dimension ¢h) Column Thickness About Weak Axis 7.96in
Column Height(L) Column Height Between Lateral  Supports
Loaded Area (A,) Loaded Area Supported by Column 400 ¢
Supported Weight pa Area (W) |Weight Per Unit Area of Supported Area see equation below figure
YieldStrength (a,) Y ieldStrength of Cotumn 36,000 ps
Minimum Moment of Inertia (&) ggls!umnMomem Of Inertia About the Weak Bending 366 in*
Gravity Constant (g) Gravity Constant 386.4in/sec’
Y oung' sModulus (E) Young's Modutus of Column 29 E6 psi

|—h = 7.96”
I 7 I /I— Ay= 4oo.f+2
I U4 Tross s
I T I
PLAN VIEW
(t) (150 1b/ft%)

W =
t = (concrete) roof slab thickness
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. Parameter Value for
Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure at Center of Component -
Specific Impulse (i) Specific Impulse Applied to Center of Component -
Loaded Width (b,) Width of Wall Area Supported by Exterior Column of 12ft
Frame
Total Weight (W) Effective Weight Supported by Frame see equation below figure
Number of Bays (N) Number of Bays in the Frame (Must be Less Than 15) 2
Single Story Height (H) Average Story Height 13t
Number of Stories Number of Stories in Frame (2 Story Maximum) 2
Steel Yield Strength (o,) Yield Strength of Frame Columns 36,000 psi
Colurmnn Plastic Section Modulus | Average Plastic Section Modulus of Frame Columns 38.8in’
(Z)
Column Moment of Inertia (I) Average Moment of Inertia of Frame Columns Resisting 170 in*
Lateral Load
Gravity Constant (g) Gravity Constant 386.4 infsec?
Moment Capacity (M,) Average Moment Capacity of Frame Columns 14 E8 Ib-in
Young's Modulus (E) Young's Modulus for Frame Columns 29E6psi
Calculated Values M, =02
_ , 2 bays (N = 2) |
F ] T [ Typ. Colum
i i i W10x33 -T. -
4 4 iR [ =170 In* -
1 Z =38.8 In’ "
B 71 L + T w = 33 b/t &
i } T T by= 12° —. —]Lecca
1 b J 3
Load Oirectlion - -

PLAN

ELEVATION

W = roof Weight + 173 (wall and column weight) within Loaded Width

W =(t) 12ft) (24 £ty (150 1b/e%) + 1/3 {12 (t,) (12 ft) (26 ft) (150 Ib/t%)] + [3 (33 IbAfY) (26 )1}

where ¢, =(concrete) MOf slab thickness (ft)
t, = (concrete) wall thickness (ft)
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Steel Frames
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Steel Frames

B I R S LI Py ey s oy pp 4
NP Y s s qaay --v-1-vq-v'1

R e
evmadisndehddidssrsnndonsdasdadubvmbdlonanavndennd

oq’-l:-.dbll.
RS N P A

~pdgeecccdeeciant et i}
H

.
-

3

1

.

"

-y
-——
-

Lo £

abiddemecedeendend-d

1

mvassdnasdlacds

RO TR S Nt

socaadatepobasacies

-
-

sasswdsanbend

g
.
[
L]
1
2

[} I3
agmengrrenm s
e

C A T P PP

o

B T LT [

.
"
r
t
[l
]
.
]
2
*

=l

1000

S50 ot Gt S s £ S D .M ¥
SLA TR e ok D DAL S 1% U0 AN UM 10 T 08 S SO SR | G 05 1O S N
SRR NN S O " ertenshonenndd L.
o ¥ “l -DIQ—II-IIDCIIICI 1] -ll 1 ] [N )
e -
{100 Sl Sl Shiiat LA SRb 33 x5 b i S st S & 1 I8 Mt SeSEE -
SR I B
HA+—t—t—t F——t—t

—

1000

Ta

~
-~

it

r

!

B
WM

b H'p
a + oM,

|

iﬂ

1

(@ + 1y

ol+07 @-1)

2 Story Frame

1 Story Frame

7.5
1

0.83

5

0

0.5

g d

12

46



. Parameter Value for
Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure at Centerof Compongnt
Specific |mpul se(i) Specific |mpul scApplied to Ceater of Component
Span Length (L) Soan Leneth Between Supports
Section Width (b) Section Width (Used for all Section Property 16in
Calculations)
Wall Thickness (h) Wall Thirknege R in
Masonry Compressive Streagth (f,)) | Compressi veStrength of Masonrv Wall 1350 nsi
Masonrv Tensile Strength (1)) Tensi|eStrength OfMasonry Wall 200 psi
Weight/Unit Loaded Area (W) Weight per Unit of Surface Area Loaded Dy Blast see equation below figure
: Preagmpaﬁswounung for Voids el
e Masorry Shell Thickness (¢ Masonry Shell Thickness (Usaally 125" for CMU, 125 in
erizie ® 0.75" for Phicknessy Maswniy%\u«k
Section Modulus (S) Elastic Section Modulus Within Section Width 135 in?
Moment of Inertia @ %ntofnmﬁaomm Section Within Section 455 in*
Gravity Constant (g) Gravity Constant 386.4 infsec’
Young’s Modulus (E) Young’s Modulus for Masonry 1.35 EG psi
Calculated Values S=tb by (=t G-t
—;? (‘
E=1000f, i
Note: These formulas assume the wall is ungrouted. If it is known that the wall is grouted input S = 1:3, | = -‘i*;
+=1.25" Cores ungrouted
N 7 . ;
mO0OOy00
B2 p=16" r’1=s “
Area loaded by blast

CROSS-SECTION

W = Wyl@®B,) (By] -
Wy = weight of block (including grout if voids grouted) (Ib)
B,,B, = dimensions of block area loaded by blast (ft)
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Parameter Value for
Parameter Descrintion Example Case Below |

Peak Pressure {p) Peak Blast Pressure at Center of Component -
Specific Impulse (i) Specific Impulse Applied to Center of Component -
Span Length (L) Span Length Between Supports -
Section Width (b) Section Width (Used for all Section Property 16 in

Calculations)
Wall Thickness (h) \  |Wall Thickness 8in
Masonry Compressive Strength (f,) | Compressive Strength of Masonry Wall 1,350 psi
Masonry Tensile Strength (f) \ | Tensile Strength of Masonry Wall 200 psi
Weight/Unit Loaded Area (W) \ Weight per Unit of Surface Area Loaded by Blast see equation below figure

Pressure - Accounting for Voids
Masonry Shell Thickness (t) \ Masonry Shell Thickness (Usually 125" fonf{U. 1.25in

0.75" for Thickness)
Section Modulus (S) ic Section Modulus Within Section Width 135 in’
Moment of Inertia (T) mnt of Inertia of Cross Section )(min Section 455 in*
Gravity Constant (g) Gra\ity Constant / 3864 infsec’
Young’s Modulus (E) Young’s Modulus for Masongg 1.35 E6 psi

Calculated Values S=tb(h I= tb (h—1t)?
2
E=1000f,

B,

]

Area log

ded by blost

+=‘1.25" [_C()res ungr

3. If j(is known that the wall is grouted input S = 5+, I =

w"

12

cuted
i

wouoouoc

b=16"

CROSS-SECTION

}
h=g"

(including grout if voids grouted) (Ib)
block area loaded by blast (ft)
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Masonry Unreinforced One-Way Slab
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o Parameter Value for

Parameter Description Example Case Below
Peak Pressure (p) Pesk Blast Pressure at Center of Component
Soecific Imoulse (i) Specific Impulse Applied to Center of Component
Short Span Length (x) Shorter SpanL engthBetweenSupports
Long Span Length (y) Longer SpanL ength BetweerSupports
wall Thickness (h) Wall Thickness 8 in
Masonry Compressive Strength (f,) | CompressiveStrength 0Masonry Walll 1,350 psi
Masonry TensileSwength (1) TensileStrength ofMasonry \Wall 200 psi
Weight/Unit Loaded Area (W) Weight paUnit of Surface AreaL.oaded by Blast se-e eguation below figure

Pressure - Accounting for VOIdS
Gravity Constant (g) (Gravity ~ Constant 386.4 in/sec’
Young's Modulus -(E) IYoung's ModulusforMasonry 1.35E6 psi
Calculated Values E=10001f,
o
B | A, t

Q0000000
i B, ri:e"
Area loaded by blast

CROSS-SECTION

W = WyIB) Bl o
Wy = weight of block (including grout if voids grouted) (Ib)
B,,B, = dimensions of block area loaded by blast (ft)
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Masonry Unreinforced Two-Way Slabs
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Parameter Value for

Parameter \ Description Example Case Below
Peak Pressure (p) Peak Blast Pressure at Center. Of Component
Specific Impulse (i) Specific Impulse Applied to Center of Component -
Span Length (L) Span Length Between Supports -
Section Width (b) Section Width (Used for all Section Property 16 in

Calculations)

‘Wall Thickness (h) Wall Thickness 8in
Masonry Compressive Strength (f,) | Compressive Strength of Masonry Wall 1350 ps
Steel Yieldswength(f,) Yield Strength of the Steel Reinforcement 60,000 psi
Depth t0 Tensile Steel(d) Depth to Tensle Steel  Reinforcement 4in
Area of Tensile Sted (A,)* 011 in?

@/Irg[ﬂ of Tensile Steel Reinforcement Wii Section

Weight/UnitL oadedArea(W) Weight per Unit of Surface Area Loaded by Blast see equation below figure
Pressure
Moment of Inertia (L) Moment of Inertia of Cracked Cross Section Within 344 in*
Section Wil

GravityConstant (g) Gravity Constant 386.4in/sec’
MomentCapacity (M,) MomentCapacity Of Section 22 E4 Ib-in
Young's Modulus (E) Young's Modulus Of Section 1.35 E6 psi

o QGE 52 ot otYﬁQ‘é %uﬂ_

* SEE GENERAL NOTES 1 AND
Calculated Values bh? ) )
=27 + 00025 M@’ M,=09bd*f,p (1-0.59 pE/F)
A,
E = 1000 f, p= d)
Vo ) d=a" Cores grouted
T L2 ‘[ i
| I Erpawlifow;
B2 b=16" Peg”
Areg loaded by blast Ag= #3bar = 0 .11 n?
CROSS-SECTION

W = WufiB) (B)] _ o

Wy = weght of block (including grout if voids grouted) (Ib)

B,,B, = dimensons of block area loaded by blast (ft)
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Masonry Reinforced One-Way Slabs
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Parameter Value for

Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure.at. CENter Of Component
Svecific Imoulse (i) Soecific Impulse Aolied t0 Center of Component
Short Span Length (x) Shorter Span Length Between Supports
Long Span Length (y) Longer Span Length Between Supports
Section Width (b) section Width (Used for au Section Property 16in

Calculations)

Wall Thickness (h) wal Thickness 8in
Masonry Compressive Strength (f,) |Compressive Strength of Masonry Wall 1350 ps
Sted Yield Strength (f,) | Yield Strength of the Steel Reinforcement 60,000 ps
Depth to Tensile Steel (d)' Depth to Tensile Steel Reinforcement 55in
Area of Tensile Steel (A)* Area of Tensle Steel Reinforcement Within Section 011 in

Width

weight/unit Loaded Area (W)

Weight per Unit of Surface Area Loaded by Blast
Pressure

see equation below figure

Moment of Inertia (Ey Moment of Inertia of Cracked Cross Section Within 348 in’
Section Width
Gravity Constant (g) Gravity Constant 386.4 infsec’
Moment Capacity (M) Moment Capacity of Section 32 E4 Ib-in
Young's Modulus {E) Young's Modulus for Masonry 1.35 E6 psi _
m) . &ﬁ“ W TW" WAV Ke‘h‘Fof’tcd C”C - ‘ ‘:-F"’_"'bl p t”YC ! 3%! PIS) "Q : Lo?r / ‘.)"f'-'

