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distance from the panel surface to the tie. The isothermal method considers lateral heat
flow with little resistance while the parallel flow method assumes that no heat will travel
through a lateral path. The parallel flow method allows an electrical circuit analogy to be
made where the laws of combining series and parallel resistors are applied to solve the

thermal resistance of the panel.

3.3. Parametric Study

All material resistances were taken from either PCI 7™ edition (2010b) handbook thermal
section and ASHRAE handbook fundamentals (2005). In this study, R will be in English
units of [(°F*hr*ft’)/(BTU*in)] for resistance per thickness and /[(°F*hr*ft’)/(BTU)]for
resistance. The assumed properties are summarized in Table 25. To be conservative, the

minimum value of EPS is taken from PCI Handbook as 3.1 (PCI 2010b).

Table 1: Material resistances
Material Description [l;c,(;?isht;f}fgj//t(gl]c,ggfs)s]
Expanded polystyrene (EPS) 3.1
Low conductive tie 4.0
Steel tie 3.2E-3
Normal Weight Concrete (140 pcf) 0.10

The five cross sections shown in Figure 2 were considered. Figure 2a shows the cross
section of the solid panel, (b) a panel with 2in. of insulation and no ties, (¢) a panel with
1.5in by 0.33in solid zones, (d) a panel with 1.5in. by 0.33in. low-conductive ties and (e) a
panel with 1.5in. by 0.33in. steel ties. Panel ties were not specifically designed for strength
purposes, but rather to determine the sensitivity to tie type. All the wall systems had the
same overall dimensions of 32in. wide, 8in. thick, and 144in. long. The layout for the ties

is shown in Figure 3.
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Figure 3: Panel tie layout

3.4. Results of Thermal Parametric Study

The R-value of each panel was calculated using three different methods: (1) modified zone

method, (2) isothermal method, and (3) parallel flow method.

1. The zone method involves two separate computations — one for Zone A containing
the bridging material and one for Zone B containing the remaining portion. The
two computations are then combined using the parallel flow method. The width of
Zone A is computed using a modified zone width (Pessiki, Lee 2008) for shear ties

and the characteristic section method (PCI 2010b) for the concrete zones.
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2. The isothermal planes method considers lateral heat flow with little resistance in
accordance with ASHRAE. The computations are performed as a series

combination of layers.

3. The parallel flow method assumes no heat flow through lateral paths, thus the R
values are higher than provided from the isothermal method. The computations

are performed as a combination of parallel layers.

Table summarizes the R-value for each case and each method. All results are provided in
[(CF*hr*f)/(BTU)]. As expected, case (a) solid concrete and (b) insulated panel without
ties yield the same results for the modified zone method as both the isothermal and parallel
flow method. This is because the there are no lateral paths for heat to travel in any case, so
including or neglecting lateral heat flow does not affect the results. Additionally, case (a)
solid concrete and (b) insulated panel without ties act as the lower and upper bound
respectively. In case (b), there are no paths for thermal bridging to occur, while case (a)
offers very little thermal resistance due to the lack of insulating foam. Finally, the other
methods perform as expected, with case (d) low conductive ties providing the next highest

thermal resistance, followed by case (e) steel ties and case (c) solid zones.

Table 2: Tabulated thermal results
Case Name Modified Isothermal Parallel
Zone Flow
(a) Solid concrete 0.8 0.8 0.8
(b) Insulated — without ties 9.9 9.9 9.9
(c) Insulated — solid zones 2.2 2.1 4.0
(d) Insulated — low-conductive ties 6.8 7.0 6.8
(e) Insulated — steel ties 3.8 0.8 6.3

Intuitively, the choice of isothermal versus parallel flow method makes little difference on
case (d) as the conductivity of the tie is very low, creating less of a path for lateral heat
transfer. On the other hand, the choice of method has significant impact on case (c¢) solid

zones and case (e) steel ties. This is due to the high conductivities of the tie materials,
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Direct Fire Weapons
The UFC 4-023-07 provides design procedures for structures subject to direct weapons fire

(DOD 2008a). Four different threat levels are defined to represent the weapons that can be
expected to be used on a building and personnel. These threat levels were derived from the
Underwriters Laboratories Standard for Safety (UL 752) (UL 2005). The mentioned four
threat levels are defined by the mass, impact velocity, size and shape of the ammunition.
The parameters of interest for the purpose of this study are shown in Table 18; in particular
the Underwriters Laboratories provides the nose performance coefficient, N, for the
prescribed ammunition. Alternatively N can be calculated as the summation of 0.72 and a
quarter of the quotient of the projectile nose length and diameter (DoD 2008a). Bullet
mass is commonly calculated in grains, thus for consistency, bullet and fragment mass will

be referred to in grains (15.43grain = 1g).

