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Abstract

In strong wind events like tornado and hurricane, significant destruction is caused
to buildings due to wind-borne debris, which are usually damaged structural mem-
bers and components with insufficient attachment. This debris, also referred to as
missiles, can penetrate building walls and roofs and jeopardize human life. Because of
this, there are standard impact criteria provided by Federal Emergency Management
Agency (FEMA-P-320, 2014; FEMA-P-361, 2015) and International Code Council
(ICC-500, 2014) that need to be met when designing safe rooms or storm shelters.
The national wind institute at Texas Tech University has done extensive impact test-
ing on different types of structural and non-structural components, which are the
basis for current design guidelines.

This thesis focuses on investigating previously developed methods for evaluating
the perforation of concrete and steel targets and selecting the most relevant formulas
that can be applied for the design of tornado safe rooms. For cast-in-place(CIP)
concrete, precast concrete and concrete masonry units (CMU), the best method to
estimate perforation limit is the Central Research Institute of the Electric Power
Industry (CRIEPI) Formula. For Steel target, both the Ballistic Research Laboratory
(BRL) Formula and the Stanford Research Institute (SRI) give useful estimate for
perforation limit. These selected concrete and steel target perforation limit formulas
can be used for preliminary design of buildings, to withstand the required impact
criteria, giving engineers the flexibility to design structures without depending only
on using structural components that have been tested to meet the FEMA criteria .

Thesis Supervisor: Gordana Herning
Title: Postdoctoral Lecturer of Civil and Environmental Engineering

Thesis Supervisor: John Ochsendorf
Title: Class of 1942 Professor of Civil and Environmental Engineering and Architec-
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Chapter 1

Introduction

Wind storm events such as tornadoes and hurricanes are responsible for avoidable
loss of human life and significant damage of building structures. One type of damage
is perforation of exterior structural elements such as the roof, windows or walls due to
the impact of flying debris. These holes cause the wind pressure acting on the inside
of the building to increase to a level that is significantly higher than the pressure
for which the building was designed. This increase in wind pressure, combined with
reduced structural integrity, may lead to local failure, and in severe cases to failure
of the structure. Therefore, it is important to design building components that can
resist flying debris due to tornado-level winds. The current design guidelines for this
condition is based on experimental testing of building assemblies that are subjected to
the required high wind speeds and the impacts of wind-borne debris. The components
that meet the required criteria are used. This thesis evaluates current methods for
estimating perforation of concrete and steel targets to identify ones that can be applied
for tornadoes.

Chapter 2 discusses general background on tornadoes as well as current US based
design method of tornado-safe rooms using Federal Emergency Management Agency
(FEMA) and International Code Council (ICC) guidelines (FEMA-P-361, 2015; ICC-
500, 2014).

Chapter 3 discusses the motivation for this thesis topic of tornado-resilient design

in general and the specific concentration on evaluating flying debris.
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Chapter 4 discusses research that has been done in related engineering disciplines
such as for military application and review of currently available approaches for eval-
uating concrete and steel penetration thickness and perforation limits. In addition,
an overview of experimental testing that serves as the basis for the FEMA criteria is
presented (TTU, 2017).

Chapter 5 discusses the methodology for evaluating both concrete and steel targets
as well as presenting values for experimentally tested materials.

Chapter 6 discusses results produced for concrete targets, cast-in-place & concrete
masonry units, and steel targets using selected methods from chapter 5. It also works
through a design example for steel plate shear wall.

Chapter 7 discusses conclusion of the thesis and suggests work for the future of

~

the topic.
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Chapter 2

Background

2.1 Tornadoes

A tornado is one of the most destructive types of storms that occurs due to a
violently rotating column of air descending from a thunderstorm touching the ground
(See Figure 2-1). Tornado originates from super cell thunderstorms formed in the
setting of strong vertical change in wind speed or direction due to height. It has a
wind speed considerably higher than the typical design values that are recommended
by the design code. It usually only lasts a few minutes but can cause immense
destruction and fatalities. It can sometimes travel for hours carrying soil, vegetation
and debris and create up to a mile-wide damage path. It eventually starts to die
down, decreasing in size and strength. The size of a tornado does not necessarily
reflect its strength, since even smaller intensity storms can be responsible for great
damage. Even though the average warning time before a tornado touches down is 13
minutes, sometimes there is no time for people to reach a safe place (NOAA, 2011a).
Its visibility depends on the storm system associated with it. When there are clouds
or rain Surrounding it, the funnel is hard to see, and the debris it picks up can indicate
its path.

The intensity of a tornado is classified using the Enhanced Fugita Scale (EF Scale),
which assigns wind speed rating to a tornado. It is based on the original Fujita

(F) Scale, which was used to approximate tornado wind speeds without taking into
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Figure 2-1: Tornado
Source: Public Domain - Daphne Zaras

account damage indicators which may have been responsible for over-estimation of

wind speeds. The EF scale considers indicators such as building types, structures and

trees to give a more accurate estimate of the damage related to the storm intensity.

EF-4 and EF-5 tornadoes are categorized as violent and have wind speed higher than

166 mph, as seen in Table 2.1 and Figure 2-2 (NOAA, 2010).

Table 2.1: EF-Scale wind speeds

Source: NOAA (2010)

EF-Scale Wind Speed (MPH)

Description

EF0
EF1
EF2
EF3
EF4
EF5

65-85
86-110
11-135

136-165
166-200
>200

Gale
Moderate
Significant
Severe

Devastating

Incredible
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Figure 2-2: Recorded EF3, EF4 EFS5 level tornadoes in the US
Source: FEMA-P-320 (2014)

Most US states are at some risk of a tornado impact; however, the central part
of the country, also known as the Tornado Alley, experiences the largest number of
tornadoes in the world during its peak season between April and June (NOAA, 2010).
As seen in Figure 2-3, the United States is dived into four zones based on the data
that has been collected on the intensity of tornadoes over the past 60 years. Zone I
covers the West Coast. while Zone II covers the North East and the planes east of
the Rocky Mountains. Both Zone I and II cover areas with the least tornado activity.
Zone 111, which covers the coastal areas in the South East, has a higher number of
tornadoes. Tornado Alley is in Zone IV and is known for the highest number and

intensity of tornadoes in US.
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Figure 2-3: Wind Zones
Source: FEMA-P-320 (2014)

2.2 Safe Room Vs. Storm Shelter

Safe room is the terminology used by Federal Emergency Management Agency
(FEMA) to describe a structure that needs to “provide near-absolute protection in
extreme weather events, including tornadoes and hurricanes”, which means that a
person in this structure has a very high likelihood of survival in a tornado event
(FEMA-P-320, 2014). Since the safe room design recommendations are based on
historical data of tornadoes, the likelihood of achieving absolute protection is cor-
related with storm intensities that were previously recorded. Safe room can be one
room, or an entire building, designed based on the criteria outlined in the guideline
(FEMA-P-361, 2015).

Storm shelter is similar to a safe room but is designed according to the Interna-
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tional Code Council (ICC-500, 2014). Safe rooms are designed more conservatively
than storm shelters since FEMA-P-361 (2015) includes all criteria listed on ICC-500
(2014) but has additional provisions with respect to flood hazards and the horizontal
missile impact speed, which are used in for hurricane-resistant design of buildings.
Both codes aim to provide a building that is significantly stronger than if it was
designed based on the requirements of only the International Building Code (IBC,
2009) where the design wind speed in IBC (2009) is lower than both FEMA-P-361
(2015) & ICC-500 (2014) speeds and there is no impact deign criteria required by
IBC (2009).

2.3 Current Design practice

Currently there are two steps in designing safe rooms or storm shelters according
to FEMA-P-361 (2015) or ICC-500 (2014), respectively. The first step is designing the
building for wind pressure similar to any wind design but for a much higher speed,
that may reach up to 250 mph. To compare the requirements from FEMA-P-361
(2015) and the IBC (2009), the latter has a minimum requirement that reaches only
up to 150 mph, making wind forces acting on safe rooms around 8 times higher than
those in a standard building located in wind zone 4, where the FEMA-P-361 (2015)
design wind speed is 250 mph, while the IBC (2009) design wind speed is only 90
mph.

The second step of the design is testing a structure component (eg. wall or roof
sub-assembly) for resistance‘ to wind-borne debris according to the criteria set by
FEMA or ICC. The tornado missile testing for both FEMA-P-361 (2015) and ICC-500
(2014) uses 15 pound 2x4 inch framing specimen impacting the target at a test speed of
80-100mph vertically. The missile impacts the target at 2/3 of this speed horizontally.
Researchers at the Debris Impact Facility of the National Wind Institute at Texas
Tech University have tested various structural and non structural components, such
as wall assemblies, roof assemblies, doors and windows. The results are the basis

for current design guidelines (FEMA-P-361, 2015; ICC-500, 2014) for safe rooms or
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storm shelters.

This thesis follows the design guideline set by FEMA-P-361 (2015) for safe rooms.
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Chapter 3

Motivation

April 2011 was a historic time for tornadoes in United States. Some of the most
destructive and deadliest tornado events have occurred, and the super outbreak of
wind storms was responsible for the death of 369 people, tens of thousands of injuries,
and a total damage cost surpassing 2 billion dollars (NOAA, 2011b).