SEE GENERAL. NOTE 3

SEE GENERAL NOTE 4AT-END-OE-COMPONENT DESCRIPTIONS O PAGA

of 2‘.‘,‘-.7)‘7"-’ if(

E2 0F sees mawisat

p Val 3
alculated Velues Iy= %%— +0.0025 (b)(d)’ M, =09 bd® £p (-059 pf/f)
A
E= 1000 £, = &3
By | %j | il
l I 1 ? EH}\‘EB—T j
B ZdFG" b=16" h=8"
A,= #3bar=0.11 in?
CROSS-SECTION
W = W/(B) (B o
Wy = weight of block (including grout if voids grouted) (Ib)
B, B, = dimensions of block area loaded by blast (ft)
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Masonry Reinforced Two-Way Slabs
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) Parameter Value for
Parameter \ Description | Example Case Below
Peak Pressure (p) Peak Blast Pressure at Center of Component -
Specific Impulse (i) Specific Impulse Appiied to Center of Component -
Span Length (L) Span Length Betweer Supports
Pilaster Width (b) Width of Pilaster Cross Section 16in
Pilaster Thickness (b} Thickness of Pilaster Cross Section (Perpendicular to 16 in
Loaded Area)
Loaded Width (b,) I;Wigxh!a;fAmaSuppmedbyPﬂasterWlﬁchislmded 12ft
Y
Total Weight (W) Total Weight of Pilaster Plus Attached Components see equation below figure
Within Loaded Width
Masonry Compressive Strength (f,)) | Compressive Strength of Pilaster 1,350 psi
Steel Yield Strength (f,) Yield Strength of the Steel Reinforcement 60,000 psi
Depth to Tensile Steel (d) Depth to Tensile Steel Reinforcement 12in
Area of Tensile Steel (A) Area of Tensile Steel Reinforcement 132 in?
M oment ofInertia (I q) Moment of Inertia of Cracked Pilaster Cross Section 1,670 in’
| Resisting Lateral Load |
Gravity Constant (g) Gravity Constant 386.4in/sec?
M oment Capacity (M.) M oment Capacity oOfPilaster 8.0ESIb-ii
Young’s Modulus (E) Y oung’ sModutusof Pilaster 1.35E6 psi
Calculated Values _ bd* (5.5p +0.083) _4
ha = 2 C
Mp=0.9bd’£,p(l-0.59pf,lf'=) E=1000f,
i_ b, =12’
i
OO~ 00000000¢00 —‘j mfiifi[w]s r:m[jmmtrf-j O = fo
.[LJ ‘-'—1. . --—-------;1—=‘| 5 , ‘;l. - 13 P:
A= 3 #6 bors = 1.32 (n? (25167
SECTION

(W' (12ft) +[(16 in- 8 in) (16 in)/144] (120 Ib/ft*)] (L)
areal weight of wallper unitarea (Ib/ft’)- cal cul ate as shown for other masoary components
pilaster height (ft)
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Masonry Pilasters
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- Parameter Value for
Parameter Description Example Case Below
Peak Pressure {p) Peak Blast Pressure at Center of Component
Specific | mpulse() Specific Impulse Applied to Centerof Component
Span Length (L) SpanLength BetweenSunoorts
Stud Width(b} Actal Wall Stud Width 15in
(Usually Nominal Width.0.5")
Stud Depth (b} Actual Wall Stud Depth 35in
(Usually Nominal Depth - 0.57)
L oaded Widtl(h,) Loadad width (Stud Spacing) Used for all section 16in
Propertios
Total Weigh(w) Total Weight of Stud PlusAttachecComponents\Within | see equationbelow figure
Loaded Width
Wood YieldStreagth (f,) Full Modulus ofRu_pne Strengthof \Wall Stud
(Approximately 25 Times Allowable DesignStress)
Modulus of Elasticity(E) Madulus Of Elasticitv of Stud 1.2E6 psi
Wall Sheathing Thickness (t) Average Thickness Of Interior and Exterior Wall 0.5in
Sheathing Attachedtosmd
SNd+ Sheath Moment of Inertia (T) | Moment of Inertia of Stud (& Sheathing Each Side if A9n’
Composite) 27417
Gravity Constant (g) Gravity Constant | 386.4 infsec’
Calculated Values I (b2 @+t  bh’
- 2 12
b

o i
Notes:  The formula above assumes one- of the sheathing span between studs acts compositively with studs
3
If sheathing is not composite with wall studs input 1 = %andt-ﬂ

Wood Sheating

SECTION

Con . : J{L

[W! (16 in/12) +[(1.5 in} (3.5 in)/144](y,)

areal Weight of both faces of sheathing and wall insulation (Tb/ft’)
wall height(ft)

density of wood in stud (Ib/ft’)

l_
KB NH
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Wood Wallls

1000

L L L L

1004

-

d{dd--enmi---
PRI

i
L

L -
[ ecenasta

D

Ll L i i il
r T
.

.
L}
1

-

waspemme e p RS T IS SAT AL apapERT LY NS
S s A 5 Sb O A St L0534
P e o bl L L L LY P

-J—_LJ I.lll-----d.--l

I LB
i 1-'!01--"-3---1--r Prertaye-
L] 1 LI I A ) t L] [ I T ]
-.L.J..A-J.l.aat.....J--.c.-t..i.a.ﬁd.u.....-o...a-.;.
. ] [ LN RN R ] [ L]
L] . LI I B N ' l L ]
1 LU REEE] 1
REEL b b R L L LR h e
L] [ BN EE] ) ]
1] [ I B * []
[ RN b ¢
L] LI R I B ] 1] L]
. RN L] .
feommEaspyyy-toTogtiagespap
rrap e pygy oAy
L R LT T L LR L Ll deatubedad
P Y T I T
mdideedibilbacacrdeand akatdobidd
IR
..-........ ...........-..--b l--'
L NN . . .

(R ] 1 8 v
Lhevosndenalawhah
o ] "

[3] ] ]

]

samesalap-rae Ty
e eeqripepoytaad

b {
i
0.1 10 100 1

I
L

3

Boundary Conditions

Simple-Simple
Fixed-Fii

1.4610
0.8944

8.0
12.0

58



Vide’ =

Parameter Value for

Parameter Description Example Case Below
Peak Pressure (p) Peak Blast Pressure at Center of Component
specific Impulse (@) Specific| mpulse Applied to Center of Component
Span Length (L) SpanLength Between Supports
Joist Width (®) Actud Roof Joist Width 15in
(Usudly Nomind Width - 0.5")
Joist Depth ¢h) Actual Roof Joist 551in
(Usually Nominal Depth- 0.5%)
Loaded Width(b,) Loaded Width (Joist Spacing) Used for All Section 24in
Properties
Totd  Weight(W) %ﬁnwmf VJ\?iﬁth Weight of Attached Components | see equationbelow figure
Wood Yield Strength (f,) (Fwngau; 10;5{ imessgflnogvt\t/‘ aobfl gggs )
Modulus of Elasticity (E) Modulus of Elasticity of Joist 1.2E6 psi
Roof Decking Thickness (t) Wood Thickness Of the Roof Decking 05in
Joist + Deck Moment of Moment ofInertia Of Joist (and Deck if Composite) H4Kin*
Inertia (0 45
Gravity constant {g) Gravity Constant 386.4 infsec?
Calculated Values b’h

where _
|

-ty h _Y
I=(b|tl2)(y-5) +-1—2+hb[t+§—y]

b, g +bt{t + g)]/[b‘t/?. + bh]

ha bt . ,
Notes:  Theformula above assumes one/-touﬂﬁ of the decking span between studs acts compositively with studs
. . . . .. . W
If decking is not composite with reefjeists, input | = sz andt = @

o o
T by =2’ ?
- =

N """ b=1.5"
-7

Roof Decking

SECTION

L
J:[w' (2 ) +[(5.5 in? ((11.5 'm)/1441(v..:)]m(1:)2

W =

W' = med weight Of roof decking and rooting material (1t/ft)
L = roof joist span (f1)

Y, = density of wood in stud (Ib/fr’)
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Parameter VVdue for

Loaded Width (b,)

Parameter Description Example Case Below
Peak Pressure (D) Peak Blast Pressure at Center of Component
Specific Impulse ) Specific Impulse Applied to Center of Component
Span Length (L) Span Length Between Supports
Beam Width (b) Actua Beam Width 3.5in
(Usually Nominal Width « 0.5")
Beam Depth (h) Actual Beam Depth 15in
(Usually Nominai Deoth - 0.5™
Width of Area Loaded by Blast (Beam Spacing) 5ft

Total Weight(W)

Total Weight of Beam + Weight of Supported
Components Within Loaded Width

see equation below figure

Wood Yield Strength (f,)

Full Modulus of K e Stress of Beam
{Approximately Ti1 Allowable Desitn Stress)

Modulus of Elasticity (E) Modulus of Elagticity of Beam 1.2E6 psi
Moment of Inertia (1) Moment of Inertia of Cross Section 123 in*
Gravity Constant () Gravity Constant 386.4 infsec?
3
Caleulated values L)
Roof Decking
/ by =5’ ¥
R i
e
M——JO ist
Beam j
b=3.5"w |= W
SECTION £
(&)
W= (5 ) + [(7.5 in) (35 in)/144)(y, ) T~ B
W' = areal weight of roof decking, roofing material, and roof joists (Ibyft®)
L _ span length of beam (ft)
Y, = density of wood in beam (Ib/ft’)
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o Parameter Value for
Par ameter Description Example Case Below
Peak Pressure {p) Peak Blast Pressure a Center of Component
Specific Impulse (i) Specific Impulse Applied to Center of Component
Span Length (L) Span Length Between Supports
Column Width (b) Actud Column Width , 4.51n
(UsuallyNominal Width. 0. 5")
Column Thickness (h) Actual ColumnDe 75in
(UsuallyNominal [?gbth. 0.5")
Loaded Width (b)) Width of Area Loaded by Blast (Column Spacing) 12ft
Totd  Weight(W) Total Weight of Column Plus Atached Components see equation below figure
Within Loaded Width
Wood Yield Strength (f,) Full Modulus of Rupture Streagth of Column
B (Approximately’5 Times Allowable Desi gn Stress)
Modulus of Elasticity (E) Modulus Of Elasticity of Column 1.2E6 psi
Moment of Inertia (@) Moment of Inertia of Column Cross Section Resisting 158 in*
Lateral Load
Gravity Constant {g) Gravity Constant 386. din/sec?
3
Cal cul at ed Values %
by = 127 ]
v
b = 4.5 £
i, T - —l I—-——J-
r Al LA 5 e
L
{Load
ELEVATION A - A
L )
W= [W (12 fy + [(45 in) (75 in)/144)(y, HEF
W' = areal weight of wall, stringers, insulation which are laterally supported by column (Ib/ft’)
L = column height {ft)
Y. = density of wood in column (I/ft’)
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Wood Exterior Columns
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o Parameter Value for
Parameter Description Example Cast? Below
Peak Pressure (p) Peak Blast Pressure at Center of Component
Specific Impulse (i) Specific Impulse Applied to Center of Component
| Smaller Column Dimension (h) Smaller Column Cross Section Dimension 45 in
| Larger Column Dimension (b) Larger Column Cross Section Dimension 751n
Column Height (L) Column Height Between Lateral Supports
Loaded Area (A,) Loaded Area Supported by Column 200 f¢*
Supported Weight Per Area (W) | Weight Per Unit Area of Supported Area -
Wood Yield Strength (1, Full Com ve Yield Strength (Approximatet -
gth (6) Times Al.lowable Stress) gih ( y25
Modulus of Elasticity (E) Modulus of Elasticity of Column 1.2E6 psi
Minimum Moment of Inertia (0 Moment of Inertia of Cross Section About Weak 57 in
Bending Axis
Gravity Constant (&) Gravitv Congtant 386.4 infsec
hhl
Calculated values I= T
K K
T 2
. Ay = 200 ft.
" R // / /E_ 1
|
a @ @ E
PLAN VIEW
W = WYA,

= total weight of roof supported by column
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Wood Interior Columns
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Fixed-Simple No 0.894 20.99
Fixed-Simple Yes 1.410 2.41
Fixed-Fixed No 1.410 39.48
Fixed-Fixed Yes 1.410 9.87
Simple-Simple No 1.410 9.87
Simple-Simpie Yes 1.410 2.41
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42  P-iDiagrams

As stated above, P-i diagrams are the basic tool used to formulate the component blast
damage prediction method. Figure 5 shows a typical P-i diagram, which, in this particular case,
relates the response (in terms of maximum dynamic strain) of an elastic beam in flexure to the beam
properties and the applied dynamic load. The load is assumed to be uniform aong the beam length
and to have a time history shaped like a right triangle (an immediately applied peak pressure which
decays linearly to zero). Dynamic response in terms of the maximum strain is calculated as follows,
using the P-i diagram in Figure 5. Based on the kmown properties of the component and the blast
load, the non-dimensional terms on the vertical and horizontal axes of the P-i diagram are calculated.
Then, the point defined by these two terms is plotted on the diagram. Finally, the response (i.e,
the maximum strain) is determined based on the strain values of the response curves nearest the
plotted point. The multi-parameter term on the vertical axis of the diagram is referred to as the
"Ibar”, or i term, and the term on the horizontal axis is referred to as the "Pbar”, or p term. This
method of determining structural response with a P-i diagram is very similar to other graphical
methods used in static and dynamic structural design and analysis. The logic in the FACEDAP
program essentialy follows this same process to determine component damage except that in the
code, the response curves, or damage curves, are represented with equations.