Table 18: Direct fire weapons threat parameters (DoD 2008a) (UL 2005)
Design Basis | UL 752 N Mass Strike Diameter
Threat Level (grain) | Velocity (m/s) (mm)
Very High 10 1.31 709.5 856-942 12.95
High 9 1.39 166 828-910 7.82
Medium 5 1.26 150 838-922 7.82
Low 3 0.91 240 411-453 11.18

Note: “N” is the nose performance coefficient
The maximum penetration into an air backed concrete wall (mm) is empirically provided in
Equation 43 where d is the projectile diameter (mm), m is the projectile mass (kg), ¢ is the
maximum gravel size in concrete (mm) (assumed to be 19mm for most concrete (DoD
2008a)), v; is the strike velocity (m/s), f. is the concrete compression strength (MPa), and
Jage 1 the concrete age factor (taken to be 1). Equation 43 is then utilized to determine the
thickness required (mm) in order to prevent perforation, 7p;, in the empirically formed
Equation 44 which can be used to calculate the residual velocity, v,, of the projectile (m/s)

in Equation 45 where ¢ is the actual wall thickness (mm) of the panel.

145



fragment as given in Equation 53.

m = M3In?(1-C,) Equation 53

The C; is a one-sided confidence limit, giving the lower critical value of the CDF. For
example, the engineer would select a C; of 0.9 in order to design for a fragment that is 90%
heavier than all the other fragments produced during the detonation. Unfortunately, the
method provided in (DoD 2008c) does not account for the fragment trajectory. The
method presented in this paper serves as a suitable probabilistic approach that allows the
designer to determine the probability of a fragment to strike a target and assess the
probability of injury to personnel.

Injury to Personnel

Human organ tolerance levels have been established for four critical organs as defined in
(DoD 2008c¢): thorax, abdomen, limbs, and head. Table 20 provides the threshold limit of
each critical organ in terms of fragment mass and velocity. Intuitively, a fragment with a
smaller mass must travel faster in order to cause bodily harm. Note that the threshold limit

for each organ is not at a constant kinetic energy limit.

Table 20: Threshold of serious injury due to fragment
impact (DoD 2008c¢)
%;tgj;ﬁl Mass [grain] Velocity [m/s]
>17500 3.1
Thorax 700 24.4
7 121.9
>42000 3.1
Abdﬁ“ﬂﬁ and 700 22.9
7 167.6
>56000 3.1
Head 700 30.5
7 137.2
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Figure 101: Histogram of fragment velocity for various mass bins for fragments that hit the

target

Table 22 provides a list of the stochastic variables with their distribution type, mean values,
and coefficients of variation. The concrete strength and wall thickness are the same as that
utilized in the direct fire weapons analysis provided in Table 21. COVs of the weapons and
structure are small with respect to the COVs of the fragments, concrete strength, and
standoff distance; however, the weapons and structure are still analyzed as stochastic in the

event that confidential literature indicates larger COVs.
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Table 22: Indirect Fire Weapons Analysis Stochastic Variables
Variable Distribution Mean Value cov
Type

Casing Thickness Lognormal 12.7 mm 0.0094
Casing Inner Diameter Lognormal 304.8 mm 0.0004
Casing Length Lognormal 609.6 mm 0.0002
Fragment Mass Mott 75.9 grain 2.226
Standoff Distance Lognormal 122 m 0.1000
Wall Width Lognormal 122 m 0.0010
Wall Height Lognormal 9.1m 0.0010
Concrete Strength Lognormal 28 MPa 0.1800
Wall Thickness Lognormal 152 mm 0.0010

Injury to Personnel

The critical human organ survivability thresholds provided in Table 20 are plotted in Figure
102 below. Fragments with a mass and velocity landing in the area above any of the
threshold lines represent a threat to the organ for which it lies above.
analysis, a conservative single threshold line based on the minimum of all three lines at any
point was formed. Therefore, if a fragment lies above the single threshold line, it is
assumed that it will cause injury to all of the critical organs as shown in Figure 102. By

taking the quotient of the quantity of fragments in the injury area and the total number of

fragments, the probability of injury is obtained.

Fragment velocity [m/s]

Curves are developed providing the probability of injury versus wall thickness for the
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Figure 102: Critical human organ damage thresholds
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the finger tie and ductile tie panel respectively, the panels have sustained heavy and

moderate degrees of damage according to USACE and Naito respectively.

Table 23: Component damage response limits
Component damage level | Superficial | Moderate Heavy Hazardous
(USACE 2008) u<1.0 2.0° 5.0° 10.0°
(Naito et al 2014a) 0.78° 5.06° 6.51° 8.44°

7.2. Spall and Breach Performance

As concluded in the spall and breach section, empirical equations (DoD 2008b) do not
represent the complex behavior occurring during a close-in detonation demand on an
insulated wall panel. Conservatively assuming that the exterior wythe does not contribute
to the resistance of the close-in detonation but adds to the stand-off distance (i.e. an
increase in stand-off distance equal to the thickness of the exterior wythe), empirical
equations indicate that the 3-2-3 panel will spall but not breach. However, experimental
data indicates that the 3-2-3 panel configuration results in a spall and breach of both the
exterior and interior wythes. Thus, for the demand considered in the prior spall and breach
section, it is assumed the panel will spall and breach. More research is needed to develop

empirical equations for insulated wall panels.

