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ABSTRACT

Tornadoeventspose a threat to millions of people living in the torngelione areas of the

United States. Although mangrnadosheltersand safe rooms are commercially availabist
satisfy the extreme loading conditioregjuiredby the International Code Councilcaiational
Storm Shelter Associatiothere is a need for a simple yet safe design which can be easily
assembled and used for multiple purpose=wyngineering materialsuch as ultrdigh-
performance concrete (UHPQ@gave the potential to improve torraghelter options and save
lives. This studyexperimentallyinvestigates thperformancef thin UHPC panelsubjecedto
impact ofstandardvood 2x4 projectils, following the requirements of ICC/NSSA 500, the
leading standard on storm shelter desig@&-inch-thick and 1.625nch-thick UHPC panels

were cast and impacted with-Itbwood projectiles at speeds ranging from 50 mph to 100 mph
to maintain a similar impaetnergyto-panetmass ratioThe failure response of each panel was
characterized by excessive flexural deflection or punching shear. In the case of excessive
deflection, a singlelegreeof-freedom dynamic displacement modekcribes the motion of the
panel during impact and the fite of the maximum deflection. In the case of punching shear, a
modified equation from ACI 318 predicts the capacity of the panel. The results of the impact
testing showJHPCis a promising material for future tornado shelters: UHPC panels with half
the tickness of a traditional concrete shelter can be built for a similar or lower price, creatively

integrated into homes, and increase accessibility of the tornado shelter for sesident
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a Coefficient of drag or shape factor
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Cp External pressure coefficient
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DFE, Minimum design flood elevation

d Depth of steel in panel
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f 0 Compressive strength of concrete
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INTRODUCTION
Tornados and Their Deadliness

On April 27", 2011, Tuscaloosa, Birmingham, and their surrounding towns suffered
incredible loss of life and destruction of property in the wake of ad Effnado. Traveling for
over 80 miles with maximum wind speeds estimated at 190 mph, the tornado leveled homes,
businesses, and schools. Stitye fatalities were attributed to the storm (NOAA, 2016). Ten
years later, the memory of the destruction still haunts students, faculty, and town residents that
lived through the event, and affects the behaviors of Tuscahatis@s and newcomer alike. As
of the writing of this thesis, the University of Alabama has already experienced one major
weather event in the Spring of 2021:-EFornado damage was observed in Moundville, AL, just
20 miles south of campus, with promisgsevere weather in the city of Tuscaloosa sending
nearcapacity amounts of people to community and campus storm shelters (WBRC Staff, 2021
and CW Staff, 2021).

Although the 201Tuscaloos&irmingham storm is widely known in the Tuscaloosa and
University of Alabama community, it was, tragically, not the most lethal tornado in Alabama or
in the nation that year. An Eb-tornado ravaged the Huntsville area just hours before on that
same day, killing 72 people; later that spring, Jasper County, Missouri lost 158 lives irban EF
tornado on May 22 (NOAA, 2020).Figure 1 shows tornado fatality data collected by the
National Ocean and Atmospheric Administration (NOAA) and the NatMfedther Service
(NWS) from 1991, the year that they began publishing this data, to 2020, the most current

completed year (NOAA, 2020). Tornados were responsible for 2072 deaths inytbar3pan

1



presented. These deaths, though concentrated in areageNitnown tornadic activity such as
Tornado Alley and Dixie Alley (shown iRigure 2, courtesy of Gagan et al., 2010), include

people from all over the United States, reaching as far as North Dakota, New Mexico, Florida,
and Massachusetts (NOAA, 2020prihados, although of critical concern to the University of
Alabama and South Eastern Conference communities, bring loss of life and property throughout

our nation and deserve to be studied knowing that any new knowledge will be useful nationwide.

Tornado Deaths by Year in the United States, 13®0
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Figure 1: Tornado deaths by year in the United St&aQAA, 2020).



Figure 2: Map of Tornado and Dixie Alleylornado Alley, shown in red, and Dixie Alley,
shown in green (Gagan et al., 2010).
Il n their series fASevere Weatboratory(NSBL), 0 t he
explain the basics on tornado formation, detection, and forecasting, among other topics. The
most severe tornados often form from supercell thunderstorms, though powerful tornados can
also form from norsupercell storms. Wind shear caubgdvinds moving at different speeds at
and above the ground eventually form a rotating column of horizontal air, that tilts vertically as
air rises within the thunderstorm (NOAA, ATyp
Figure 3, courtesy of the Unkersity of Corporate Atmospheric Research (UCAR). According to
the NSSL, meteorologists rely on radar signatures that identify large rotating updrafts and other
conditions favorable to tornados to predict where a tornado may touchdown; the meteorologists
ad so use debris detecting radar to say with a
formed ( NOAA, ATornado Detectiono). Tornado f

the atmosphere to predict tornaldworable conditions. Although these netglare powerful,



predictions can often only be made a few hours to days before the tornadic activity is expected

and tornado scientists are hindered by the fact that many questions still exist about the

mechani sms of tornado f occransatiinogno (aNMQA A, T yfpTeosr noaf
The overall unpredictability of tornados makes it challenging for public officials to direct people

who may be in danger. Wi th only a few hours?o
always impossible. Peopilestead must rely on shelters that are accessible within that time

frame, including community storm shelters and personal residential storm shelters. Of course, a
few hoursdé notice cannot be given f omnadaim act u
likely; the current average lead time for an actual tornado strike is 13 minutes (USDOC, 2011).