Elastic flexural response was assumed in the development of the P-i diagram in Figure.5.
In general, a P-i diagram can be developed to consider amost any given type of structura response
(i.e., elastic and plastic response, flexural or buckling response, etc.), any spatial load distribution
(athough uniform distribution is amost aways assumed), and any given load history shape. Two
and three degree-of-freedom systems can be considered. Multi-mode response can also be
considered. However, the number of variables that must be considered within the P-i diagrams
increases with the complexity of the assumed conditions. Since, al the assumptions used to develop
the P-i diagrams, such as the mode of response, the load shape, etc., affect the development of the
diagram, a P-i diagram cannot generally be used to predict response for conditions or assumptions
different from those assumed in the development. For example, a P-i diagram developed to consider
flexural response cannot, in general, be used to consider buckling response. Also, the type of
response predicted with the P-i diagram, for example component maximum strain or ductility ratio
is, in general, fixed by the assumptions used in the development of the P-i diagram. However, it
is usualy not difficult to develop a “new” P-i diagram which is based on the same assumptions as
an existing diagram but expresses the response in terms of a different response parameter.

The P-i diagrams were used as the basis of the component damage prediction method for
severad reasons. Fit, the diagrams are a quick, graphical analysis tool for determining structural
response or damage from an applied blast load. This was important in the initia development of
the methodology prior to the BDAM and FACEDAP computer codes. Second, the response curves
in the P-i diagram can be easily transformed into a series of damage prediction equations which
can be programmed into a computer code. The simple, asymptotic shape. of the curves makes them
relatively easy to curvefit. Finaly, P-i diagrams offer a very convenient format for normalizing
different groups of component damage data, which have different properties and different applied
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blast loads, so that they can be compared with each other and to theoreticaly predicted response
on a simple graph. This type of comparison has been used to validate theoreticaly developed P-i
diagrams for some components and to modify theoretical P-i diagrams for other components.

4.3  Theoretical Development of P-i Diagrams

Thefirst step in the development of the P-i diagrams is the task of identifying the structura
component or group of components which are of interest, and identifying al the factors which affect
the dynamic response of the component. These factors include the assumed primary response mode
of the component, the stress-strain relationship for the material(s) in the component as they respond
in the assumed response mode, the shape of the time history of the applied blast wave, the degrees
of freedom of the component, the shape function which expresses the movement of each point on
the structure in terms of the degrees of freedom, etc. In short, all the parameters which would be
involved in a dynamic analysis of the component must be identified. The second step is the
development of the ﬁ,i, and response terms which are consistent with the assumed dynamic response.
The p and i terms must separate out the “impulse sensitive” dynamic response and “ pressure
sensitive” response and they must, along with the response term, include al the variables which
affect dynamic response for the given assumed conditions. Impulse sensitive dynamic response
occurs when the component response is dependent only on the impulse of the applied load and is
independent of the pressure magnitude. Pressure sensitive response occurs when the component
response is independent of the applied impulse and is only dependent on the peak applied pressure.
The manner in which a P-i diagram separates out these two response "realms"” is illustrated in Figure
5. In the region where the response curves are paradlel to the vertical axis, the maximum strain is
independent of the 1 term. Therefore. whether the impulse is high, or it is very high, the maximum
grainin the component is unaffected. In this region the maximum strain is determined only by the
value of the p term, and therefore it is only affected by the peak pressure and not the impulse of the
applied loading. In the region where the response curves are parallel to the horizontal axis, the
maximum strain is independent of the peak applied pressure and dependent only on the i term. All
P-i diagrams, by definition, separate out pressure sensitive and impulse sensitive dynamic response
in this manner by considering the dynamic load only in terms of its impulse and peak pressure and
by forcing these two “load parameters’ to appear separately in the vertical axis and horizontal axis
terms. This approach is the basis for the simple asymptotic shapes of the response curves.

The most convenient way to derive the i, p and response terms is with an energy balance
approach. This is a convenient basis to use because the energy balance concept (i.e., energy is
neither created nor destroyed) can easily be formulated to consider only impulse sensitive dynamic
response or pressure sengitive response. The energy balance equation which applies in the impulsive
realm is shown below where the subscript 1 refers to time zero, which is taken as the end of the
load duration and the subscript 2 refers to the time at which maximum displacement occurs (Time
2).
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KE, + SE = KE, + SE, (4.2)

KE, = Kineticenergy a Time Zero = mv¥2 = i*/(2m)

KE, = Kineticenergy a Time 2 equal to 0, since velocity is zero at time of maximum
displacement

SE, = dtrain energy a Time Zero equal to 0, since zero displacement is assumed
a Time Zero

SE, = strain energy at Tie 2 equa to strain energy at time of maximum
displacement

v = component velocity a end of load duration

i = applied impulse

m = component mass

In general, the work energy is included in the energy balance equation. However, there is no work
energy term in Equation 4.1 because the assumption of impulse sengitive response, or impulsive

response, means that the applied load duration is “short enough” so that the load duration is over

before the component undergoes any significant displacement Therefore, it also true that no
resistance develops during the load duration, since no significant component displacement occurs,

and the applied impulse is related to velocity by the time integral of Newton's second law over the
load duration, as shown above in Equation 4.1 for the KE, term. The strain energy term in Equation
4.1 must be consistent with dl the assumptions related to all the dynamic response of thecomponent
mentioned in the first paragraph of this section.

In the third step, Equation 4.1 is algebraically manipulated to solve an i term on one side

of the equation. which must include the applied impulse., and a response term on the other side of
the equation. New parameters, such as the component length, can introduced into both sides of the
equation if this ultimately simplifies the i and response terms. The i and response terms account
for all the parameters which affect the component response to the impulse of the applied blast load
because of the manner in which these terms have been developed. For convenience the i (and p)
terms are usually formulated so as to be. non-dimensional. The derivation of the i, p, and response
terms in Figure 5 is shown in Reference 12.

The energy baance equation which is applied to the quasistatic response, or pressure
sensitive realm, is shown below where the subscript 1 refers to the time when the load duration
begins and subscript 2 refers to the time of maximum displacement (Time 2). The same response
assumptions (i.e., response mode, stress-strain relationship, etc.) used to develop Equation 4.1 must
be used to develop the strain energy term in Equation 4.2 so that a consistent set of p, 1, and response
terms are formulated for the P-i diagram.
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WE, + SE,= WE,+ SE, 4.2)

WE, = the work energy at Time Zero equal to 0, since no displacement js assumed
at the initial time

WE, = the work energy at Time 2, equal to the integral of the blast load multiplied
by the displacement over the component area or length
SE, = strain energy at Time Zero equal to 0, since zero displacement is assumed

at Time Zero

SE; = strain energy at Time 2 equal to strain emergy at time of maximum
displacement

There is no kinetic energy term in this energy balance because the two times of interest have been
chosen to be those when velocity is zero, In general, Equation 4.2 is difficult to solve in a closed
form because the time at which maximum displacement occurs is not known and therefore the load
magnitude at maximum displacement in the WE, term is not known. However, if the basic
assumption of the quasistatic realm is considered (i.e., the load duration is assumed long compared
to the natural period, or response time, of the component), then the load magnitude can be assumed
equal to the peak applied load and the WE, term in Equation 4.2 can be formulated in terms of the
maximum applied load and the maximum deflection. Equation 4.2 is algebraically manipulated so
that the same response term derived from Equation 4.1 is on one side of the equation (the strain
energy side), The term on the other side, which will include the constant applied pressure, is the p
term. The SE, term in Equations 4.1 and 4.2 should be equal because the second time of interest
is the same time of maximum response in both equations.

The pair of i and p terms which are asymptotes for a response curve are determined by

substituﬁng the response level of interest into Equations 4.1 and 4.2 and solving for the i and p.
terms. Theiisthe quaslstauc asymptote of the given response curve and pis the impulsive asymptote.
For example, the p and i in Figure 5 which correspond to a strain of 0.033 are both equal to 0.033,
However, the p and i terms are not generally equal to each other or to the given response level. The
exact location of points on the response curve in the "dynamic” region, between the impulsive and
quasistatic asymptotes, must be determined using Equation 4.2 without using the simplifying
assumption that the load duration is long compared to the response time of the component. Or, in
other words, the points in this region of the response curve must be determined with a dynamic
analysis which tracks the dynamic response on a time step by time step basis. A spectrum of load
histories are assumed, which have the assumed shape and durations ranging from about 3 times the
component natural period to about 1/3 of the natural period, and the peak pressure which causes
the desired value of the response term is calculated for each load history, The dynamic analyses
must be based on the same set of assumptions, such as basic response mode, etc., used to develop
the strain energy term that was used in Equations 4.1 and 4.2 to determine the p and i terms. When
a dynamic analysis causes the desired value of the response term for a given load history duration,
p and i values are calculated based on the peak pressure, the load history, and the structural geometry
and material property terms in the analysis. The dynamic analyses can be based on any convenierit
dynamic system which is compatible with the assumed component type, response mode, stress-strain
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relationship, etc. For example, the analyses used to determine the p and { values of the points on
the dynamic region of the response curves in Figure 5 can be caculated with a
single-degree-for-freedom (SDOF) analysis using a wood (or stedl, etc.) beam with any given length,
cross section, modulus of elaticity, etc. as long as no yielding is alowed in the dynamic analysis

and the stiffness and load-mass factor are based on a flexural response mode.

This process for determining the dynamic region of the P-i curves can involve some trid
and error and it not suited for use in a quick running computer program such as the FACEDAP
code. Therefore, an effort has been made to determine a general equation which fits the dynamic
region of the P-i curves. The following expression has been shown to fit the response curves for
SDOFresponse in both the elastic and plastic range, based on limited comparison to response curves
developed with dynamic SDOF analyses.

(p-A)(i-B)=04 (A2 +BR)" (4.3)
A

the value of the vertical asymptote of the response curve (p asymptote)

B the value of the horizontal asymptote of the response curve (i asymptote)

A comparison between the curve predicted with Equation 4.3 and points in the dynamic
region of response curves for steel beams and open web steel joists generated with a SDOF analysis
are shown in Figures 6 and 7. The points generated with the SDOF analyses are shown in the two
figureswith X’s. The equations for "Pbar" and "Ibar” (p and i) are those shown for these two
component types in Section 4.1. The asymptotes for these two components represent near upper
bound (in the case of steel beams) and near lower bound (in the case of open web steel joists) values
for the asymptotes for the twenty-four component types shown in Section 4.1. If Equation 4.3 is
used to generate the dynamic portion of the response curve, then only the values of the asymptotes
(A and B in Equation 4.3) need to be determined theoretically or with damage data. This equation

is used in the FACEDAP code to calculate the p and i terms of the response, or damage, curves for
each component type.