7.3. Ballistic and Fragment Performance

The four different threat levels prescribed in the UFC 4-023-07 for direct weapons fire are
repeated in Table 18 (DoD 2008a) for convenience. The threat levels listed were derived
from the Underwriters Laboratories Standard for Safety (UL 2005). The four threat levels
are defined by the mass, impact velocity, size and shape of the ammunition. “N” is the

nose performance coefficient of the ammunition round used.
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Table 24: Direct fire weapons threat parameters (DoD 2008a) (UL 2005)
Design Basis | UL 752 N Mass Strike Diameter
Threat Level (grain) | Velocity (m/s) (mm)
Very High 10 1.31 709.5 856-942 12.95
High 9 1.39 166 828-910 7.82
Medium 5 1.26 150 838-922 7.82
Low 3 0.91 240 411-453 11.18

Note: “N” is the nose performance coefficient
Perforation limits and residual velocities are calculated with empirical equations provided

in the UFC 4-023-07. For an insulated wall panel, it is conservative to assume that the
strike velocity on the interior wythe is equal to the residual velocity of the bullet that
perforated the exterior wythe. Using Monte Carlos simulations, fragility curves are
developed with the intensity measure set as the residual velocity of the bullet. Figure 116
plots the fragility of the exterior and interior wythe, called “ext” and “int” respectively, for
each of the four threat categories: very high, high, medium, and low. The absence of the
interior wythe fragility for the low threat category indicates that the probability of the
bullet perforating the interior wythe is 0%. Large shifts between the exterior and interior
wythe fragilities indicates that the residual velocity of the bullet exiting the exterior wythe
has decreased enough that the interior wythe can have a significant effect on the life safety

of personnel behind the wall.
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Figure 116: Fragility of the exterior and interior concrete wythes with residual velocity

intensity measure

Similarly to the ballistic demands, fragility curves are developed for fragment demands.
The fragment generating explosive was based on the same demands discussed previously,
an 81MM MS821 high explosive cartridge (AOLLC 2009) and a typical explosive (DoD
2008b). A standoff distance of 40ft was selected based on conventional construction
standoff distances for load bearing, reinforced concrete walls of a high occupancy house
(DoD 2012). To assess the probability of bodily harm, established human organ tolerance

levels were followed (DoD 2008b).

Figure 117 provides fragility curves for probability of perforation with wall thickness as
the intensity measure. From the perforation fragility curve, the probability for fragment
generated from an 81 MM MS821 high explosive to perforate the exterior and interior wythe
is 36.1% and 15.4% respectively. Additionally, Figure 117 provides the probability of
exceedance with residual velocity as the intensity measure. The residual velocity fragility
and fragment mass distribution is used to calculate the probability of injury occurring to
personnel behind the wall panel. For the 3-2-3 panel, assuming that all fragments will

strike the wall panel, the probability of injury occurring is 15.4%. As shown previously, if
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the fragment trajectory is taken into account, the probability of injury occurring is reduced

significantly.
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Figure 117: Probability of perforation and residual velocity exceedance

7.4. Thermal Performance

A finite element analysis was performed using the multi-purpose finite element software
Abaqus. An uncoupled heat transfer analysis was conducted. In an uncoupled heat
transfer analysis, the stress/deformation state of the wall is assumed to have no effect on
overall system’s R-value to simplify each numerical model. Additionally, the material
properties were assumed to be temperature independent due to lack of literature available.

The boundaries of the walls were assumed to be perfectly insulated.

All material resistances were taken from PCI 7™ edition (PCI 2010b) handbook thermal
section, ASHRAE handbook fundamentals (ASHRAE 2005), or from a material property
data sheet (MatWeb 2014). In this study, R will be in English units of
[(°F*hr*ft’)/(BTU*in)] for resistance per thickness and [(°F*hr*fi’)/(BTU)]for resistance.

The assumed properties are summarized in Table 25.
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Table 25: Material resistances
. o . Resistance/thickness
Material Description [CF*h*2)/(BTUin)]
Extruded polystyrene (XPS) 5.0
G10 Garolite 2.0
Normal Weight Concrete (140 pcf) 0.10

The entire panel was modeled in three dimensions consisting of the full length and width of
the panel. Figure 118 shows the insulation and shear tie mesh with the concrete removed
for both the original finger tie panel and the new ductile tie panel. The 8-node linear heat
transfer brick, DC3D8, was selected for the analysis. This is a typical element used for

uncoupled heat transfer applications (Dassault Systémes 2010).

Figure 118: Finite element model mesh

The procedure to determine the R-Value of each panel follows that given by B. Lee and S.
Pessiki (Lee and Pessiki 2008). Convection loading was used to represent the boundary
conditions on the hot and cold surfaces of each panel. For all other surfaces, Abaqus
assumes an adiabatic boundary condition. The R-Value can be directly computed using

Equation 54.
R =A(t, —t.)/Q Equation 54

Where A4 is the cross sectional area of a surface perpendicular to the direction of heat
transfer, Q is the heat flow rate through that surface which is directly computed from the

heat flux values output from the FEA. 7, and ¢. are the temperatures on the hot and cold
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