There were 6 ditferent sets of outbreaks with the worst one occurring between
April 25th-28th when 305 tornadoes were estimated to have occurred, with 190 funnel
clouds touching down between the 27th and 28th of April. Out of these 190 tornadoes,
approximately 25% were at and above high intensity on the Enhanced Fujita (EF)
Scale (NOAA, 2011b). Three tornadoes were EF-5  twelve were EF-4, and twenty
were EF-3 and together they were responsible for the death of nearly 350 people,
mostly in Alabama. The greatest damage occurred due to the 1.5 mile-wide EF-
4 tornado that travelled on the ground for over 80 miles, at a velocity of 190mph.
It ravaged the cities of Tuscaloosa and Birmingham, killing 65 people, with over a
thousand injuries, making it the deadliest tornado since the Kansas tornado of May
25, 1955 that killed 80 people (NOAA, 2011b). Figure 3-1 shows the total number of
tornadoes that occurred during April 2011.

These devastating events show the importance of a structurally sound shelter with
economically feasible designs for new buildings & retrofit of the existing ones. When
a tornado hits a built structure, a debris missile can penetrate walls or roof, which

will lead to wind pressure entering the structure and pushing on the walls from the
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Figure 3-1: April 2011 tornado occurrences
Source: NOAA (2011b)

inside. As the wind pressure acting on the inside increases, the lateral forces on the
walls rise, which may result in failure of the structure. This kind of failure sometimes
looks like the building had exploded, which previously has led to the mistaken theory
of the need to balance the inside and outside pressures on a building by opening a
door or window. However, any opening in the structure will lead to an increase in
pressure on the building and therefore it is important to design shelters to have wall
and roofs that can withstand damage and perforation from flying debris or missiles

(FEMA-P-320, 2014).
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Chapter 4

Literature Review

4.1 Current Status of Research

Research initiated by the U.S. Military is responsible for the majority of present
knowledge related to ballistic and missile impact study. This is due to the necessity
of having protective structures in military bases and in war zones. Since the early
1900s, the US Army has been conducting studies on the effect of missile impact on
concrete and steel structures (Amirikian, 1950). In recent years, research in non-
military applications, especially related to hurricanes & malevolent activities aimed
at civic infrastructures, has increased (Dorshorst, 2013; Sassa et al., 2009; Antaki,
2009).

A study by Lin et al. (2007) utilized experimental and numerical methods to
evaluate the trajectory of wind borne debris in horizontal winds. This study showed
that the “ratio of horizontal debris speed to wind gust speed is primarily a function
of the horizontal distance traveled by the debris as it accelerates toward the wind
speed”, which may be valuable to institute a debris impact standard. This research
used compact and rod type missiles to represent timber framing and roof gravel.

A numerical model of the trajectory of plates in windstorms was developed by
Holmes et al. (2005) and was compared to the results from experimental tests, done
in wind tunnels by Tachikawa (1983). The purpose of this research was to have greater

understanding of wind borne debris impacts under severe wind conditions.
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Holladay (2012) performed an impact test on an aluminum plate and an aluminum
mesh double bumper shield and compared the results to the ballistic limit equation
that was developed for aluminum monolithic shield by NASA (2009). Holladay (2012)
used a Magnetic Rail Gun to fire the missile, which was a rectangular cube weighing
1 gram (0.0022 lbs), at a speed of 280 £ 50 m/s (918 £+ 164 ft/s). For the plate,
the experimental result was similar to the calculated value; however, for the mesh it
was discovered that the ballistic limit equation gives a conservative result. The mesh
design according to the experimental study could lead to material savings of 23%.

National Aeronautics and Space Administration (NASA) research on the impact
of orbital debris on spacecraft at very high speeds, which can lead to damage or failure
of systems, produced a three-part ballistic limit equation which can be used in the
design of spacecraft walls to withstand missile impact under hyper-speed of up to 7
km/s (15,658 mph). Schonberg (2008) discusses these ballistic limit equations and

their limits.

4.2 Calculating for Perforation and Penetration

4.2.1 Concrete Target

When studying the effect of missile impact on a concrete structure, there are two
main effects that need to be examined: penetration depth and perforation limit.

Penetration depth (x) is the depth to which missile enters a massive concrete
target without passing through the back of the target, as shown in Figure 4-1 (Li
et al., 2005). Three core factors that influence the penetration depth are the physical
properties of the missile, such as weight and size, the impact speed of the missile, and
the material characteristics of the target (Amirikian, 1950).

Perforation Limit (e) is the thickness of the target through which the missile will
pass all the way through the target and come out in the back, as shown on Figure 4-2
(Li et al., 2005). In most methods, the perforation limit is a factor of the penetration

depth. Both penetration depth and perforation limit are measured in inches.
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Figure 4-1: Penetration depth for missile entering concrete target (sketch by author)

.
—

Figure 4-2: Perforation limit for missile passing through concrete (sketch by author)

Other effects are involved in the study of missile impact such as scabbing, which is
the expelling of fragments of concrete from the back surface of the target and spalling,
which is the expelling of fragments of concrete from the front surface of the target
(Li et al., 2005). However, these two effects are not considered in this thesis.

Below is a list of methods selected for analyzing the penetration depth and per-

foration limit.

Modified Petry Formula

Modified Petry Formula is the oldest available expression for penetration depth
(x) which was developed in 1910 for military conditions such as impact of bullets
and rocket-assisted bombs (Amirikian, 1950). It is based on the equation of motion
having a constant instantancous resisting force and the component drag-resisting force

dependent on the square of the impacted velocity (Li et al., 2005). The Modifed Petry
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Formula for perforation limit (e) was proposed by Amirikian (1950):

e=2z (Eq. 4.1)

2
where, r = 12KP% logyg (1 + 21;/000)

M is the weight of the missile in pounds, V is the speed at which the missile
impacts the target in ft/s, and d is the missile diameter in inches. The Petry formula
also considers the influence of target reinforcement and is represented by the concrete
penetrability coeflicient K, which is equal to 0.00426 for normal reinforced concrete,
0.00284 for special reinforced concrete and 0.0079 for plane or unreinforced concrete

(Li et al., 2005).

Ballistic Research Laboratory (BRL) Formula

The Ballistic Research Laboratory (BRL) formula for penetration depth (x), de-
veloped in 1941, originally assumed a compressive strength of the concrete target
to be 3000 psi, but was later revised to be applicable to a broader range of targets
(Kosteski et al., 2015). The BRL Formula for perforation limit (e) was proposed by
Chelapati & Kennedy (1972):

e=1.3z (Eq. 4.2)

427 (MY oo VB
where, = = \/ﬁ(ﬁ?)do (m)

fl is the compressive strength of the target in psi. Parameters M, V, & d are the

same as in Eq. 4.1.

Army Corps of Engineers (ACE) Formula

The Army Corps of Engineers (ACE) estimated the perforation of concrete based
on the highly documented experimental research done by the US Army and the Ballis-
tic Research Laboratory (Gwaltney, 1968). The experiment was performed on targets

with massive thickness relative to missile size being impacted by non-deformable mis-
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sile at a high velocity, where a 6” diameter cylindrical missile weighing 100 lbs will
have a perforation limit above 3 ft for a missile impact speed of 1000 ft/s (Gwaltney,
1968):

e=1.23d + 1.07z. (Eq. 4.3)

2826 (M oas( V \'°
where, Tr = —\/7 <ﬁ) do (m) + 0.5d

Parameters M, V, d are the same as in Eq. 4.1 and f! is the same as in Eq.
4.2. There are limits on the applicability of this expression, which are a missile
diameter between 1 and 16 inches, missile weight between 0.4 and 2500 pounds, target

compressive strength ranging between 1500 to 8000 psi and missile speed ranging

between 500 and 3000 ft/s (Gwaltney, 1968).

Modified National Defense Research Committee (NDRC) Formula

Based on the ACE formula, the National Defense Research Committee (NDRC)
proposed a theory in 1946 stating that, for a small penetration depth, the contact
force between the target and projectile increases linearly until it reaches a maximum
value. For any combination of values of parameters, this maximum contact force can
be assumed to remain constant for small penetration depth (Li et al., 2005). The
experiments were done using 0.5 caliber hardened steel missile, striking the target

that has thickness between 3 to 18 inches, at an impact velocity ranging between 600

and 2000 ft/s (NDRC, 1946):

2

e =319z — 0.718% for % <1.35 (Eq. 4.4a)
e=1.32d+124z for 1.35<§ <135 (Eq. 4.4b)

where, = =2dG*® for G>1

z=d(G+1) for G1
o 18ON'M [V e
~dy/fi \1000d
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N is the nose shape factor of the missile with values 0.72 for flat nose, 0.84 for
hemispherical nose, 1.0 for blunt nose and 1.14 for very sharp nose. Parameters M,
V, d are the same as in Eq. 4.1 and f] is the same as in Eq. 4.2. Originally, the
Modifed NDRC Formula used a concrete penetrability factor (K),) similar values to
the Modified Petry formula. In 1966, a replacement Modified NDRC Formula, based
on the reciprocal relationship between concrete penetrability coeflicient (K),) and its

1
80 (Li et al., 2005).