4.4  Development of the P-i Diagramsfor Each Component Type

The discussion above provides a good background for explaining the development of the
P-i diagrams for the various components that are included in the FACEDAP program. The P-i
diagrams can be developed theoreticaly for a given component type and for an assumed mode of
structural response, stress-strain relationship, blast load history shape, etc. as follows. First, ap, i,
and response term are calculated with Equations 4.1 and 4.2 or from a development in the literature
based on the desired assumptions. Then, response curves are drawn for those response levels which
are upper and lower bounds for given damage levels of interest. These curves partition the P-i
diagram into the damage regions. Table 2 shows the relationships between two response terms, the
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ductility ratio and the deflection to span ratio {w/1), and the four damage levels considered in the
FACEDAP program. This approach can involve some simplification of the actud factors affecting
the dynamic response of building components to blast loading.

Firdt, it is usually assumed that there is negligible dynamic interaction between attached
building components.  The theoretical P-i diagrams are based on the assumption of
single-degree-of-freedom (SDOF) component motion. In cases where components are supported
by rigid supports, this assumption is valid. However, building components often respond as two
or three-degree-of-lkedom dynamic systems which consist of primary components, such as beams
and columns, and the secondary components they support, such as paneling. The load on the primary
component is equal to the dynamic reaction force of the secondary component The response of
the secondary component, and therefore its reaction force, is dependent on support motion and thus
on the response of the primary component. None of this interactive effect is considered in the P-i
diagrams. Building members which make up a two or three-degree-of-freedom dynamic system
can be analyzed accurately as separate systems if the natural periods of the attached components
differ by at least a factor of two™ or if the parameters used in the p and i terms are chosen to account
for the effects of dynamic interaction between attached components.

The smple assumption usualy made when using the FACEDAP program is that the blast
load on primary members is equa to the blast pressure applied over the full area of the supported
members and that the inertia resistance of primary members includes resistance provided by the
total mass of al supported components. Secondary components are analyzed assuming negligible
support motion. These assumptions imply that the secondary components respond very quickly
compared to the primary members so that when the primary member responds, the full mass of the
secondary component provides inertial resistance. It also implies that the secondary component
has enough strength to transfer the full applied blast load without yielding. These assumptions do
not need to be. made, but no better guidance is currently available.

Secondly,a P-i diagram can only be formulated in terms of one response term.  Tradlitionally,
both ductility ratio and end support rotation have been used to estimate component damage with
either one criteria or the other controlling damage (whichever is a worse case). Except where they
are modiied by the use of data points, the P-i diagrams in the FACEDAP program assume that the
ductility ratio controls damage. This approach has been taken because aimost al the p and i terms
have been taken from Reference 12. where they were developed in a form compatible with a ductility
ratio type response term. It would probably be better to reconsider this approach for components
like reinforced concrete, which are usualy designed in terms of alowable end support rotation™.
This problem is aso complicated by the fact that the most appropriate response parameter for some

component types may be a function of the damage level for some components.

Based on the above list of quaifying assumptions, it is obvious that the theoretical approach
has a somewhat limited applicability. The simplest way to consider the complicating factors listed
above is to first generate a theoretical P-i diagram which is based on the major response mode
(usually flexure) and the other assumptions listed above; plot “damage” points on these theoretical
P-i diagrams with the p and i terms calculated from the blast loads and the component properties
of the test data; label the damage points based on observed test damage; and finally move the
theoretical damage regions so that they overlay the measured damage at the plotted “data points’.
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In some cases the damage points fall within the theoretical damage regions and therefore “validate”
the theoretical P-i diagrams. Since the number of data points is limited, the use of theory to get the
general shape of the damage regions on the P-i diagram is necessary. The shift of the theoretical
damage curves can account for errors in the manner in which two-degree-of-freedom response is
samplified, for example, if it is taken from tests on actual buildings rather than tests on components
in rigid test frames.

This approach was taken to develop the P-i diagrams of components for which damage
data was available. These “shifts’ of damage curves on the theoretica P-i diagrams are shown in
the following paragraphs, with the data points, for components which have damage prediction
eguations based on shifted theoretical curves. During some of the shifts. some liberties have been
taken with the basic theory discussed in the section explaining the theoretical development of P-i
diagrams. P-i diagrams which were developed based on the assumption of fiexural response have
been shifted to match data from tests where tension membrane and compression membrane response
are known to have occurred. These shifted curves should be treated with caution and used only for
building components similar to those in the test data which was used to shift the curves until this
problem can be corrected in a future project. In many cases, plots of damage data against the
theoretical curves validate the theoretical curves. Where no damage data was available, the P-i
diagrams were developed using the theoretical approach discussed above.

Broadly speaking, the twenty-four different components can be broken into six categories.
The development of the P-i diagram for each component is discussed in the following section within
these groups.

Group 1A Ductile one-way membersincluding steel,reinforced concrete,
and reinforced masonry one-way members - Exterior reinforced
concrete and steel columns and reinforced masonry pilasters are
included in this group because it is assumed that damage to exterior
columns is controlled by flexural response rather than buckling.
Steel beams and exterior columns which develop tensile
membrane response are also included in this group.

Group 1B Ductile two-way members responding in flexure - This group
includes reinforced concrete and reinforced masonry two-way
members responding in flexure. Reinforced two-way components
which can develop compression membrane response are
considered separately in Group 5.

Group2  Brittle one-way members « This group includes all the wood
components responding in flexure and one-way unreinforced
masonry without arching.

Group 3 Interior columns - This group includes wood, reinforced concrete,
and stedl interior columms. These components are assumed to be
subjected to pure axial load.
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Group 4 Steel and reinforcedconcrete frames-This group includesthetwo
frame components considered in the FACEDAP program.

Damage to all interior and exterior columns and roof beams that
make up the frames is controlled by the lateral sway of the frame.

Groyp 5 One-way and two-way masonry and reinforced concrete
components with both arching, or compression membrane
response,and flexuralresponse.

These six groups are discussed below. In this discussion, damage data points from tests
where components were |oaded with blast pressures are generally plotted by calculating the
appropriate p and i values from the component properties and geometry reported in test data and
reported blast load parameters. In some cases, the qualitative damage levels were directly reported
by the experimenters. However, in most cases the maximum observed deflection was reported. In
these cases, damage levels were determined by calculating the ductility ratio using the reported
deflection and the component geometry and the criteria relating ductility ratio and damage level in
Table 2 for the applicable component type.

The equations for Pbar and Ibar (p and 1) on the following figures are the same as those

shown for the given component type in Chapter 4.1. The equations are not repeated here since the
primary purpose of these figures is smply to compare the P-i diagram damage curves used in the
FACEDAP program to damage data. Each component type is discussed regardless of whether
damage data has been used to shift or validate the damage curves or whether no such data has been
available. Some damage curves have been moved from ther previous positions during this project
as discussed below. In genera, the location of the damage curves for each component type is an
evolving process which considers new damage data when it becomes available and, in some cases,
reconsideration of previous damage data

Group 1A - Ductile One-Way Members Responding in Flexure

Steel Begms Separate P-i diagrams are given for steel beams responding in tension
membrane response and responding solely in flexural response. Figure 8a shows the P-i diagram
for steel beams responding in tension membrane response plotted against data which is aimost solely
from cold formed metal girts and purlins (from 4" to 9" in depth) on Butler-type prefabricated metal
buildings subjected to relatively long duration blast loads (between 25 and 70 ms)*®. The P-i
diagram shown in this figure is basicaly the same diagram used in Reference 4.  Figure 8b shows
the P-i diagram for steel beams responding in flexure plotted against data which is from laboratory
tests on determinate beams with roller supports™'™,

In Reference 16, where this data is reported, the authors analyzed one of the metal girts
taking into account both flexural and tension membrane or catenary action of the girt and of the
auminum siding spanning between the foundation and the eave strut. The girts spanned horizontally
between heavy moment resisting frames and the siding spanned vertically from floor (the sill angle)
to the roof frame (the eave strut) since it was observed that the movement of the girts did not alow
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them to act as supports for the siding. Figure 9 illustrates the concept of tensile membrane, or
catenary response. Figure 10 shows the resistance-deflection curve for the girt caculated in
Reference 16. This curve shows the response of the wall system in terms of each of its three major
response modes. The midspan yield deflection of the girt in flexure is 2". Some dlowance for
connection dip, which affects tension membrane response, was made in the analysis. It is obvious
that even at a ductility ratio of two (the lower bound criteria for 30% damage in Table 2), which
corresponds to 4” of midspan deflection, considerable tension membrane response is occurring in
addition to flexural response. The damage curves in Figure 8 were origindly fit through some of
the data shown in the figure. In this project more data points have been plotted which confirm the
applicability of these curves for predicting blast damage to light, flexible steel beams which can
develop tensile membrane response. Unfortunately, is not clear whether these curves will predict
combined flexural/tension membrane response well for heavy steel frame members within the range
of ductility ratios that correspond to the steel beam damage categories in Table 2. A given ductility
ratio corresponds to much less deflection in these stiffer types of members and therefore, in al
likelihood, less tensile membrane response.

Tension membrane response requires the in-plane lateral support forces shown in Figure
9. In most buildings the symmetry of the blast load provides the necessary in-plane restraint to
girts and purlins in al but the end bays. However, in some cases, particularly in cases where heavy
steel framing components are considered, this restraint may not be available. Datawhich is
applicable for these cases, where omly flexural response occurs, is also available. Damage data
from tests of small scale steel and auminum beams where tensile membrane was precluded by the
use of roller supports is plotted on Figure 80 *® The explosive loading was applied with sheet
explosive and, since the experimenters assumed this would cause impulsive loading on the beams,
no peak applied blast pressure was measured. Therefore, the data is plotted in terms of its i vaue
and it is assumed to have a large p value. The data is plotted in terms of damage level, which is
based on the reported midspan deflection, and the criteria relating ductility ratio to damage level
for steel beamsin Table 2. As Figure 8b shows, this data matches the theoretically predicted damage
curves for a beam responding in flexure.

In summary, two sets of data are presented with data points from beamsin tension membrane
response and in only flexuralresponse. The curves shown in Figures 8a and 8b are those incorporated
into the FACEDAP code for steel beams with and without tenson membrane response.  The P-i
diagrams for steel beams are relatively well validated for the case of light, flexible steel beams. It
is not known if the P-i diagram which includes tension membrane response is applicable for steel
members which differ significantly from this type of beam. The p and i terms on the P-i diagram
are not formulated to take into account strain energy absorbed during tensile membrane response
and, therefore, the implicit manner in which this strain energy is accounted for by shifting the
theoretical damage curves may not apply to other types of steel beams in tensile membrane response.
This factor, and the fact the it is less likely that larger steel framing components would have adequate
lateral support restraint necessary to develop significant tensile membrane response, suggest that
major steel framing components should probably be considered to have no tensile membrane
response in this methodology. A recommended improvement of this methodology is to derive the
p and i terms to explicitly consider tensile membrane response occurring during beam response to
blast load and replot the data using the new terms. It is quite possible that the damage data will
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validate the theoretical damage curves for this case and then these curves could be used with some
confidence to predict damage to larger steel beams during tension membrane response due to their

theoretical  development.

Steel Extenor Columns - Exterior columns are assumed to be damaged primarily during
flexural response to lateral blast load applied over the wall area supported by this component.. The
columns also support some roof area so that they are also loaded axially. Unfortunately, the
consideration of beam-column response is outside the scope of the current blast damage assessment
methodology in the FACEDAP program. Therefore, damage must either be based on latera loading
or axial loading acting alone. Lateral loading is assumed to cause the greater damage for two
reasons. Fist, lateral blast pressure on the wall area supported by the column is a reflected pressure
in many cases whereas blast pressure on the roof is aways less intense side-on pressure.  Secondly,
exterior columns are typically not sized to resist axial load or to resist lateral load only as part of a
moment resisting frame. Therefore, they are not usually sized to resist significant lateral load as a
vertical beam. When exterior columns are part of moment resisting frames, damage due to frame
sway is caculated separately using the steel frame component type as discussed below.