Within 13 minutes, people are narrowed to mostly one option: a tornado shelter on or within a

short walk of their property (such as a neigh

e

5 mph wind .
-i—-'r ‘
—F

A B C

Figure 3: Formation of tornadosScientists believe tornados may form when (A) wind shear
produces a rotating column of horizontal air, (B) rising air from the storm begins to tilt the
column vertically, and (C) the column of air contacts the ground\{®G.d.).

The limited reaction time does a lot to explain the deadliness of tornados in the United

States. The data frofigure 1is re-presented below iRigure 4, now with the fatalities



separated by those that happe-beltthomesancdmobile a per
homes) and those that happened elsewhere (outside, in vehicles, etc.). Since the NOAA began
formally collecting data in 1991, only two years have seen a langee ®f deaths outside of

homes than in homes (1991 and 2018); and, over tye&O0period, nearly 75% of total deaths

occurred in a home. Clearly people in tornguone regions are at high risk when they choose to

stay in their homes during extreme wesatevents.

Tornado Deaths by Year in the United States, 13%10
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Figure 4: Tornado deaths by year in the United States, by amount in (i)i@#$A, 2020).

Current Tornado Shelter Options

For those that choose to stay in their homes during a severe weather event, there is plenty
of advice on where to shettd he Centers for Disease Control and Prevention (CDC)
recommend sheltering in a basement or interior room on the lowest level of the home, preferably
without windows and under a sturdy piece of f
deathsad i njuries during a tornadoo (CDC, 2021).
does not come close to meeting tornado shelter design criteria, especially regarding impact
resistance. In ICC 50R014: Standard for the Design and Construction of S&ineiters, the

International Code Council (ICC) and the National Storm Shelter Association (NSSA) define the



required impact resistance in the most torrpaime areas (shown Kigure 5) as being hit by a
15-pound 2x4 lumber at 100 mph without showingfpeation or ejecting debris from the

interior surface (Julian, 2014). The most interior place in a typical ¥iraoge house, such as a
closet or bathroom, may have two or three walls between those sheltering and any flying debris:
as will be discussed latgwo or three 5nch walls consisting of drywall, plywood, insulation,

and paint will not stop a 16@ph wood projectile.
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Figure 5: Map of tornado design wind speed and associated debris impact speeds (Julian, 2014).

Investing in a residential toao shelter offers significantly more protection than other
inrhome Ahideouts. o6 Countless companies in the
adhere to the ICC 56P014 standards and can therefore be marketed aslifeg structures.
Theseshelters come in a wide variety of materials, sizes, and features: just a small sampling of
common options is presented here.

Steel plate shelters are one popular type of storm shelter. Companies such asaSurvive
Storm Shelters, based in Georgia but waitfices in 35 other states, offer traditional
prefabricated 10 steel pl ate shelters in a va

options, installed on an existed concrete pad such as a patio or garage floor, fit between 4 and 16
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people: tle smallest shelter weighs 980 Ibs and costs $3,695 while the largest weights 2,900 Ibs
and costs $7,295. One benefit of the above ground shelters is the ability to uninstall and move
the shelter to a new location when the family moves, but one con théfstielter is a

permanent fixture that takes up floor space even when there is no active storm. Below ground
options hold between 10 and 32 people, with the smallest shelter weighing 3,000 Ibs for $6,995
and the largest weighing 7,800 Ibs for $24,995. fiitws and cons of the below ground shelters

are the reverse of the above ground shelters: being below ground, the shelters are unobtrusive on
a daily basis, but cannot be easily moved if the family moves to a new house (Harbor

Enterprises, 2021).

TwisterPod Extreme

Garage Cube Underground Estate

Figure 6: Survivea-Storm ShelttersTwo above ground (top) and below ground (bottom) steel
shelter options offered by SurvhgeStorm Shelters (Harbor Enterprises, 2021).



Another steel plate shelter manufacturer is Atlas Safe Rooms, based in Missouri, which
also offers above ground shelters that fit between 2 and 14 people for $4,295 to $7,295,
respectively. Like Survive-Storm Shelters, Atlas Safe Rooms shelters candbelied on any
suitable existing concrete pad in a home. At
most of the panels can be removed from inside the shelter, allowing for multiple emergency exits
in case of debris blockage and flexible instadiain existing structures (Atlas Safe Rooms,

n.d.).