VT

compressive strength (f.) in psi, was proposed: k =

Kar Formula

Kar Formula applied regression analysis to revise the Modified NDRC Formula
(Eq. 4.4) to account for the type of missile material and the size of aggregates in the
target (Li et al., 2005). When the missile is made of steel, the penetration depth will
be the same as that given in the Modified NDRC Formula. However, the perforation
limit, e, will still be different from the Modified NDRC Formula since the limit takes

the aggregate size into consideration.

2
e =319z — 0.718% ta for

IN

1.35 (Eq. 4.5a)

e=132d+1.24z+a for 1.35<

IA

13.5 (Eq. 4.5b)

R als

where, z = 2dG*® for G >1
r=d(G+1) for G1
o 180N*M ( E L35 oy, \18
4 \E, 1000d

E, is the modulus of elasticity of steel in ksi, E is modulus of elasticity of the
missile in ksi, and a is half the aggregate size in the target in inches (Li et al., 2005).

Parameters M, V, d are the same as in Eq. 4.1 and f! is the same as in Eq. 4.2.

Hughes Formula
Hughes (1984) used experimental test results and data inferred from the NDRC
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equation to develop the penetration formula based on the assumption that the re-
lationship between impact force and penetration depth is parabolic. The main im-
provement over the NDRC formula is that Hughes took the brittle nature of concrete

failure into consideration.

e=36x for §<0.7 (Eq. 4.6a)
e=158z+1.4d for g > 0.7 (Eq. 4.6b)
0.19dNyp 1},
where, r=—7——
S
MV?
I =22
"

S = 1.0+ 12.31n(1.0 + 0.031,)

I, is the impact factor in terms of the concrete tensile strength (f{) in psi, where
and N}, is the nose shape factor of the missile with values 1.0 for flat nose, 1.26
for spherical nose, 1.12 for blunt nose and 1.39 for very sharp nose (Hughes, 1984).

Parameters M, V, d are the same as in Eq. 4.1.

Degen Perforation Formula

Degen (1980) proposed a new perforation formula after performing statistical anal-
ysis on experimental data from numerous investigations such as the “Study on the
penetration of reinforced concrete slabs by rigid missiles” by Goldstein & Berriaud

(1977).

2

e =221 — 0.3% for g < 1.52 (Eq. 4.7a)
e=0.69d+ 129z for 2.65<§ <18 (Eq. 4.7b)

where, x — penetration depth from Eq.4.4

Parameter d is the same as in Eq. 4.1. There are limits on the applicability of

this formula: the diameter of missile is between 3.94 and 12.20 inches, wall target
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thickness is between 5.9 and 24 inches, target compressive strength ranges between

82 to 1020 psi and missile speed ranges between 4119 and 6251 ft/s (Li et al., 2005).

Chang Formula

Chang used homogeneous dimensionless equation to develop semi-analytical for-
mulas for perforation of a target impacted with solid steel missiles. The coefficients
for this formula were determined using Bayesian statistics which was better fit to

the available data than the classical statistical method for estimating limitations (Li

et al., 2005). o
U 0.25 MV )

where u is a reference velocity equal to 200 ft/s (Li et al., 2005). Parameters M,

V, d are the same as in Eq. 4.1 and f}, is the same as in Eq. 4.2.

Adeli and Amin Formula

Adeli & Amin (1985) adapted the impact factor, I,, introduced by Haldar et al.
(1983), based on experimental tests conducted in Europe and USA, to illustrate the
relationship they observed between the impact factor and penetration depth. They

discovered best fit for this relationship to be quadratic and cubic polynomial.
e = 1.8685d + 0.4035d], — 0.0114dI,> for 0.3< I, < 4 (Eq. 4.9)

where, = = 0.0416d + 0.1698dI, — 0.0045d1,2 for 0.3 < I, <4
z = 0.0123d + 0.196dI, — 0.008dI,> + 0.0001d1,> for 4 <1, <21

x = 1.8685d + 0.4035dI, — 0.0114dI,>2  for 0.3 < I, <21

MNV?
le= "5

The limits on the applicability of this formula are missile diameter less than 11.8
inches, ratio of wall thickness over diameter between 0.7 and 18, ratio penetration

depth over diameter ranging between 0.7 to 18, missile weight ranging between 0.24
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and 756 pounds and missile velocity between 88.5 and 1023 ft /s (Adeli & Amin, 1985).

Parameters M, V, d are the same as in Eq. 4.1 and f! is the same as in Eq. 4.2.

CRIEPI Formula

The model of the Central Research Institute of the Electric Power Industry (CRIEPI)
of Japan proposed a non-dimensional perforation limit to modify the Chang Formula

Li et al. (2005).

w025 / MV2\%°
e=0.9d(v) ( 7 d3) (Eq. 4.10)

where parameters M, V, d are the same as in Eq. 4.1 and f! is the same as in Eq.
4.2. This formula is applicable for targets with a compressive strength less than 9891
psi Ben-Dor et al. (2013). The CRIEPI Formula was based on experimental testing
done using 2.36” diameter missile weighing 4.41b impacting a target with 3911 psi

compressive strength at speed ranging between 200-800 ft/sec.

4.2.2 Steel Target

There are two perforation limit formulas for analyzing steel targets, where T}, is

the thickness of the steel target at which the missile will just have perforated it.

Ballistic Research Laboratory (BRL) Formula

The Ballistic Research Laboratory (BRL) perforation limit formula was derived
for steel targets based on experiments performed by the Ballistic Research Laboratory
using cylindrical projectiles with small diameter and long length, impacting very thin

targets (Gwaltney, 1968).

2
(%)’
T, =29/ (Eq. 4.11)

672d

where M is weight of the missile in pounds, V is the speed at which the missile

impacts the target in ft/s, and d is the missile diameter in inches.
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Stanford Research Institute (SRI)

The Stanford formula was derived through experimental data where the target’s

bilateral tension stress reduces the ultimate tensile strength.Gwaltney (1968)

E__S5
d 46500

W Tp) (Eq. 4.12)

16,0007}, + 1500 W

where E is critical kinetic energy required for perforation in ft—Ib, S is ultimate
tensile strength of the steel target in psi, W is the span between rigid supports in
inch, W, is standard width equal to 4 inch, M is weight of the missile in pounds, V is
the speed at which the missile impacts the target in ft/s, and d is the missile diameter

in inches (Gwaltney, 1968). Solving directly for the perforation thickness:

MV? w2 114
T, = \/ 0.045— o+ 0.0022 (W’) — 0.047W—3. (Eq. 4.13)

Limits on the applicability of this formula are: a ratio of target thickness to missile
djameter between 0.1 and 0.8, ratio of rigid support span to missile diameter between
5 to 8, ratio of rigid support span to perforation thickness between 8 to 100, ratio
of missile thickness to missile length between 0.002 to 0.05, ratio of missile length to

missile diameter between 10 to 50, and missile velocity ranging between 70 to 400 in

ft/s.(Gwaltney, 1968)

4.3 Experimental Testing of Building Materials for

Tornado Events

The National Wind Institute (NWI), the nation’s leading wind research institute,
was established at Texas Tech University in 2012 to perform research on wind sci-
ence, wind energy, wind engineering and wind hazard mitigation in order to offer
solutions for wind related problems. One major component of the NWI is a debris
impact facility, a laboratory which performs “debris impact tests on storm shelters,

shelter components and building materials in order to develop the safest, most impact-
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resistant materials to better protect individuals” (TTU, 2017). The pneumatic cannon
at the debris impact facility can produce wind speeds over 250 mph which is used to
perform missile impact test on construction materials and components in a controlled
environment based on the criteria set by FEMA. These tested materials are used by

architects and engineers to design a shelter that will remain intact during a storm

event (TTU, 2017).
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Chapter 5

Analysis

5.1 Selecting Applicable Methods

As discussed in Chapter 4, the formulas described were derived from experimental
data obtained in different disciplines, such as blast design for military applications.
Therefore, they might not be directly applicable in tornado-resistant design of safe
rooms.

The purpose of this thesis is to determine the viability of these currently available
methods for predicting penetration depth and perforation limits by performing the
analysis using parameters that would produce results relevant for tornado impact on
buildings.

For the purpose of this thesis, a failed structural component, slab or wall, is defined
as having a thickness less than or equal to the perforation limit.

Each of the formulas are analyzed using missile impact criteria prescribed in
FEMA-P-361 (2015), as described in Section 5.2 and 5.3 . Assumptions are made
for the compressive strength in concrete targets and for the ultimate tensile strength
in steel targets, as shown in Section 5.2 and 5.3.

The perforation values from this analysis are compared with the range of thick-
nesses of the building components experimentally tested by Texas Tech University,
shown in Table 5.3, and the most relevant formulas are selected. The limits of appli-

cability that are associated with each formula are also considered in the selection or
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elimination of a formula.