Since this component is essentidlly a vertical beam, it is considered similar to steel beams.
The parameters in the p and i terms in the P-i diagram for steel beams are equally applicable to a
laterally loaded exterior steel column. Therefore, the same damage curves as those discussed above
for steel beams are incorporated into the FACEDAP program for this component. It is recommended
for now that tenson membrane response should be assumed with caution for exterior steel columns
since these components are typically large framing components. The reasons for this are discussed
in the previous section on steel beams.

ing - This component is presented next because, like the steel beams,
there are a relatively large number of available damage data points. The data was generated from
testing described in Reference 18. Three span continuous corrugated metal panels were attached
to steel support beams spaced at 5 ft with puddle welds. The steel beams were attached to large,
box-like test structures. Panels ranging from 16 gage to 20 gage, with rib heights from 4" to 1%,
and with both open and closed hat type cross sections were subjected to peak blast pressures between
0.3 ps to 15 psi. Damage data from the tests described in Reference 18 is plotted in Figure 11
along with theoretical damage curves based on elastic, perfectly-plastic flexural beam and the
correlation between limit ductility ratios and damage levels for corrugated metal decking in Table
2. The plotted data points in Figure 11 show that the measured blast damage of corrugated meta
panels is well predicted by the theoretical damage curves. Therefore, these damage curves have
been incorporated into the FACEDAP code. This represents a significant change from the previous
damage curves for corrugated steel deck, which were the same as those in Figure 8a.

The form of the P and i terms has also been changed dlightly for this component type. The
section modulus used in the p and | terms has been changed from the plastic section modulus to the
elastic section modulus. This change was made partially for practical reasons, since the plastic
section modulus of corrugated metal decking is rarely reported, and also because local buckling in
the compression flange typically precludes substantial plasticity &l the way through the thickness™®.
Such through-thickness plagticity is implied in the use of a plastic section modulus.
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Metal Stud Walls - The preexisting P-i diagram for this component type predicted damage
based the damage curves shown in Figure 8a for steels beams responding in tensile membrane.
Since studs are usually attached to runners which are only intermittently nailed and screwed jpto
floor dlabs and overhead beam, it is assumed that the typical supports for metal stud walls cannot
provide the in-plane lateral restraint necessary for significant tensile membrane response to develop.
The theoretical damage curves corresponding to pure flexural response are judged to be better
predictors of blast damage than the previous curves which are based on data that included tensile
membrane response until more blast damage data becomes avallable. The data discussed above
for steel beams and corrugated metal deckindicates that the theoreticaldamage curves are reasonable
for one-way steel members responding in flexure. Therefore, the new P-i diagram curves
incorporated into the FACEDAP program are similar to those shown in Figure 11. The plastic
section modulus in both the p and i terms has also been replaced with the elastic section modulus
for reasons similar to those discussed above for corrugated metal deck.

Qpen Web Steel Joists - The preexisting P-i diagrams for open web steel joists required
that the user calculate blast damage caused by both flexural response and buckling of the critica
web member near the support. The P-i diagram for flexural response had pressure and impulse
asymptotes which were between five and ten times greater than those of the theoretical damage
curves. This was due to two assumptions used in the development of the previous curves. First, it
was assumed that available data on blast damage to steel beams, which included tensile membrane
response, was applicable to open web joists. Secondly, it was assumed that corrugated paneling
over joists would sustain more blast damage from a given explosive threat than the joists. The latter
assumption led to the especially large increase in the damage curve asymptotes compared to
theoretical vaues since such an increase was necessary to cause calculated panel damage to exceed
that calculated for joists in typical buildings. Both these assumptions are now considered
nonconservative, especialy considering the fact that there is no datato support them. Thisis
reinforced by recent observations of blast damaged structures made by SwRI engineers, where it
was not uncommon for joists to sustain more blast damage than the overlying panels.  The joists
are designed to resist the expected roof loads whereas the paneling is often sized according to a
conservative minimum thickmess and rib height requirements. The theoretica damage curves for
open web sted joists responding in flexure with an elastic, perfectly-plastic yield criteria have now
been incorporated into the FACEDAP program. Also, the second damage mode which was
previously considered, web buckling, is no longer considered because open web joists are amost
always sized for static design so that their capacity is controlled by flexural response.

] - Data is shown in Figure 12 from tests performed
by the U.S. Navy on one-way remforced concrete dabs.  Six inch thick reinforced concrete slabs
were loaded with peak blast pressures between 1 psi and 7 psi. In general, severe damage was
observed. This data is plotted in Figure 12 with p and i values calculated from the slab properties
and geometry and the measured blast load parameters. The data is described qualitatively as shown
on the figure.

The data is plotted against theoretical damage curves for teams with an elastic,
perfectly-plastic yield criteria responding in flexure at the limit ductility ratios for tbis component
shown in Table 2 for the four damage levels. The high, medium, low, and “collapse” levels of
protection shown in Figure 12 are roughly equivalent to the0%, 30%, 60% and 100% damage
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levels. These damage curves are those of the existing P-i diagram for reinforced concrete one-way
dabs. Figure 12 shows that the 100% damage level corresponds with the test data described as
collapsed, or near collapse, and the 60% damage level corresponds with thelimited test data
described as severe. Since, the limited data seems to correspond well with the theoretical damage
curves shown in Figure 12, these curves are used for reinforced concrete one-way slabs, and for
other similar components described below, in the FACEDAP program. Since these are the
preexisting damage curves developed during previous work for the Corp of Engineers, this does
not represent any change.

One- Way Reinforced Masonry Walls - This component is considered identical to a one-way

reinforced concrete slab since it resists applied load in the same manner. The parameters in the p
and i terms in the P-i diagram for a one-way reinforced concrete dab are equally applicable to

reinforced masonry walls except that masonry compressive strength is considered rather than
concrete compressive strength. Therefore, the theoretical damage curves shown in Figure 12 for
one-way reinforced concrete slabs are incorporated into the FACEDAP program for this component.
This does not represent any change in the P-i diagram for this component.

Reinforced . This component is considered similar to one-way reinforced
concrete slabs since it resists load in essentially the same way. The parameters in the p and i terms
in the P-i diagram for one-way reinforced concrete slabs are equally applicable to reinforced concrete
beams. Therefore, the theoretical damage curves for one-way reinforced concrete slabs are
incorporated into the FACEDAP program for this component This does not represent any change
in the P-i diagram for this component No dynamic interaction between dabs supported by reinforced
concrete beams, such as that which would occur in a two-degree-of-freedom system, is explicitly
considered in the P-i diagram. The usua assumption is to assume that the dab transfers the full
blast load over the supported area into the beam and the mass of the dab over the full supported
area adds to the inertial resistance of the beam.

Reinforced Concrete Prestressed Begms - The existing P-i diagram for this component was

developed during the work described in Reference 4. Prestressed beams resist load in a similar
manner as reinforced concrete beams and one-way reinforced concrete. beams, especialy when the
stedl stress is near yield, or has yielded. No data for the response of prestressed beams or dabs to
blast loading was located at the time the P-i diagrams were developed. However, based on the good
comparison between theoretically developed damage curves and limited blast response data plotted
in Figure 12 for conventionally reinforced concrete members, it is probable that the theoretical
damage curves for prestressed concrete beams are also realistic. The parametersin the p and i terms
in the P-i diagram for one-way reinforced concrete. slabs are applicable to prestressed concrete
beams except that some of these parameters are calculated using the equations for prestressed beams
in Reference 10. These formulas are shown in Section 4.1 in the P-i diagram for prestressed beams.
With these modifications, the same theoretical damage curves discussed above for one-way
reinforced concrete slabs are incorporated into the FACEDAP program for this component.  This
does not represent any change in the P-i diagram for this component.
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Reinforced Concrete Exterior Columns - As discussed above for exterior steel columns,

exterior coumns are assumed to be damaged primarily during flexural response to latera blast load
applied over the wall area supported by this component, Since this component is essentially a
vertical beam, it is considered similar to one-way reinforced concrete siabs and reinforced concrete
beams. The parameters in the p and i terms in the P-i diagram for a one-way reinforced concrete
dab and a reinforced concrete beam are equally applicable to a lateraly loaded exterior reinforced
concrete column. Therefore, the same theoretical damage curves discussed above for one-way
reinforced concrete slabs and reinforced concrete beams are incorporated into the FACEDAP
program for this component. This does not represent any change in the P-i diagram for this
component.

Masonry Pilgsters - Masonry pilasters are assumed to be reinforced in the same manner
as reinforced concrete columns with the exception that the reinforcement is surrounded by grout
and masonry brick or block rather than concrete. Pilasters are also assumed to be exterior building
components. Therefore, they are assumed to be damaged primarily during flexural response to
|ateral blast loads applied over the supported wall area based on the same reasoni ng discussed above
for exterior reinforced concrete columns. The parameters in  the p and i terms in the P-i diagram
for exterior reinforced concrete columns are also applicable to reinforced masonry pilasters except
that masonry compressive strength is considered rather than concrete compressive strength.
Therefore, the same theoretical damage curves as those discussed above for both exterior reinforced
concrete columns and one-way reinforced concrete slabs are incorporated into the FACEDAP
program for this component. This does not represent any change in the P-i diagram for this
component.  If a masonry pilaster is not located in a building wall, and only provides support to the
roof, then it should be considered an interior reinforced concrete column and the P-i diagram for
an interior reinforced concrete column should be used to calculate blast damage with masonry
compressive strength substituted into the p and i terms for concrete compressive strength.

Group 1B - Ductile Two-Way Members Responding in  Flexure

- The P-i diagram for this component
was developed during the project descnbed in Reference 4. The p and i terms of the P-i diagram
are taken from Reference 12. As shown in this reference, these terms are equal to the maximum
shearing strain in the comer of a plate divided by the von Mises yield  strain for quaswtauc and
impulsive loading, respectively. Thep and i terms were calculated in this form because it is assumed
in Reference 12 that a full plastic mechanism forms in a plate when the shearing strain in the comer
equas the von Mises yield strain. This is somewhat different than the more typical assumption that
a fully plastic mechanism forms in a ductile plate when bending strains have exceeded yield aong
al assumed yield lines in the plate %% No work has been done to look into what effects these
different assumptions have on the P-i diagram for this component The damage curves for this
component are theoretical curves calculated for the limit ductility ratios in Table 2 for each damage
category. The strain energy was calculated using an ultimate resistance calculated with yield line
theory rather than with the approach used in Reference 12. Damage data from explosive testing
was only available from tests where arching is assumed to have occurred when the P-i diagram for
this component was developed. These data points are shown later in this section in Figure 19. A
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comparison between the damage curves for reinforced concrete two-way dabs. with and without
arching in Section 4.1 shows that there is not much difference between them. No change has been
made to the preexisting P-i diagram for this component.

Reinforced Masonry Two Wav Walls - It is assumed that reinforced masonry and reinforced
concrete resist lateral load in essentially the same manner. Also, the parametersin the p and i terms
in the P-i diagram for two-way reinforced concrete slabs are equally applicable to reinforced masonry
walls except that masonry compressive strength is considered rather than concrete compressive
strength. Therefore, the same theoretical damage curves as those discussed above for two-way
reinforced concrete dabs are incorporated into the FACEDAP program for this component This
does not represent any change in the P-i diagram for this component.

Group 2 - Brittle Components Responding in Flexure

Wood Walls and Wood Roofs - Figure 13 shows damage data from wood roofs and wood
walls loaded with an applied blast load". These tests, which applied long duration blast loads to
simulate nuclear blast effects, were conducted on standard construction and “ strengthened”
two-story wood frame houses at the Nevada Test Site. The component type “wood walls” in the
FACEDAP program refers to the composite section of the wall stud and exterior or interior sheathing
which acts with the stud to resist laterd load. This requires that the sheathing is well nailed to the
stud and that is continuous in aong the length of the stud. One haf the conventional 16" spacing
between studs is considered as the effectivewidth of the sheathing for calculating sectional properties
for the composite section. This is an approximate value based on the fact that this width is typically
close to four times the stud width. The component type “wood roofs’ includes both a typica roof
joist and the effective width (usualy assumed equa to one hafthgoist spacing) of plywood decking
atached to the roof. In the tests shown in Figure 13, the inner plaster and lathe wallboard nailed
to the wall stud were considered in the composite wall section. The walls also had tongue-in-groove
type exterior sheathing which added to the mass of the walls, but was not included in the section
properties because it was not continuous. The wood roofs included both the roof joist and the 3/8
inch plywood deck nailed to the joists.

The blast damage was reported in Reference 19 in terms of percent damage to each major
component of the houses. This information was used to assign the damage categories shown in
Figure 13. The full yield strength (modulus of rupture) of the wood was assumed to be 10,000 ps
and Young's modulus was assumed to be 1.4E6 psi per values reported in ASTM D143 for small
(2"x2") fir and pine specimens at 12% moisture. Tests on small specimens generally overestimate
the strength of alarger specimen, but high quality lumber was used and it is conservative to
overestimate the wood yield strength when plotting damage data which will be used to fit the P-i
diagram damage curves. The member sizes are assumed to be 1/4 inch less than the nomina sixes
called out in the drawings in Reference 19 based on standard sizing used at the time of the tests.
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_ Damage categories are fit based on the data and based on the fact that theoretically the p
and i terms for a given ductility ratio are equal. The latter fact is based on the development of the
p and iterms. The preexisting p and i terms for all wood components responding in flexure were
equal to those shown in Figure 5. These have been divided by the static yield strain to get the current
p and i terms. This change was made in order to normalize the data used to generate the P-i diagrams
<0 that it will be representative for wood with different yield strains. A P and ivalue of 1.0 represents
dynamic strain equa to the dtatic yield strain. The plotted data indicate that the dynamic strain at
100% damage is approximately twice the static yield strain. This may be reflecting a dynamic
increase factor in the yield strain and more support restraint than that provided by the simple support
conditions which were assumed. The damage curves shown in Figure 13, and the new p and i terms,
are mcorporated into the FACEDAP program. These damage curves are significantly different
from the previous curvesin that: 1) they predict more damage based on a more conservative
interpretation of the test data from Reference 19; 2) they have new p and i terms as discussed above;
and 3) wood walls and wood roofs have identical damage curves. Previoudly this was not the case.

Wood Begms - This component is considered to be similar to wood walls and wood roofs
since it is constructed in a sSimilar manner and it resists load in essentialy the same manner. The
parameters in the p and i terms in the P-i diagram for wood walls and roofs are also applicable to
wood beams. Usually the component type wood beams is used for a framing member which supports
joists. Therefore, the sectional properties for wood beams that are used in the P and i terms do not
usually include the area of any attached sheathing or decking. The same damage curves discussed
above for wood walls and roofs are incorporated into the FACRDAP program for this component.
This is a change in the P-i diagram for this component because, previously, damage was predicted
with a simple fail/no fail criteria based on the preexisting 100% damage curves for wood walls and
wood roofs.

Exterior Wood Columns - As explained above for exterior steel columns, exterior columns
in this blast damage assessment procedure are. assumed to be damaged primarily during flexural
response to blast pressure acting on the wall area supported lateraly by the column. Based on this
assumption, this component is similar to wood walls and wood roofs since it is essentially a vertical
beam. The parameters in the P and i terms in the P-i diagram for wood walls and roofs are also
applicable to exterior wood columns. Usually any composite action with attached wall sheathing
is ignored because., unlike a wall stud or roof joigt, the larger column cross sectiona properties are
not significantly increased by the effects of attached sheathing. The same damage curves discussed
above for wood walls and roofs are incorporated into the FACEDAP program for this component.
This is a change in the P-i diagram for this component because, previously, damage was predicted
with a simple fail/no fail criteria based on the preexisting 100% damage curves for wood wals and
wood roofs.

One-Way Unreinforced Masonry (No_Arching) - The previous P-i diagram for this
component was developed during work summarized in Reference 4. This diagram, which assumes
one-way flexural response, has only a fail/no fail damage curve as would be. expected for a brittle
component with very little strength. 1t would be expected that this damage curve should correspond

to a ductility ratio of 1.0 which occurs when the peak dynamic flexural stress is equal to the tensile
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strength of the bond between the mortar and masonry block. The pressure asymptote in the
preexisting P-i diagram is congstent with this expectation but the impulse asymptote was only

one-fourth the expected value. Figure 14 shows data collected from blast loaded masonry walls.
Since there are no data to support the low value of the impulse asymptote, this asymptote has been

increased to the theoretical value corresponding to a ductility ratio of 1.0 in the FACEDAP program
The previous pressure asymptote has not been changed since the data in Figure 14 indicate that it

predicts measured blast damage well.

Group 3 - Interior Columns

Wood. Steel, and Reinforced Concrete Interior Columns - The P-i diagrams used for
caculating blast damage to these components in the FACEDAP program are unchanged from those

origindly developed in the initid work for NCEL B! The P-i diagrams for these three component
types, which are essentialy identical, were taken from Reference 12. A single fail/no fail damage
curve (0% damage/100% damage ) is shown for these components. In Reference 12, the derivation
of the p and i terms is presented. It shows that the p term at the pressure asymptote is equal to the
classic Euler buckling formula for unstable buckling. Therefore, the dynamic failure load predicted
by the damage curve for a long duration blast wave is equa to that which would be predicted with
a static analysis based on the peak applied blast pressure applied over the full area supported by the
column. The i term is a stable buckling term. It is calculated using Equation 4.1 where kinetic
energy which occurs during axia shortening is set equa to strain energy absorbed in flexure.  Axial
shortening is assumed to cause corresponding lateral deflection of the column, in a sine wave shape
between inflection points, because of some dlight eccentricity in the applied axial load. The impulse
asymptote of the fail/no fail curve in the P-i diagram corresponds to yield of the outer fiber of the
column in the maximum moment region. Thus, the impulsive asymptote is conservative for ductile
members such as reinforced concrete and steel columns.

Group 4 - Frames

Steel and Reinforced Concrete Frames - The P-i diagrams used for calculating blast damage

to frame components in the FACEDAP program are al so unchanged from those originally developed
in the initial work for NCEL, The P-i diagrams for these two component types, which are essentially
identical, were developed in Reference 3. This development, which is heavily based on design
criteria for steel frames in Reference 10, is shown in the Appendix of Reference 3. The p and i
terms were determined by setting up the energy balance described in Equations 4.1 and 4.2 and
agebraicaly manipulating the terms until one side of the equation was only a function of the ductility
ratio. The stiffness and ultimate resistance required in the strain energy term in the energy balance
equations are generally complex terms. In order to simplify these terms, and therefore simplify the
p and i terms, the following assumptions were made: 1) the columns in the frame were weaker than
the beams and, therefore, yield of the columns controls the frame ultimate resistance; 2) the base
of each frame column is a pinned connection; 3) the span to height ratio in each story of the frame
is approximately '1.0; 4) elastic strain energy absorbed by theframe prior to yield is negligible
compared to the strain energy absorbed after yield; and, 5) the incident pressure acting on the back
sde of the frame (away from the charge) could be conservatively ignored. Theoretica damage
curves were initially calculated based on the ductility ratios shown for frames in Table 2. Based
on limited data for steel frames in light Butler buildings subjected to blast loading, the theoretical
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curves were shifted upwards, so as to predict less damage for a given value of g and 7§, by about
40%. This shift may not have been necessary if assumption No. 5 listed above was not made since
the incident pressure acting on the far side of the frame, away from the explosive charge, reduces
the response and blast damage compared to that which would otherwise be calculated.

Figure 15 shows additiona data points plotted for steel frames in light Butler buildings
subjected to peak blast pressures between 20 psi and 2 psi. These data are reported in References
16, 20, and 21. The damage is plotted in terms of the reported frame sway deflection, which is
converted to a ductility ratio and assigned a damage level based on the criteria for frames in Table
2. The data points marked F and Z are approximate since it is not known how much reflected blast
pressure the asbestos siding on the buildings transmitted into the frame prior to its failure. Based
on the observations reported in the references, the siding failed very quickly (within 6-10
milliseconds).

The plotted data in Figure 15 assume that no reflected blast pressure was transmitted into
the frames, as is hypothesized in References 20 and 21, and only the dynamic blast pressure acting
over the presented area of the frame is used as the load when calculating the p and i values for these
two data points. It is quite possible that the actual p and i values for these two points are larger than
those shown in Figure 15 but it is nearly impossible to estimate the applied load with any certainty.
In any event, the plotted points generdly support the previous damage curves and, therefore, they
have not been changed in the FACEDAP program.

There is one modification to the approach used previoudy to caculate totad damage to
frame components. Previously, damage to beams and columas in frames was equal to the sum of
the damage levels, expressed as a fraction rather than as a percentage, calculated for the components
responding in flexure or in pure axial response between their supports and the frame as a whole.
This has been modified during this project so that both types of damage are still considered for each
frame component, but they are considered separately. The building damage is calculated first,
assuming al components in the frame respond as individual beams, exterior columns, €tC. and then
it is recaculated without considering any of the frame components individually and considering
the entire frame as a single component. The more severe calculated building damage controls. This
change was based on the reasoning that frame damage and flexural response damage to individual
frame members do not typically add. This assumption is based on the following reasoning. Firgt,
it is assumed that frame damage occurs primarily to frame columns and, therefore, any addition of
the two response modes would occur in the columns. However. for the exterior columns, frame
sway implies that the top of the frame moves significantly compared to the base and, therefore, the
top is not acting as the rigid support necessary to develop significant flexural response. For interior
columns, frame sway may increase the tendency for column buckling, depending on when the frame
sway occurs in time relative to the peak axia force in the column. Beam-column response, though,
is not considered in the component damage calculation procedure in the FACEDAP program
Therefore, damage is assumed to be caused by the worse case of frame damage and flexural/buckling
damage to frame components responding as individual members.
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Group 5 - Masonry and Concrete Components with Arching

The components in this group are: 1) Two-Way Unreinforced Masonry Walls, 2) One-Way
Unreinforced Masonry Walls with Arching, and 3) Two-Way Reinforced Concrete Walls with
Arching. The existing P-i diagrams for these three component types were developed during the
project described in Reference 4. The damage curves on the P-i diagrams for these components
are intended to account for the effects of compressve membrane response, which is known to
increase the strength and therefore reduce the damage of reinforced concrete and masonry
components. Compressive membrane response, which is illustrated in Figure 16 and discussed in
detail in Reference 22, will occur if al outward lateral movement is prevented at the supports of
concrete and masonry components.

Theiandp termsin the P-i diagrams of the components in this group are taken from
Reference 12, where they were developed using strain energy expressions which only considered
flexurdresponse.  Therefore, the P-i diagrams do not inherently account for compression membrane
response. The approach taken was to try to place damage curves on the P-i diagrams at a location
where these curves will represent the damage occurring during compression membrane response,
the methodology explained next.

Equations 4.1 and 4.2 were used to set up energy balances in the quasistatic and impulsive”
loading realms which included strain energy absorbed during compression membrane response..
This strain energy was calculated for reinforced concrete components using criteria in - Reference-
22. It was calculated for unreinforced masonry components assuming a roughly hiangular shaped
resistance function which peaks ata very small deflection (approximately 0.001 times the thickness).
Then, these equations were solved so that an input peak pressure and impulse would cause dynamic
response Which had a ductility ratio equal to limit values at the four damage levels shown in Table
2 for the components. A typical set of component properties and component geometry terms were
used in the eguations. Next, p and i values were calculated for each limit ductility ratio using the
component properties and geometry and blast load parameters used in each equation to cause the
given ductility ratio. These p andi values were then plotted as the asymptotes for the damage levels.

The genera problem in this approach is that the strain energy term used in the above
approach is relevant for compressive membrane response whereas the p and i terms, which are
calculated based on the two equations which include the compression membrane strain energy term,
only include terms related to flexural response. There is considerable overlap between the material
and geometrical properties which affect compresson membrane response and flexural response,
but they are not identical. This leads to the problem, for example, where the i value used as a new
asymptote for the damage curves which account for compression membrane response is influenced
by the bending stiffness (EI), whereas the strainenergy absorbed in compression membrane response
is not directly affected by bending stiffness. If a set of component properties with a high bending
stiffness is assumed in the above approach, the impulse asymptote may be much less than it would
be if a set of component properties with alow bending stiffness was assumed even though the ability
of both sets of component properties to resist impulsive loading in compression membrane response
may be nearly equal. The solution to this potentia problem, which is thought to be worse for the.
impulsive asymptotes, is to use the energy balance expression which includes the compressive

96

C



Cartroi detieston

- Qualitative illunration of enhanced behaviowr of & isserally
rareined sied’

Figure 16. Compresson Membrane Response



membrane strain energy term to generate new i and p terms. When this approach is taken, the i and
p terms will include terms properly accounting for the influence of compression membrane on

component response. Situations where the tensile strength of unreinforced masonry, which affects

its flexural response, is an input into a P-i diagram which determines blast damage when the masonry

IS responding in compression membrane response will also be avoided.