The selected formulas are analyzed for different missile speeds and missile weights
to choose the most significant formula for the design of wind-borne debris impact of
safe rooms. These formulas give engineers freedom when designing safe rooms, where
they will not be dependant on testing building component assemblies to resist missile
impact but can analytically design different components thickness as needed for the

project.

5.2 Concrete Target

As shown in Chapter 4, majority of the formulas have four common inputs that

are related to the missile and the target. These are:
Weight of missile in pounds (M)
Diameter of missile in inches (d)
Velocity of missile in foot per second (V)
Compressive strength of concrete in pound per square feet (f’c)

Table 5.1 presents the analysis of the different methods discussed in Chapter
4 for calculating of perforation limit and penetration depth of concrete targets, to
determine their correlation and differences. For all the evaluations of these methods,
the tornado missile impact criteria as prescribed by FEMA-P-361 (2015) is used for

the input values listed below:

M----- Based on FEMA 2x4 timber framing test missile weighing 15 lbs
(FEMA-P-361, 2015)

d----- Based on the diagonal length of 2x4 timber framing which has a

nominal size of 1.5 inches by 3.5 inches. The diagonal length is 3.81 inches.

Vo-ooo- Based on FEMA criteria for horizontal missile speed which is 100
mph (147 ft/sec) (FEMA-P-361, 2015).

36



fr----- Assumed value of 4000 psi based on the standard compressive

strength for a slab or a wall, for all formulas except Modified Petry Formula.

For evaluation using Modified Petry Formula (Eq. 4.1), normal reinforced concrete
is assumed, where the concrete penetrability coefficient (K,) is equal to 0.00426.

For evaluation using Modified NDRC formula (Eq. 4.4), Kar formula (Eq. 4.5),
Hughes Formula (Eq. 4.6) and Adel & Amin Formula (Eq. 4.9), the 2x4 timber
framing missile has a flat nose shape, where the nose shape factor (N) is 0.72 for
Modified NDRC Formula (Eq. 4.4) , Kar Formula (Eq. 4.5) and Adel & Amin
Formula (Eq. 4.9) and the nose shape factor (N,) is 1.0 for Hughes Formula (Eq.
4.6) . The Hughes Formula (Eq. 4.6) calculates the impact factor (I;) in terms of
the concrete tensile strength (f;), where fi = 7.5, /..

As discussed in Chapter 4, Kar Formula (Eq. 4.5) also considers the material
property of the missile. For the purpose of this thesis, the missile made of 2x4
Southern Pine grade No. 2 is assumed, where its modulus of elasticity (E) is 1400
ksi (NDS, 2015). The modulus of elasticity for steel (E;) is 29,000 ksi (Salmon
et al., 2009). Kar Formula (Eq. 4.5) takes the aggregate size of the concrete target
into consideration, where an average aggregate size of 3/8 inches is assumed. The
parameter ’a’ in Kar Formula represents half the aggregate size, which has an assumed
value of 0.1875 inches.

The Degen Formula (Eq. 4.10) uses the same penetration depth value as the
Modified NDRC Formula (Eq. 4.4).

As discussed in chapter 4, there arc limits to the applicability of these formulas.
The ACE Formula (Eq. 4.3), Modified NDRC Formula (Eq. 4.4) and Degen Formula
(Eq. 4.7) are only applicable for very high missile impact speeds, 500 to 2000 ft/s,
600 to 2000 ft/s and 4119 to 6251 ft/s, respectively. Degen Formula (Eq. 4.7) also
has a limit related to the compressive strength concrete target where it’s only relevant
for a range of 82 to 1020 psi.

Table 5.1 shows all the inputs parameters as well as the calculated perforation
limit (c), in inches, using all the different formulas. The new MatLab [Mathworks,

Version R2016b] Code shown in Appendix B was created to evaluate all these formulas

37



8€

Modified BRL ACE Modified Kar Hughes Degen  Chang  Adell & CRIEPI
Petry Formula Formula NDRC  Formula Formula Formula Formula Amin Formula
Formula Formula Formula

M 15 15 15 15 15 15 - 15 15 15

d 3.81 3.81 3.81 3.81 3.81 3.81 - 3.81 3.81 3.81

A% 147 147 147 147 147 147 - 147 147 147

K,  0.00426 - - - - 3 : ’ - .

i - 4000 4000 4000 4000 4000 - 4000 4000 4000

: - - - - - 474 ; - ; -

N 5 ’ : 0.72 0.72 : y . 0.72 ,

Ni - - - . - 1.0 - - - -

E, - - - - 29000 - - - - -

E = - - - 1400 - - - - -

a - - - - 0.1875 - - - - -

g - . - 0.0230  0.0005 - - . - .

L - - ; - - 12.3555 - ; . :

I - - - - - - - - 1.0549 -

S 2 5 5 . ; 48781 - . - .

d ) _ ] - ; - ; 200 : 200

% 0.0021 0.7118 2.2519 3.8977 3.812 1.8335 3.8977 - 0.8219 -

e 0.0044 0.9253 7.0959  9.5708 9.6093 6.6007  7.3788  4.9808  8.6924  4.4327

198IR], 99010U00) JO SISATRUY :T°G 9[(8],



using the parameters discussed above.

When looking at table 5.1, there are three different groups of perforation limit
results.

In the first group are Modified Petry Formula and BRL Formula, where the perfo-
ration limit is less than 1 inch, which is considerably smaller than the range of thick-
nesses of experimentally tested concrete components, performed by TTU as shown
on Table 5.3. This is probably due to the fact that both formulas were developed for
impact of bullets and bombs, as such assume high missile speed.

In the second group are Modified NDRC Formula, Kar Formula and Adell &
Amin Formula, where the perforation limit is higher than 8 inches, surpassing the
thickness of all the experimentally tested concrete components shown on Table 5.3.
Kar formula and Modified NDRC Formula are related to each other, where Kar
Formula is revised from the Modified NDRC Formula, making the similar solution
reasonable. The discrepancies between the thickness of the tested components and
the calculated perforation limit is due to the limits in the applicability of the Modified
NDRC Formula, where it is only relevant for missile speed higher than 600 ft/s. Adell
& Amin Formula is applicable for wide range of missile weights and speeds, 0.24-756
lIbs and 88.5-1023 ft/s, respectively. However the ratio of the penetration depth over
the missile diameter, which is 0.215 is less than the applicable range of 0.7 to 18
making it unsuitable for calculating perforation limit due to tornado missiles.

In the third group are five formulas with perforation limit ranging between 4 to 7
inches, which is close to the range of the experimentally tested components shown on
Table 5.3. However, two of the formulas, ACE Formula and Degen Formula, are not
applicable since they are only relevant for a high missile speed, above 500 ft/sec and
4119 ft/s respectively. Degen Formula is also limited by its restriction on the target
compressive strength (f. ) where it only applies for f. less than 1020 psi. These
limits can explain the difference between the calculated perforation limit and the
experimentally tested thickness.

This leaves the three relevant formulas, Hughes Formula, Chang Formula and

CRIEPI Formula, where there are no limits preventing them from being used to
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analyze the peroration of concrete target due to wind-borne missiles in tornado event.

5.3 Steel Target

For steel targets, there are only two current methods for analyzing perforation
limit (7},) which are the BRL Formula and SRI Formula, as discussed in chapter 4.
As with concrete targets, both methods take into consideration the missile diameter
(d) in inches, missile speed (V) in ft/s, and missile weight (M) in pounds. Similar to
the analysis of concrete targets, the values for the missile characteristics are based of

the FEMA-P-361 (2015) criteria, which are:

M----- Based on FEMA 2x4 timber framing test missile weighing 15 lbs
(FEMA-P-361, 2015)
d----- Based on the diagonal length of 2x4 timber framing which has a

nominal size of 1.5 inches by 3.5 inches. The diagonal length is 3.81 inches.

V-o-o-- Based on FEMA criteria for horizontal missile speed which is 100
mph (147 ft/sec) (FEMA-P-361, 2015).

In addition to these parameters, the SRI Formula also considers target properties
such as ultimate tensile strength (S) of the steel target equal to 58,000 psi for A36
steel and an assumed span between rigid supports (W,) of 24 inch for typical timber
house stud spacing (Salmon et al., 2009).

Table 5.2 shows all the inputs as well as the calculated perforation limit (7))
using the two available formulas, BRL Formula and SRI Formula. The new MatLab
[Mathworks, Version R2016b] Code shown in Appendix B was created to evaluate

these formulas using the parameters discussed above.

Table 5. 2 Analysm of Steel Target

| BRL Formula  SRT Formula ]|

M 15 15

d 3.81 3.81

\% 147 147

S - 58,000

W‘i - 24

W - 4

T, 01147 0.099
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Both BRL Formula and SRI Formula provide calculated values within the range
of the experimentally tested components thicknesses provided in Table 5.3. Therefore
both formulas are useful and relevant in the design of impact resistant structure from

wind-borne debris, in a tornado event.