- ; Wi AT Ching - Figure 17 shows the existing
P-i diagram for this component pIotted with data points from blast tests on unreinforced one-way
masonry walls in rigid test frames™*, The frame rigidity is assumed to have allowed compression
membrane response to occur. The testing was performed on 10 inch thick walls loaded with short

duration blast loads with peak pressures between 15 ps and 120 psi. Damage was qualitatively
described as shown on the figure. The measured maximum deflections ranged between 0.5 inch
and 4 inches. The damage curves on the diagram are those obtained using the procedure described
above. The high, medium, low, and "collapse” levels of protection shown in Figure 17 are roughly

equivalent to the 0%, 30%, 60% and 100% damage levels. Figure 17 shows that the data fits
relatively well in the pressure sensitive region, near the top of the graph, assuming that the four
qualitative damage descriptions are roughly equivalent to the four damage levels. The fit is not

quite as good in the dynamic region. The damage curves shown in Figure 17 are those included in
the FACEDAP program.

Two-Way Unreinforced Masonry Components - Figure 18 shows the existing P-i diagram
for this component plotted with data points from blast tests on unreinforced two-way masonry walls
in rigid test frames™.. The testing was performed on 8 inch thick walls loaded with relatively long
duration blast loads with peak pressures between 3 psi and 15 psi. Damage was Qualitatively
described as shown on the figure. The damage curves on the diagram are those obtained using the
procedure described above. Iris important to note that although the component type name does
not specifically mention arching, arching is always assumedfor this component in the FACEDAP
program based on the high likelihood that a typical two-way unreinforced masonry wall will be
framed by an overhead beam and columns either side which provide the necessary lateral
confinement. The high, medium, low, and “collapse” levels of protection shown in Figure 18 are
roughly equivalent to the 0%. 30%. 60% and 100% damage levels. Figure 18 shows that the data
fit relatively well in the pressure sensitive region, near the top of the graph, assuming that the four
qualitative damage descriptions are roughly equivalent to the four damage levels. No data were
available for the dynamic or impulsive regions of the diagram. The damage curves shown in Figure
18 are those included in the FACEDAP program.

Two-Way Reinforced Concrete Componenis - Figure 19 shows the existing P-i diagram for
this component plotted with data points from blast tests on reinforced concrete two-way walls in

rigid test frames'®), The testing was performed on 3 to 6 inch thick walls loaded with relatively
long duration blast loads with peak pressures between 3 psi and 100 psi. Damage was qualitatively
described as shown on the figure. The damage curves on the diagram are those obtained using the
procedure described above. The high, medium, low, and "collapse” levels of protection on Figure
19 are roughly equivaent to the 0%, 30%, 60% and 100% damage levels. This figure shows that
the data fit the damage curves well assuming that the four qualitative damage descriptions are
roughly equivaent to the four damage levels. The damage curves shown in Figure 19 are those
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included in the FACEDAP program. It is interesting that this P-i diagram is almost identical to the
P-i diagram in Section 4.1 for two-way reinforced concrete without arching.

5.0 COMPONENT DEPENDENCIES

After al component damage has been determined on a component-by-component basis
using the P-i diagrams described previoudy, secondary component damage is considered based on
component “dependencies’. The “dependencies’ of eachcomponent are the list of other components
which support the given component. Some components are only supporting components, and
therefore have no dependencies. The dependencies areused in the blast damage assessment
procedure in the FACEDAP program only if one of the supporting components sustains 100% blast
damage and the calculated damage of the supported component is less than 100% damage. In this
case, the procedure increases the damage level of the supported component to 100% damage. This
is based on the reasoning that 100% damage of the supporting component precludes it from providing
the assumed support and this causes the supported component damage to aso sustain 100% damage.
This type of secondary failure is also referred to as “cascading” failure.  Since, the supporting
components arc typically designed to be at least as strong (compared to their loaded area and span)
as the supported components, the dependencies are usually never used. A notable exception to this
generd rule is the case of corrugated metal decking over closely spaced open web steel joists. The
decking is often strong for its short span compared to the open web sted joists.

5.1  Non-Frame Component Dependencies

Tables 3 and 4 describe the rules used by the Preprocessor to generate dependencies. In
these tables, the supported component is caled the Dependent Component and the supporting
components are caled the Independent Components. These tables show how the twenty-four
components are divided into five groups, caled “dependency types’. A dependency is calculated
if one out of eight different dependency rules called out in the tables is satisfied. These rules alow
dependencies based on: 1) the dependency type of the dependent component, 2) the dependency
type of the independent component, 3) the location of the dependent and independent components
(inabuilding wall or roof), and 4) matching endpoints, or midpoints, of the independent and
dependent components. “Matching” means that the points are not more than 1 ft from each other.
This tolerance distance was chosen since it would be very unusual for the input endpoints of any
components in a typica building which do not connect with each other to be within 1 ft.  In some
cases there are two candidate independent components which satisfy one of the eight rules. In this
case, priority is given to the Dependency Type 3 component

In addition to the “"primary" dependencies described in the preceding tables, “secondary”
component dependencies are also calculated. An example of a secondary dependency is a case
where Component A is dependent, or supported by Component B and Component B is dependent
on Component C, A secondary dependency exists between Component A and Component C which
is caculated automaticaly by tbe FACEDAP program. A potential problem with the automatic
procedure in the FACEDAP program is that a wall component (Component A) can be lateraly
supported againgt blast loading by a roof component (Component B) which is supported vertically
on a component in the opposite wall (Component C). The secondary dependency for this case is
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Table 3. Rules Used in FACEDAP Program to Calculate Component Dependencies*

€01

Location of Dependent and Independent Components
Dependent Maximum Possible Independent
Component Number of Independent Component Type| Location Location Location Location Location
Type Components Case 1 Case 2 Case 3 Case 4 Case s
! 2 1 n/a n/a n/a 1 n/a
2 n/a na n/a 4 nfa
3 9 n/a 9 9 9
4 9 9 n/a n/a n/a
5 n/a n/a na n/a n/a
2 4 1 nfa n/a n/a 4 n/a
2 n/a n/a n/a 3 n/a
3 5 nfa 5 5 5
4 5 5 n/a n/a n/a
5 n/a n/a n/a n/a
3 2 1 n/a n/a na 1 n/a
2 nfa n/a n/a 2 n/a
3 8 n/a n/a 8 8
4 9 9 nfa 1 nfa
5 6 n/a nfa n/a 6
*Bolded numbers in table represent different rules explained on next page.
Location Case Description
1 Both dependent and independent components in samewall aroof area.
2 Dependent and independercomponentsin adjacentwall ar eas.
3 Dependent component ina wall area andindependent component i nan adj acent roof area.
4 Dependent component inaroof area andindependentcomponent i n anadjacentwall ar ea.
5 Dependent and independent components in adjacent roof areas.



Table 4. List Showing the " Dependency Type’ of Each Component

Component

Dependency Type

Concrete Reinforced Beam

One-Wav Reinforced Concrete Slab

Two-Way Reinforced Concrete Slab

Exterior Reinforced Concrete Column

Interior Reinforced Concrete Column

Prestressed Concrete Beam

Wwlwldslm]—|

Steel Beam

Metd Stud Wall

Onen Web Sreel Joists

Steel Corrugated Decking

Exterior Steel Column

Interior Steel Column

One-Way Unreinforced Masonry Wall

Two-Way Unreinforced Masonry Wall

One-Way Reinforced Masonry Wall

Two-Way Reinforced Masonry Wall

Masonry Pilasters

Wood Wall

Wood Roof

Wood Beam

Exterior Wood Column

| Interior Wood Column

al bWl i ==t ]| o] —

Role Number
1
2

3

Description
An endpoint of dependent component must match au endpaiit of independent component,

An endpoint of dependent component must lie along we side. of a Type 2 independent component
but notdgnqnhm thee?olemnce disltﬂ:c of a comer. P pea P

A midpoint along aSide of dependent component must match a midpoint along a Side of
independent component.

An endpoiit of a Type 1 component must match a midpoint along a Side of a Type 2 component
A midpoii atong a Side of dependent Type 2 component must match a midpoint along a Type 3 or
4 independent component.

Au endpoiit of the dependent Type 3 component must match the (roof) point of the independent
Type 5 component.

A comez point of the. dependent Type 2 component must match the (roof) point of the independent
Type 5 component. This applies only to the case of aflat dah. The FACEDAP code first [ooks
for two way Toof Slabs to be’ dependent on beams or walls and, if the maximum four dependencies

*

are not satisfied, goes back to consider the case discussed here.

An endpoint of Type 3 dependent component must lie dlong a Type 3 independent component, but
not wi[ﬁ a tolergnpge diﬁ?apnce of eitherpoendpoint. galyp P P

An endpoiit of 1 or 3 dependent component must lie along a Type 3 or Type 4 independent
component anywriere between the endpoints of independent component.
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that a component in one wall (Component A) is dependent on, or supported by, a component in an
opposite wall (Component C), which makes no sense. The logic in the preceding tables is designed
to preclude the calculation of “primary” dependencies which will lead to this situation. As a
consequence, roof components providing lateral support to the top of the wall components are not
included as independent components except for some specia cases where it is known that this potentia
problem will not occur.

5.2  Frame Dependencies

Frame dependencies are calculated based on the assumption that the column and beam
members of the frame provide either primary or secondary support to al components within the loaded
width of the frame. For frames with 100% damage, the FACEDAP program changes the damage of
al components within the loaded width to 100% damage if a lesser damage level was calculated for
these components due to direct blast loading. The loaded width is the same value input into the P-i
diagram for the frame component.

6.0 BUILDINGDAMAGECALCULATIONS

In building vulnerability analyses, four building damage terms are calculated with summation
procedures that take into account the damage caculated for each building component These four.
parameters are: 1) the percentage of building damage, 2) the replacement factor, 3) the percentage of
reusable building floor without repair, and 4) the building level of protection. They are discussed in,
the next four subsections. They are approximate because they are based on component damage that
is caculated with approximate procedures and because the criteria used to relate component damage
to the various building damage parameters is, in large part, subjective.

6.1  Percentage of Building Damage

The percentage of building damage is a weighted percentage of building component damage.
After the damage to each component is calculated using the P-i diagrams and tbe methodol ogy
discussed above, the percentage of building damage is calculated as follows. In the first step of this
process, the damage level of each componentin decimal form (e.g., the 30% damage level isconsidered
as 0.3) is multiplied by the user defined component weighting factor. This product is the weighted
component damage level. A weighting factor is assigned to each building component by the user in
order to cause blast damage occurring in magjor building components to influence the calculated
building damage parameters more than an qual level of damage to minor components. Any scheme
of assgning positive, non-zero weighting factors to building components which correctly influences
the calculated overall building damage in the user’s judgement is valid. A scheme which is commonly
used is to asstgn a weighting factor of 1.0 to cladding components, a factor of 2.0 to stringer, girts
and other secondary beams which support cladding components, a factor of 3.0 to primary beams and
girders, and a factor of 4.0 to columns. Frames should have a weighting factor qua to the sum of
the weighting factors assigned to all the columns and beams in the frame. This is necessary so that
comparable building damage values will be caculated in the two required analyses which consider
frame components responding to blast load as separate, lateraly loaded beam and column components
and as a frame component For example, a single bay frame comprised of two columns (with weighting
factors of 4) and a beam (with a weighting factor of 3) would have a weighting factor of 11.
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In the second step of the procedure used to calculate the percentage of building damage, the
weighted damage levels of al components in the building are summed. Then, in the fing] Step, the
percentage of building damage is calculated from the ratio of this sum divided by the corresponding
sum for the case of 100% damage to al building components.