5.4 Tested Construction Materials

Table 5.3 shows a selection of building components that were tested by the Debris
Impact Facility at Texas Tech University TTU (2004). It shows the missile threshold

speed above which the concrete and steel targets were perforated.

Table 5.3: Experimentally Tested Materials by TTU
Source: TTU (2004)

Target Type Missile Speed mph(ft/sec) Missile Weight, (Ib)
2” thick concrete 26 (38) 15
3" thick concrete 102 (150) 15
4" thick concrete 162 (238) 15
6" thick concrete 102 (150) 15
4”7 thick concrete 121 (177) 13.5
4" thick concrete 147 (215) 14
6" thick concrete 140 (205) 13.75
6" CMU (5.625”) 111 (163) 15
8”7 CMU (7.625") 121 (177) 15
12 ga. steel plate (0.1093”) 105.2 (154.2) 15
14 ga. steel plate w/
2 layers of 3/4” plywood 100.9 (147.9) 15
(0.07817)
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Chapter 6

Results

6.1 Concrete Target

Two types of concrete targets are considered in this thesis. The first type is cast-in
place (CIP) or precast concrete, wall or slab of any size, cast around the reinforcing
steel using a concrete mix with an assumed compressive strength of 4000 psi. The
only difference between precast and CIP concrete is the former comes to construction
site as a module after the concrete has already set while the later is cast on site. All

the formulas discussed in chapter 4 were developed for this type of concrete structure.

The second type of concrete target considered in this thesis is Concreté Masonry
Units (CMU). CMU walls are constructed from rectangular blocks made from cast
concrete. The most common CMU block in the US has two hollow cores, known as
cells. Nominal dimensions of an 8 inch CMU unit are 8 inch thickness, 16 inch length
and 8 inch height. Vertical reinforcement bars are placed in the cells to strengthen
CMU walls. The cells with vertical reinforcement need to be filled with grout so that

the rebar can bond with the wall.

The main difference between the properties of CIP/ precast concrete and CMU
are due to the compressive strength of the concrete mix. A regular Type M mortar

CMU has compressive strength of 1900 psi.
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6.1.1 Cast-in-Place/ Precast Concrete

The analysis from chapter 5 was used to select the best methods for evaluating
the perforation of concrete targets. As shown in chapter 5, when relating calculated
perforation limits to tested materials, Modified Petry Formula and BRL Formula
produced perforation values equal 0.0044” and 0.9253”, respectively. These are sig-
nificantly lower values than the thicknesses of tested concrete walls (2”7 to 6”) as

shown in Table 5.3.

On the other side, the values obtained from Modified NDRC Formula, Kar For-
mula, and Adel & Amin Formula were equal to 9.5708”, 9.6093” and 8.6924”. These
values surpass the maximum 6” thickness of concrete tested by TTU (2004). Degen
Formula and ACE Formula produced values equal to 7.3788” and 7.0959”, respec-
tively, which is close to the maximum 6” of concrete thickness tested by TTU. How-
ever, they were eliminated from consideration due the limits on their applicability

where they are only reliable for missile speéd higher than 500 ft/s.

This left three formulas that produced perforation limit between 4 and 6 inches
which is within the thickness range of tested walls. These are Hughes, Chang and
CRIEPI formulas and the perforation limit values are 6.6007”, 4.9808” and 4.4827",
respectively. The new MatLab [Mathworks, Version R2016b] Code shown in Appendix
B was utilized to evaluate the latter three methods for different missile weights and
speeds shown in Table 6.1. Concrete target compressive strength of 4000 psi and

missile diameter of 3.81 inches was assumed for all the evaluations.

Table 6.1 shows the calculated perforation limit of CIP or precast concrete target
for different missile weights and missile speeds. It also shows the concrete target
thicknesses of the experimentally tested components by TTU, for the same missile

speed and weight used for calculating the perforation limit.

For a missile speed of 38 ft /s, all three methods determine an estimated perforation
limit lower than the tested sizes shown on Table 5.3. However, as the missile speed

increases, the formulas overestimate the perforation.
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Table 6.1: Results for CIP or Precast Concrete

i ~ Target  Thickness
Formulas M (Ib) V (ft/sec) e (in) Experimentally

BN Tested by TTU (in)

Hughes Formula! 15 38 1.65 2

15 150 6.68 3

13.5 177 7.41 4

14 215 8.23 4

13.75 205 7.92 6

Chang Formula? 15 38 1.80 2

15 150 5.06 3

13.5 177 5.43 4

14 21:5 6.39 4

13.75 205 6.11 6

CRIEPI Formula?® 15 38 1.62 2

15 150 4.55 3

13.5 177 4.88 4

14 215 5.75 4

13.75 205 5.50 6

! Hughes (1984), 2 Li et al. (2005)

This is especially true for the Hughes formula which gives a perforation limit of
6.68” and 8.23" at a missile speed of 150 ft/s and 215 ft/s, respectively. These values
are double the size of the experimentally tested thicknesses, which are 3” and 4”
respectively.

Chang Formula provides a better estimation than Hughes Formula, with perfora-
tion limit values of 5.06” and 5.43” for the same missile speeds of 150 ft/s and 215
ft /s, respectively. However, these values are still 70% and 40%, respectively, higher
than the experimentally tested thicknesses.

None of the formulas offer estimation that closely aligns with TTU testing param-
cters. However, out of the three, the CRIEPI formula has the closest relationship to

the tested values with perforation limit values of 4.55” and 4.88” at a missile speed
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of 150 ft/s and 215 ft/s, respectively. These values are only 34 % and 18 % higher
than the experimentally tested thickness which are 3” and 4” respectively.

The CRIEPI Formula was based on experimental testing done using 2.36” diam-
eter missile weighting 4.4 1b impacting a target with 3911 psi compressive strength
at speed ranging between 200-800 ft/s. These experiment criterion are the closest
to that of the missile testing guidelines set by FEMA-P-361 (2015) for the design of

tornadoes.

The 4.4 1b missile weight used in deriving the CRIEPI Formula is less than 15
1b missile weight prescribed by FEMA-P-361 (2015). However, the missile speed has
greater influence on the peroration limit than the missile weight. This can be seen
by comparing the 4.55” perforation limit calculated for 15 1b missile at a speed of
150 ft/sec with the 5.75” perforation limit calculated for 14 1b missile at a speed of
215 ft/sec. Even thought the missile weight decreased by 7%, the perforation limit
increased by 26 % because the missile speed increased by 43%

Therefore, this formula can be used to estimate the thickness of a concrete safe

room wall and slabs.

6.1.2 Concrete Masonry Units (CMU)

Concrete masonry units (CMU) are used for construction of walls in most small
shelters and as such have to be able to resist the impact of flying debris. Even though
none of the formulas were derived for CMU, they can still be applicable because
CMU is a concrete cast block, as described in section 6.1. The compressive strength of
regular Type M mortar CMU is 1900 psi, which is used for the analysis shown in Table
6.2. Same as for the cast-in-place concrete, a missile diameter of 3.81 inch was used.
Table 6.2 lists the calculated perforation limit of CMU target for two different missile
speeds. It also shows the concrete target thicknesses of the experimentally tested
components by TTU, for the same missile speeds used for calculating the perforation
limit. Both of the experimentally tested 6” and 8 CMU walls are reinforced with

grout and 4 rebar in every cell.
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Table 6.2: Results for Concrete Masonry Units

Lot S El e : ’-]i‘_a.rget Thickness
Formul&s M Expenmenta,lly '

| .~ Tested by TTU (in)
Hughes Formula! 15 163 7.9 6” CMU (5.625”)
15 177 837 8 CMU (7.625")
Chang Formula? 15 163 7.8 6” CMU (5.625”)
15 177 830 8 CMU (7.625")
CRIEPI Formula® 15 163 7.0 6” CMU (5.625")
15 177 7.476 8" CMU (7.625")

! Hughes (1984), 2 Li et al. (2005)

Similar to the cast in place concrete, Hughes Formula and Chang Formula overes-
timate the perforation limit for CMU targets when compared to the experimentally
tested thicknesses. However both formulas give a closer estimation for CMU than
for CIP concrete. For a missile speed of 177 ft/s, the perforation limit values ob-
tained from Hughes Formula and Chang Formula are 8.37” and 8.30”, respectively.
These values are only 10% and 9%, respectively, higher than the experimentally tested
component which is an 87 CMU wall reinforced with grout and 4 rebar in every cell.

However for the lower missile speed of 163 ft/s, the perforation limit values ob-
tained from Hughes Formula and Chang Formula are 7.9” and 7.8”, respectively,
where these values are 40% and 38%, respectively, higher than the experimentally
tested component which is a 67 CMU wall reinforced with grout and 4 rebar in every
cell.

Therefore the CRIEPI Formula is the best estimator out of the three methods.
For the missile speeds 163 ft /s and 177 ft/s, the perforation limit values obtained from
CRIEPI Formula are 7.0” and 7.476”, respectively. There is only a difference of 24%
and 2%, respectively, between the calculated perforation limit and the experimentally
tested components, which are 87 CMU wall and 6” CMU wall, respectively, reinforced

with grout and 4 rebar in every cell. .
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These calculated perforation limit values also show that each cell of the concrete
masonry units has to be filled with grout to full height in order to resist the missile
impact since all the calculated values are larger than the face shell thickness of 8" or

6” CMU, which is only between 1-1.5".

6.2 Steel Target

For steel targets, there are only two methods for determining the perforation
limit, BRL & SRI, and both were evaluated for assemblies with wall studs spaced at
24 inches and the steel target attached with metal screws at 16 inches spacing. The
ultimate tensile strength of the target is assumed to be 58,000 psi. Table 6.3 lists
the calculated perforation limit of steel target at two different missile speeds. It also
shows the steel target gauge and thicknesses of the experimentally tested components
by TTU, for the same missile speeds used for calculating the perforation limit. The
14 ga experimentally tested thickness shown on Table 6.3 is part of a wall assembly

that has an additional 2 layers of 3/4” plywood on top the steel target.

Table 6.3: Results for Steel

P Y T e

Formulas M (Ib) tall
i sted by TTU (in)

BRL Formula! 15 147.9 d.118 14 ga. (0.0781")
15 1542 0122 12 ga. (0.1093")
SRI Formula' 15 147.9 0.100 14 ga. (0.0781”)
15 1542 0.108 12 ga. (0.1093")

! Gwaltney (1968)

The perforation limit values from both BRL Formula and SRI are closely related
to the thickness experimentally tested by TTU (2004). For missile speed of 154.2 ft /s,
the perforation limit values obtained from BRL Formula and SRI Formula are (0.122”

and 0.108”, respectively. There is only 11% and 2%, respectively, difference between
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these values and the thickness of the experimentally tested steel target component
which is 12 gauge or 0.1093” thick. However, for the missile speed of 147.9 ft/s, there
is a bigger discrepancy between the calculated perforation limit and the test thickness,
where the perforation limit values obtained from BRL Formula and SRI Formula are
0.115” and 0.100”, respectively. These values are 47% and 28%, respectively, higher
than the experimentally tested assembly with the 14 gauge or 0.0781” steel target.
This discrepancy is due to the fact that the wall assembly with the 14 gauge steel plate
has an additional 2 layers of 3/4” plywood and both values from perforation limit
calculation do not take the resistant capability of this plywood into consideration.
Boﬁh BRL Formula and SRI Formula can offer useful prediction for the perforation
limit of steel target and are therefore relevant in the design of wind-bore debris impact

during a tornado event.

6.3 Application

As disused in Chapter 2, there are two steps in designing safe rooms according
to FEMA-P-361 (2015). The first step is designing the building for wind pressure
similar to any wind design but for a much higher speed, that may reach up to 250
mph. This step of the design process is not changing and continues as per current
practice.

The main purpose of this thesis is to give engineers more freedom in the second
step of the design process which is designing the structural components to resist
wind-borne debris impact. Currently, impact resistance design is purely dependant
on testing of structural and non structural components, such as wall assemblies, roof
assemblies, doors and windows. These components that can withstand the impact
testing criteria set by FEMA-P-361 (2015) are then used in construction of safe rooms
in conjunction with the first step of the design process.

However this dependence on experimentally tested building components puts a
limit on the engineer’s flexibility in the design process since the tested assemblies

have to be built exactly as prescribed by the institution that performed the impact
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testing. This is especially true when retrofitting an existing building to resist a
tornado. In an existing building, the structure is already constructed which makes
building using tested building component modules hard to accomplish. Therefore the
selected concrete and steel target peroration limit formulas discussed in this thesis
can be used to design the building to withstand the required impact criteria. This
flexibility to retrofit existing structures is very useful in upgrading the structural
strength of an existing building which will lead to saving lives in a tornado event.
One application of this method is for retrofit design of an existing wood structure,
to strengthen the whole building or just a room to resist tornadoes. This can be done
by adding steel plate as sheathing to resist the additional wind load as well as the
wind-borne impact due to tornadoes. However, it is important to note that a safe
room has to be isolated from the rest of the structure so that its structural integrity
is maintained if the rest of building is destroyed in the tornado. Therefore, if only one
room is to be strengthened, the structure for that room will have to be isolated which
requires demolishing small section of the structure to add separation. The design of a
safe room is based on the assumption that all the structure around it gets destroyed

and only the safe room will remain after a tornado.

6.3.1 Design Example

In this example a steel plate is used to retrofit a room in an existing one-story
wood house.

The room in assumed to be 12 ft by 12 ft and 8 ft height with an existing wall
consisting of 2x6 wall studs placed at 24 inches on center, 2x6 horizontal blocking
mid-height and 2-2x6 studs full length on top of the wall and single 2x6 stud at the
bottom, as shown in Figure 6-1. Since the safe room needs to be isolated from the
rest of the structure, only the safe room size needs to be considered in this analysis.
Analysis below was done based on AISC Design guide 20 for the steel plate shear wall
(Sabelli & Bruneau, 2006) and National Design Specification for wood construction
(NDS, 2015) for the wood studs.

The in-plane wind shear (V,,) is calculated to be 7.3 kips for wind speed of 250mph
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(See Appendix C).

#V, = 0.9(0.42) F, t,,LSin(20) (Eq. 6.1)

The nominal strength (¢V},) of the steel plate is calculated using Equation 6.1,
where F,, is 36 ksi for ASTM A36 steel, L is the length of the steel plate between
vertical boundary element (VBE), ¢, is the thickness of the steel plate and « is
the angle of tension stress in steel plate, measured from vertical, which is typically
between 30-50 degrees (Sabelli & Bruneau, 2006). This equation assumes that the
steel plate has no compressive strength, with the tension field having constant stress
at a constant angle.

Assuming o = 30°, the nominal strength is calculated for different gauge steel

plates in table 6.4.

24 0.025 7.07

20 0.0375  10.60
18 0.05 14.14

Table 6.4: Nominal strength of plate

The 22 gauge plate is selected since it has enough capacity to resist the in-plane
shear and the stiffness requirement of the VBE is checked using equation 6.2 (See

Appendix C).
W

I, > 0.00307-" (Eq. 6.2)

where h is length of the steel plate between horizontal boundary element (HBE).

The next step is to calculate the angle of tension stress using the selected plate
thickness since it was originally assumed to be a conservative 30°.

£,
24,

T
14 toh |-
N [Ab+SGOICL]

1+

tan'a = (Eq. 6.3)
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a = 39.9°

Using the calculated angle, the nominal strength (¢V},) is updated to 10.04 kips.
Now that the plate has been designed for wind shear, it needs to be designed to

resist impact load due to wind borne debris. The SRI formula (Eqn 4.33) is used to

calculate the perforation thickness (7)) required to resit 100 mph (See Appendix C).

2 2
T, = \/0.045MV + 0.0022 (E) —0.047 L4

ds W, W,
T, = 0.099”

The steel plate is changed to 12 gauge (0.109375”) to resist the impact load. The
plate is does not carry compression load since is bolted to the wood studs.

The last step is to strengthen the wood studs. Triple 2x6 stud wall at 24 inch with
double 2x6 blocking is required to handle the additional wind load due to tornado

(See Appendix C). Figure 6-2 shows the configuration of retrofitted wall.

2-2x6 PLATE
I
i — ——— 3
AT T e
hin 1 1"
hil i i
hil i i
i it i
2 woooomeoow
y | ¢ i ml 3ox
-2-2X6 ' S il - STUDS @
" BLOCKING : } m’ 24" O.C.
! 1
\ -----
Jipe===={
1 11
| i
. i EEE 12 ga plate
: o
N ] 1
] i
] 1
| il
| [11]
) | Ll
o Y
-0 - 2x8 PLATE

s rd

Figure 6-3: Retrofitted Existing wall

This design example shows how a wall of an existing house can be upgraded.
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Similar upgrade will need to be done to the roof. As shown there will need to be
significant amount of addition to the structure however the work only needs to be
done to one room and it is a good way to improve the safety of the occupants without

adding a new shelter.
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Chapter 7
Conclusions

In tornado and hurricane events, wind borne debris causes significant damage to
buildings by perforating walls and roofs. In this thesis, several methods for evaluating
the perforation of concrete and steel targets were discussed and the most relevant
formulas that can be applied for the design of tornado safe rooms were selected.

For cast-in-place(CIP) concrete, precast concrete and concrete masonry unitsA
(CMU), the best method was the Central Research Institute of the Electric Power
Industry (CRIEPI) Formula which gave perforation limit values similar to the exper-
imentally tested thickness, with maximum difference of 34% for the CIP & precast
concrete targets and 24% for the CMU targets.

For Steel target, both the Ballistic Research Laboratory (BRL) Formula and the
Stanford Research Institute (SRI) gave the useful estimate for perforation depth. For
the perforation limit values obtained from BRL Formula and SRI Formula, there are
only 11% and 2%, respectively, difference between these values and the thickness of
the experimentally tested steel target component.