6.2  Building Replacement Factor

The blast damage to components can also be described in terms of the amount of required
component replacement in the building. This is done in the FACEDAP program with a replacement
factor which is assigned to each component based on the damage level calculated for the component.,
If the damage level is greater than a given level, the component is considered unrepairable and a
replacement factor of 1.0 is assigned to the component. Otherwise the component is considered
repairable and a replacement factor of O is assigned. The building replacement factor is the weighted
average of the replacement factors of al the components in the building. This factor is determined
in an analogous manner as the percentage of building damage except that the sepair/replace factor of
each component (equal to O or 1) is considered in the weighted averaging scheme rather than the
damage level of the component. A high replacement factor (near 100%) indicates that almost all
building components require replacement

Table 5 lists the correlation between replacement and damage level which is used by the
FACEDAP program to determine the replacement factor for the 24 component types. Note that the
R’sindicate. a repairable component (with a replacement factor of 0), while the U’s indicate &
component requiring replacement (with a replacement factor of 1). The break points between repair
and replace for each component were based on economics concerns as well as the amount of damage
associated with each damage category®™. Higher damage levels were generally chosen as the break
points for load bearing components because such components are more expensive to  replace, and are
therefore more likely to be repaired a the higher damage levels. Similarly, components such as steel
beams were designated as requiting replacement a the 30% damage level even though they might
typically be repairable because they are considered relatively easy to replace. The subjective criteria
used to correlate component repair/replacement with component damage level were not based on or
influenced by the level of protection associated with each damage level in Section 4.1.

6.3  Percentage of Reusable Floor Space

In the original development of the methodology used in the FACEDAP program to calculate
component and building blast damage, the percentage of building floor space reusable without repair
was calculated with a graphical procedure which summed the floor space not affected by components
with a calculated 100% damage level and then divided this floor space by the total floor space. This
raio is the percentage of reusable floor space. A simplified approximation of this procedure is
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Table5. Correlation Between Component Damage

and Assumed Replacement
Component Type Component Damage L evel’
0% I 30% | 60% 100%

R/C Beams R R R U

R/C One-Way Slabs R R U U

R/IC Two-Way Slabs R R U U
R/C Exterior Columns (bending) R R R U
R/C Interior Columns (buckling) R N/A N/A U
R/C Frames R R R U
Prestressed Beams Ry U | U | U
Steel Beams R U I-u | u
Metal Stud Walls R U U U
Open  Web Steel Joists |(chord RlIU U U

bending failure)

Corrugated Metal Deck R U U U
Steel Exterior Columns (bending) R R U U
Steel Interior Columns (buckling) R N/A N/A U

Steel Frames . R | R | R U
One-Way Unreinforced Masonry [ R R U U
Two-Way Unreinforced Masonry R R U U

One-Way Reinforced Masonry R R U U
Two-Way Reinforced Masonry R R U U
Masonry Pilasters R R U U
wood stud Walls R R U U

Wood Roofs R R | U U

Wood Beams R R U U
Wood Exterior Columns (bending) | R R | U u
Wood Interior Columns (buckling)| R NA | wA |

‘Note: R = repairable, U = replace
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programmed in the FACEDAP program. The total number of components with 100% damage is
counted and divided by the total number of building components. This is subtracted from 100% to
determine the percentage of reusable floor space. The weighting factor is not considered in calculating
this building damage parameter. This definition of building reusability is meant to apply to wartime
Situations when only very severe component damage is assumed to affect reusability. Thisis
considered the most approximate of the building damage parameters, and it really should be determined
using the origina graphical procedure for accurate results.

6.4  Building Level of Protection

The building level of protection is calculated equal to the lowest level of protection provided
by any of the building components. This is a conservative approach which assumes that the personnel
or assets requiring protection are located right beside or near the building component with the largest
amount of blast damage. The component levels of protection are determined directly from the
caculated component damage levels as discussed in Section 4.1. The levels of protection used by
the U.S. Army Corps of Engineers to characterize the level of protection provided to personnel and
equipment by a structural component subjected to blast loading are defined in Reference 13 as follows.

Low Level of Protection - unrepairable structural components, 2 high level of damage without
collapse )

Medium Level of Protection - repairable structural components. a significant degree of
damage

High Level of Protection - superficially damaged
A fourth level is aso considered as follows.

Collapse - collapse, or near collapse of the structure

This building level of protection should only be considered as one indicator of the amount
of personnel injury and equipment damage in a building which can be caused by the input explosive

threat Among other factors, these protection levels do not consider the injury/damage caused by
failed windows or doors and by building component accelerations during response to the blast loading.
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7.0 LIMITATIONS OF THE BLAST DAMAGE ASSESSMENT
METHODOLOGY IN THE FACEDAP PROGRAM

Most of the limitations of the BDAM code have been discussed in the preceding chapters.
However, they are summarized in this chapter for quick reference.

1Y)

2)

Only component blast damage caused by flexural bending and buckling of
components is explicitly considered in the P-i diagrams used to predict component

blast damage. Damage caused by flexural shear response, torsiona response, and
by localized breaching or spalling is not predicted by the FACEDAP program. The
recommended minimum scaled standoff of 3.0 ft/1b"™ between the explosive charge
and the closest building component is intended to prevent the use of the program in

stuations where localized damage and highly nonuniform blast pressure distributions
can occur on the building components. The reduced damage which will occur when
a component responds in tension membrane or compression membrane response,

rather than only flexural response, is accounted for in several P-i diagrams. The

theoretical curves for damage occurring during flexural response have been shifted
to match blast damage data from components responding in tenson or compression
membrane. The fact these curves have been "shifted", rather than theoretically
developed, means that they may not be applicable for components with sectional

properties significantly different than those of the components in the test data which

are used to construct these P-i diagrams.

The smplified method used to caculate blast load on building components may be

nonconservative in two respects. First, component blast damage due to the negative
phase being “in-phase” with component response is not predicted. This is only a

possible concern for components with strengths (ultimate resistances) less than 2 ps.
The inclusion of damage from this type of loading is outside the scope of the “simple”

component damage prediction methods currently included in the FACEDAP
program. Secondly, blast load on building components facing the explosive charge
and oriented at angles of incidence (see Figure 2) between 45" and 75" with respect
to the blast wave is calculated assuming a fully side-on blast pressure. This can

underpredict the blast load by factors between 2 and 5.

No component beam-column response is considered in the FACEDAP methodology.
Neither the case of “short” columns (columns not affected by stability
considerations), where bending and axia stresses superimpose, nor the case of long
columns, where flexural deflections cause eccentricity in the axial load and therefore
additional bending moment, are considered. Consideration of the interaction between
axiad and bending stresses in short steel and reinforced concrete columns during
dynamic response is addressed as it pertains to design in Reference 10. This reference
also advises that the dynamic response of “long” beam columns, where stability is a
criterion, can be considered for design purposes in the same manner it is considered
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for static design. The static analysis of long beam-columns is described in Reference
26. The design of long steel and reinforced concrete beam-columns for static loading
is described in References 27 and 28.

4)  The P-i diagrams in the FACEDAP procedure analyze each component as a separate,
independent  single-degree-of-freedom dynamic (SDOF) system. Therefore, the
dynamic interaction which can occur between primary structural members and the
secondary members they support is not explicitly accounted for.

5)  The building damage assessment procedure in the FACEDAP program has not been
compared against blast damage to buildings except for one case” where very little
information was available about the buildings damaged by blast. Therefore, the
cascading failure procedure and building damage summation procedures have not
been well vaidated against data. Also, the P-i diagrams which predict component
blast damage for a number of component types have not been compared against
measured blast damage.

8.0 RECOMMENDATIONS FOR FUTURE WORK

Recommendations for future improvements to the FACRDAP procedure for caculating
approximate blast damage to buildings are itemized below. In general, the basic procedureis
considered to be well suited for quickly caculating blast damage to buildings. This is particularly
true because of the manner in which the FACEDAP preprocessor and postprocessor facilitate the
rather large task of inputting the material properties, geometry, and dependencies of al building
components loaded by the blast. However, the procedures used to determine the component and
building blast damage are limited by the factors discussed in Chapter 7. Therefore, the following
improvements to the FACRDAP program, and to the blast damage assessment procedure used by
the program, are proposed.

Validation of calculated building damage - Thecascading failure procedure and summation
procedures in the assessment method should be validated against data. Since these
procedures depend on rules to assign dependencies and weighting factors, this “validation”
process is actualy envisioned as a process where dependency rules and weighting factors
are determined which cause the calculated building damage to match measured damage.
The need for validation aso includes conducting a new literature search to find recent blast
damage data, and any previously overlooked data, to vaidate component P-i diagrams

Lemumtamched.mmmmts Often secondary andpn mary bundmg components form
a two or three degree-of-freedom dynamic system, where the dynamic response of the

components is affected by response of the attached components. However, the P-i diagrams
in the FACRDAP blast damage assessment procedure analyze each component as a
separate, independent single-degree-of-freedom dynamic (SDOF) system A parameter
study is needed which calculates blast damage of typical primary and secondary building
components which respond as a two or three-degree-of-freedom dynamic system with an’
approach which considers this interdependence and then aso calculates the damage of the
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same components separately using the SDOF approach in the FACEDAP program. This
approach can be used to provide guidance on program inputs for properties of components
which are affected by thedynamic response of attached components, particularly the loaded
width and weight (or inertial resistance), so that the interactive nature of dynamic
component response can be accounted for better with the SDOF approach in the FACEDAP

program.
ejopmentof P-i’ digorams wbich

W&M P-i d|agrams whlchepr|C|tIy consider the strai neny
absorbed in tension membrane and compression membrane response need to be formulated

so0 that component damage data from these types of response can be used to validate, or
modify, theoretical damage curves which consider this type of response. Also, P-i diagrams
must be formulated to consider shear and spalling type component damage before the
building damage assessment procedure in the FACEDAP program can be extended to

include component damage occurring a close-in scaled standoffs (less than 3.0 Mb”).

MWMMW EXIstlng algorlthms f0r Calculatl ng
blast load based on the magnitude of the angle of incidence of the component with respect

to the blast wave should be included in the FACEDAP program in place of the existing
method which only considers whether the angle of incidence is greater than or less than
45, The simple existing criteria is a holdover from the origind version of the blast damage
assessment procedure which was performed with hand calculations.

W Users of the FACEDAP program must be prow ided W|th a means of mterpretl ng
or understanding the damage levels which are predicted by the program. This can be. done
best with a combined approach of a qualitative description of the component damage
categories and approximate quantitative criteria defining each damage criteria based on
component type. The initid damage descriptions in the blast damage assessment procedure
were primarily qualitative. More recently, some effort, which is shown in Table 2, has
been spent to provide approximate quantitative criteria defining the damage levels for each
component type. However, more work is required to define the component damage
categories so that the qualitative and quantitative descriptions of component damage are
more compatible for al component types.

P - This would allow the user to
see the input building and component geometry and correct mistakes much more easily
than they can with the existing program, which relies on error messages. The calculated
damage could aso be displayed graphicaly in the postprocessor by displaying the building
with its components colored in a manner which represents blast damage to each component

mproyerewewinararal arbor fertures of The FACTEEAP-preproce = These include; 1)
the use of highlighted input cells on the preprocessor component property input screens to
show when default property calculation formulas have or have not been used to calculate

the existing input, 2) a flag to warn users when they have changed a “master” component
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but have not regenerated the components which are defined based on the master component,
3) asingle key to generate component dependencies in al wall/roof areas at one time, 4)
aflag to warn users when they have changed the component geometry but have not
regenerated the component dependencies, 5) an option which will alow the calculation of

the blast damage to a single structural component without requiring the need to define
building wall/roof areas.

>-The U.S. Army Corp of Engineers,
as well as other governmental agencies, are moving towards metrification. Currently, all
input into the FACEDAP code must be in specific English units as shown in Section 4.1.
It is recommended that the code should be modified to allow input in metric units and to
display output in metric units.
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