Therefore these selected concrete and steel target perforation limit formulas can
be used to design the building to withstand the required impact criteria. This gives
engineers the flexibility to design structures to resit wind-borne missile impact in a
tornado event without depending only on using the structural components that have
been tested to meet the criteria set by FEMA-P-361 (2015).

One applicable part of this thesis is in assisting engineers to retrofit existing wood
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structures to resit wind debris impact from tornadoes as shown in the design example.

Future Work

As discussed in Chapter 4, majority of the empirical formulas that this thesis
evaluated were developed for military applications. This thesis then used the currently
available concrete and steel assemblies tested by TTU (2004) to analyze and select
the best empirical method that can be adapted for designing buildings to resist the
of wind-borne debris impact during a tornado. This thesis is a first step towards
developing a design guideline that is not dependent on only using tested assemblies.

The next steps would include expanding on the experimental testing currently
done which include concrete targets up to 4” thick and steel targets of 12 and 14
gauge. The new testing can include concrete targets that are between 4” and 12”
thick and larger range of steel targets that include 18, 20, 22 and 24 gauge to represent
range of wall thicknesses currently in practice. For concrete targets, the compressive
strength can also be varied between 1500 psi to 6000 psi to study the relationship
between the strength of the concrete and the threshold missile speed.

Since the currently available formulas were based on experiments in the military,
such as using bullets and bombs as missiles, they were developed for speeds that are
higher than the 100 mph horizontal speed required for a tornado design. By utilizing
the expanded database from these experiments, the current formulas, discussed in
this thesis, can be changed and adapted in order to make them directly applicable
for the missile type and speed that are required for tornado debris impact design.

These updated formulas can be used to set up a guideline for tornado-resistance
that includes methods to numerically design building envelope to resist wind-borne

debris in a tornado event.
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Appendix A

Notation

Concrete Target

M - weight of the missile in lbs

V - missile speed in ft/sec

d - missile diameter in inches

fe - compressive strength of the target in psi
fi - concrete tensile strength in psi

K, - concrete penetrability coefficient

N & N, - missile nose shape factor

I}, - impact factor

E; - modulus of elasticity of steel

E - modulus of elasticity of the missile and
a - half the aggregate size in the target

X - penetration depth in inches

e - perforation limit in inches

Steel Target

M - weight of the missile in lbs
V - missile speed in ft/sec

d - missile diameter in inches
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E - critical kinetic energy in Ib-ft

S - target ultimate tensile strength in psi
W - span between rigid supports in inch
W, - standard width equal to 4 inch

T, - perforation thickness in inches
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16

7

18

Appendix B

MatLaB Code

clc

clearvars

i

il=input ('Input: 1 - Concrete or 2 - Steel: 33

fprintf('\n')

if il==

An

i=input('Input: 1 - BRL, 2 - ACE, 3 - NDRC, 4 - Kar, 5 - Hughes,
6 - Degen, 7 - Chang, 8 - Adeli and Amin, 9 - Criepi, 10 - all: 2 )
fprintf('\n')

M=input (' Input Missile Weight in lbs: ');

fprintf('\n')

415

V=input ('Input Missile Velocity in ft/sec: ');

fprintf('\n')

4147

d=input (' Input Missile diameter in inches: ');

fprintf('\n')

#3.81
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20

21

22

23

24

256

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

fc=input (' Input Target Compressive Strength in psi: ');
fprintf('\n')
%4000
if i==3]||i==4||i==6|]i==8]|i==10
N=input (' Input Nose Shape Factor N(Flat Nose:0.72,
Hemispherical Nose:0.84, Blunt Nose:1.0, Very Sharp Nose:1.14): ');
7%0.72
end
fprintf('\n')
if i==5|1i==10
Nh=input (' Input Nose Shape Factor Nh(Flat Nose:1.0,
Spherical Nose:1.26, Blunt Nose:1.12, Very Sharp Nose:1.39): ');
%1.0
end
fprintf(*\n’ )
if i==4||i==10
E=input (' Input Modulus of Elasticity of Missile in ksi: BE
%1400
Es=29000;
fprintf('\n')
a=input (' Input Half of Target Aggregate Size in inches: ');
40.1875

end

u=200;

V¥4

4BRL

if i==1|]i==10

xBRL=(427*M* (d~0.2)*((V/1000)~1.33))/((sqrt(fc))*(d"2));
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49

50

51

52

53

54

535

56

57

58

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

eBRL=1.3*xBRL;
end

94

SACE

if i==2|i==10

XACE=((282.6*M*(d"0.215)*((V/1000)~1.5))/((sqrt(£fc))*(d~2)))+0.5*d;

eACE=1.23*d+1.07*xACE;
end
44
ANDRC
if i==3|1i==6/|i==10
Gndrec=((180*N*M) / (d*sqrt (£fc)))*((V/(1000*d))~1.8);
if Gndrc >=1
xNDRC=2*d*Gndrc~0.5;
else
xNDRC=d* (Gndrc+1) ;

end

func=xNDRC/4;
if func<=1.35
eNDRC=3. 19*xNDRC-0.718*(xNDRC~2/d) ;
elseif func<=13.5
eNDRC=1.32x*d+1.24=*xNDRC;
else
eNDRC={'error'};
end
end
V4
AKar

if i==4]|]i==10
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70 Gkar=((180*N*M)/(d*sqrt(fc)))*((V/(1000*d))~1.8)*((E/Es)~1.25);

80 if Gkar >=1

81 xkar=2x*d*Gkar~0.5;
g2 else

83 xkar=d*(Gkar+1) ;
sa end

ss func2=xkar/d;

s 1f func2<=1.35

87 ekar=(3.19*xkar-0.718+(xkar~2/d))+a;
ss else

80 ekar=(1.32xd+1.24*xkar)+a;

9o end

o1 end

02 A4

o3 JHughes

oa if i==5||i==10

95  ft=7.5%sqrt(fc);

9¢  ITh=(M*xV~2)/(ft*d"3);

o7 S=1+12.3*(log(1.0+0.03+Ih));
9s  xHughes=(0.19*d*Nh*Ih)/S;

99

wo  func3=xHughes/d;

101 if func3<0.7

102 eHughes=3. 6*xHughes;

103 else

104 eHughes=1.4x*d+1.58+xHughes;
105 end

we  end

wr  Ah
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ws  4Degen

wo  if i==6]1i==10

o if funec<=1.52

1 eDegen=2.2*xNDRC-0.3x (xNDRC"2/d) ;

1z elseif func<=13.42

113 eDegen=0.69*d+1.29+xNDRC;
s else

15 eDegen={'error'};

s end

ur  end

m

ne A4

120 ZC’hang
121 if i==7||i==10

122 eChang=d*((u/V)~0.25)*((MxV~2)/(fc*d~3))"0.5;

123 end
124
125 A4

126 #Adeli and Amin

127 if i==8][i==10

128 Ta=(M*N*V~2)/(fc*d~3);

120 if Ta<=0.3

130 xAdeli=0;

1 elseif Ta<=4

132 xAdeli=0.0416*d+0.1698*d*Ia-0.0045*xd*Ia"2;

133 elseif Ia<=21

134 xAdeli=0.0123%d+0.196*d*Ia-0.008*d*xIa"~2+0.0001*d*Ia"3;
135 else
136 xAdeli={'error'};
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137 end

138

e 1if Ia<=0.3
140 eAdeli=0;

141 elseif ITa<=21

142 eAdeli=1.8685%d+0.4035%d*Ia-0.0114*d*xIa"2;
s  else

144 eAdeli={'error'};

s end

us end

147

us A%

149 ZC’J"?;BP‘I'.
150 eCriepi=0.9*d*((u/V)‘O.25)*((M*V“2)/(fc*d“3))"0.5;

2 A4

53 if i==

154 Formula = {'BRL'};

155 x = xBRL;

156 e = eBRL;

157 T=table(Formula,x,e);

152 else

159 if =

160 Formula = {'ACE'};

161 x = xACE;

162 e = eACE;

163 T = table(Formula,x,e);
164 else

165 if i1==3

166 Formula = {'NDRC'};
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167

168

169

170

171

172

173

174

175

176

177

178

180

181

182

183

184

185

186

187

18&

189

190

191

192

193

194

195

196

else

"
I

e

T

[

if 1

else

xNDRC;

eNDRC;

table(Formula,x,e);

= {'Kar'};

]

Hl

table(Formula,x,e);

Formula = {'Hughes'};

==4
Formula
x = xkar
e = ekar
I' =
if i==5
x =
e =
T' =
else
if i
else

xHughes;
eHughes ;

table(Formula,x,e);

:::6

Formula = {'Degen'};

X

e

z

xNDRC;

eDegen;

table(Formula,x,e);

if ==

else

Formula = {'Chang'};

x = NaN;

e = eChang;

T = table(Formula,x,e);
if i==8

Formula = {'Adeli and Amin'};
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197 X = xAdeli;

198 e = eAdeli;

199 T = table(Formula,x,e);

200 else

201 if i==9

202 Formula = {'Criepi'};

203 x = NaN;

204 e = eCriepi;

205 T = table(Formula,x,e);

206 else

207 if i==10

208 Formula = {'BRL';'ACE';'NDRC';
200 'Kar'; 'Hughes'; 'Degen'; 'Chang';
210 'Adeli and Amin';'Criepi'l};

211 x = [xBRL;xACE;xNDRC;xkar;

212 xHughes ; xNDRC; NaN; xAdeli;NaN] ;
213 e = [eBRL;eACE;eNDRC;ekar;

214 eHughes;eDegen;eChang;eAdeli;
215 eCriepi];

216 T = table(Formula,x,e);

217 end

218 end

219 end

220 end

221 end

222 end

223 end

224 end

225 end

226 end
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227

228

229

230

231

232

233

234

236

237

238

239

240

241

242

243

244

245

246

247

248

4

disp(T)

end

wh

if il==2

end

M=input ('Input Missile Weight in lbs:

fprintf('\n')
%15

-

V=input (' Input Missile Velocity in ft/sec: ');

fprintt ("\n")
4147

d=input (' Input Missile diameter in inches:

fprintf('\n')
%x3.81

t1=((0.5x(M/32.2)*V"2)"(2/3))/(672%d) ;

Ws=4;

W=input ('Input the span between rigid supports in inches:

fprintf('\n')

S=input('Ultimate Tensile Stength in psi:

|);

I);

1),

t2=sqrt ((0.045*M*V~2/(d*S))+(0.0022%(W/Ws) ~2)) - (0.047*(W/Ws)) ;

Formula = {'BRL';'SRI'};
Tp = [t1:t2];

T = table(Formula,Tp);
disp(T)
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Appendix C

Design Example - LRFD

12 ft x 12 ft room
8 ft height

Design Loads
Gravity Loads:
D = 25 psf

L = 100 psf

Lateral Loads: Wind Load
Wind speed = 250 mph
I=1.0

Category = C

Ky=10

K, =10

Gepi = £0.55

G =0.85

ASCE 7-05

hypin =8 — 07

K, = 0.85

an = 0.00256 K3, K, K,V2I = 136psf
P = q (Gep £Gepi)
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Wall:

Gepi = 0.55 =08~ ——== P = 167psf
Gepi = 0.55 cp=-05————— P=1Tpsf
Gepi = -0.55 Cp=08————— P =18psf
Gepi = -0.55 gy = = == = = P = —133psf

V.= (18 + 133) = 12ft x 4 ft = 7.3kips

—2-2x6 PLATE
Vu=7.3 kips y
- -
}
=) ‘
+ ~HBE
—2X6 STUDS
_2x6 . ! @24"ocC.
BLOCKING
N 1 ﬁ==% '
. . J—vee
o
3+ c
\
‘ 2 I-.O | —2x%6 PLATE

Design for Wind Shear - AISC Design Guide 20
¢ V,, = 0.9(0.42)F, t,,LSin(2a)

Assume:
« = 30° - conservative

F, = 36 ksi - ASTM A36 steel

[ Gauge t.,(in) oV, ||
' 2 B .025 7.07

005 14.14

18
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4
1. > 0.00307 %

1
I.= 3(L5)(35%) = 2143 in*

0.03125(484)

21.4 0.
3 > 0.00307 7

21.43 > 21.21 OK

twL
24,

T w
1+ toh |—
+ [A,, * 360101;]

1+

tan‘a =

HBE: A, = 1.5 % 3.5 = 5.25:n?

VBE: Ag = 1.5 % 3.5 = 5.25in?

tano = 255‘25) 48°
1 .03125)(4
+(0.03125)(48) | = + 360(21.43) (24)}
o = 39.90

¢ V,, = 0.9(0.42)(36)(0.01325)(24) Sin(2  39.9) = 10.04kips

Design for Impact - using SRI

M=151b

V = 147 ft/sec

d=381in

S = 58000 psi

W =14in

W, =24 in

Tp= \/0.045]‘2?2 + 0.0022 (%)2 - 0.047;1//,5
T, = 0.099” — — — 12gauge(0.109375”)

Design of HBE
Load combination 1.2D +1.0W +0.5 L,
D = 25 psf

7



L = 100 psf
Gravity: w, = [1.2(25) 4+ 0.5(100)] * 6' = 40#/in

V. 7.3
ind: w, = v = = 364+ /1
Wind: w Ltana  24tan(39.9) 3643#/in
u L?
M, = et W)L o9 1kin—in

8
P. = PupgwvBE) + 5 PHBEweb)

PuBBwe) = 30sin(2a)t, L = 1(36 * 0.6)sin(2 * 39.9)(0.03125)(24) = 7.97kip
P, = 6.67 + 0.5 % 7.97 = 10.7kip

Try 2 - 2x6 No.2 Southern pine

A, =2 %825 = 16.5in?

F,=1450psi — — — — — — — — — — — — F,, = 1450 x 2.4 = 3480psi
Fp=1100psi — — — — — — — — — — — — Fon = 1100 * 2.54 = 2794psi
Epin = 0.510 x 10°psi — ——Eqminn = 0.510 x 108 *¥1.765 = 0.9 x 10%psi
Cr=Cy=Cy=Cr,=C,=C; =10

Cp=16

¢o = 0.9

¢s = 0.85

¢p = 0.85

Design Check 1:

P, 10.7 .
cu .~ 165 0.648ksi

Fo = Fun(Cp)(C)(Car) (C(C:) (Cy)(8e) = 5.011ksi> fo,
Design Check 2:
le 0
(3),
L. ) _ 24
<E)max B (E)w - 5.5 -4

E! . = Enminn(Car)(C)(C)(65) = 0.765x10%ksi

For visually graded sawn lumber: ¢ = 0.8
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0.822F;
———2 = 33.07ksi

(5)

Flcn* = Fcn(CD)(CF)(CM)(Ct)(Cz)(¢c) = 5.011ksi

FCE'n =

Fepn,  33.07
F' x 5011 659
1+ Fecen Feea\® Fcen
F’ x F! % F %
¢, =— __Ten” _ LT _ .
P 2c 2¢ C 0.967

F. = F. x(C,) = 5.011 x 0.967 = 4.846ksi

Design Check 3:

bh?
S, = 2=

6

M, 29.1
f, = =% = 222 _ 3 507ksi
= o = gog T O02Tkst

F;m = an(CD)(CM)(Ct)(CF)(CZ)(CT)(Cfu)<¢b) = 4247k8’t>fbu

Design Check 4:

fcu>2 fbu
)+ <10
(FC" F). (1 — ﬂ)

Feen

0.648\ > 3.527
as816) T 0,648, = 1.0
' 4247 (1 - ==
2 7( 33.07)
0.938 < 1.0

2-2x6 ok for HBE

Design of VBE
Load combination 1.2D +1.0W +0.5 L,

D = 25 psf

L = 100 psf

W = %asin(Za)twh + %L — 20.36kip

P, = ([1.2(25) + 0.5(100)] * 6' * 247) + 20.36 = 21.3kip
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h2
M, = %osinz(a)twﬁ = 53.3kip — in
Try 3 - 2x6 No.2 Southern pine

A, =3%x825= 24.75in?

F, = 1450psi — — — — — — — — — — — — F.,, = 1450 % 2.4 — 3480psi
F,=1100pst - - ——— — — — — — — — Fy,, = 1100 % 2.54 = 2794ps:
Epin = 0.510 x 10%psi — ——Epinn = 0.510 x 108 *1.765 = 0.9 x 10%psi
Cr=Cuy=C=Cp=C,=C; =10

Cp=16

¢. =109

¢s = 0.85

&y = 0.85

Design Check 1:
P,

foo = A—u = 1.16ks:

F.,, = Fen(Cp)(Cr)(Cr)(Ce)(Ci)(Cp)(Pe) = 5.011k85> fey

<

Design Check 2:
le
(3),-0
le L _ 48
E inn = Emmn(CM)(Gt)(C,)(d)s) = 0.765x103ksi

For visually graded sawn lumber: ¢ = 0.8

0.822FE .
— = = 8.26kst

(5)

F! x = Foru(Cp)(Cr)(Car)(C)(Ci) (¢e) = 5.011ks3

Fcen =

Feen 8.26
= ——=1.064
Frx 5011 0483
F n " 2 n
| 14 F(,:E* 14 }}';CI'E* 5};6;5*
C [ ¢ - [ ¢ X
P 2c 2c c 0.830
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F!, % (C,) = 5.011 % 0.830 = 4.1639ksi

!
(1%

Design Check 3:

)(Cr)(Cra)(9s) = 4.24Tksi> f

v
(2

)N(Cr)(

v
t

Fin(Cp)(Cur)(

bn

/

Design Check 4:

)51.0

Jou
(1 _ f(:'ft
FC'En

’
bn

2
=)+

( fou
F,

)51.0

1.16

[
8.72

2.88

+
4.247 (

1.16\ 2
4.16
0.859 < 1.0

G

3-2x6 ok for VBE

2-2x6 PLATE

12 ga plate

~2-2X8
BLOCKING

!

Iol_v

«0-F

2x6 PLATE

2'-0"
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