Figure 7: Atlas Safe Rooms. Thamallest (left) and largest (right) shelter options, highlighting
the modular panel design (Atlas Safe Rooms, n.d.).
A final steel storm shelter optigrlaces daily usability and convenience at the center of

its design. Vortex Vaults offers telescoping steel plate shelters than double as workstations and
bed frames to maximize the functionality of the shelter duringtoorado days and to
significantly reduce travel time to the shelter in case of a severe weather event. Like the other
t wo steel shelters discussed, Vortex Vaults c
Stationo fits f i ve -Toicecru pBaendtos nfioodupdidiscinderGsO ;s et vheen
kingosi zed mattress whil e t helndpfidemjorenatidnasmgiveBe d She

for these models (Life Lift Systems, n.d.).



Figure 8: Vortex Vaults Theii Pr oj ect St ati ono mod e |todayntopt he sh
right) posiTiensBedodmobbdel A8 n t h+odaylbettomer ( bo
right) positions (Life Lift Systems, n.d.).
The other most common material for storm shelter design is reinforced normal strength

concrete. Concreténslters tend to be staradone structures that can be constructed outside of
the actual residence. A classic example of a dedicated concrete tornado shelter is constructed by
Safe Sheds, a company based in lllinois. Safe Sheds offers prefabricatededintorcrete

shelters with 4nch-thick walls and a énchthick integrated floor. By including a thicker floor

and casting the shelter as one piece, the she
property even without an existing concrete pad anchored into the ground with 4 ft steel rods.

Two sizes are offereda 6 ft by 6 ft shelter that fits 9 people for $4,150 or an 8 ft by 10 ft shelter

that fits 16 people for $5,750 (Safe Sheds, n.d.).



Figure 9: Safe ShedsA concrete tornado shettmstalled by Safe Sheds, anchored into a gravel
yard (Safe Sheds, n.d.).

Another concrete tornado shelter option comes from Protection Shelters in Kansas, who
offers both above and quastlow ground options. The above ground options are very similar to
those offered by Safe Sheds, featuriAgeh-thick reinforced concrete walls in a staaldne
shelter building. One main difference is that Protection Shelters structures require a concrete pad
to anchor to, whether existing or poured by the companwglimstallation. Available sizes
include 4 ft by 8 ft and 6 ft 8 inch by 6 ft 8 inch, which would hold approximately 6 and 8
people, respectively, based on the ICC-20@4 occupancy density requirement of 5 square feet
per person. The below ground opti@re also separate from the main residential structure and
feature above ground entrances, meaning that the top half of the shelter is still above ground. The
below ground options featureidch-thick walls and a staircase, but Protection Shelters does not
provide sizing options as these shelters are often custom built. No price information is included

for any of the shelter options (Protection Shelters, 2020).
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Figure 10: Protection Shelterd.eft, above ground and right, qudmlow ground options
(Protection Shelters, 2020).
For the more adventurous homeowner, atdmurself wooden tornado shelter was

developed by the United States Department of Agriculture (USDA) and Forest Products
Laboratory (FPL) to be constructed from materials found at sk improvement stores. The
design involves an interlocking beam system, plywood sheathing, standard nails and construction
adhesive, as well as the-lewns necessary to anchor to a concrete slab. The 8 ft by 8 ft shelter
is expected to cost between @3) and $4,000 depending on local market prices and could hold
approximately eight people following occupant density requirements set in |G203d0
Although potentially very costffective, this option does require some skill in construction

(NAHB, 2019.
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Figure 11: USDA/FPL dimension lumber sheltéenderings of the interlocking beam system,
plywood sheathing, door hinges and locks, concrete skalmtims, and air ducts included in the
USDA/FPL shelter design (NAHB, 2019).

To understand the ciamt market value of tornado shelters, a comparison of price versus
occupancy is presented for the products discussed when cost data was available. Overall, steel
shelter options are more costly than their concrete counterparts. The blue and orange markers,
representing steel shelters, trend higher than the red markers, representing concrete shelters. The
wood option is comparable or slightly lower than the concrete option but should be treated as
more costly as the estimated price does not include ingtalland labor costs. Market value of a
shelter also clearly increases when special features are included: comparing the three steel
options that fit four people, SurvikeStorm Shelters is the cheapest and also the most basic
option, while Atlas Safe Roosn(which includes a special modular panel design) is more

expensive and Vortex Vaults (the telescoping, mautipose shelter) is more expensive still.
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Sample of Commercial Residential Storm Shelter Price vs.
Occupant Capacity
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Figure 12: Price versus occupancy of tornado shelt@rgraphcomparingvarious commercially
available tornado shelters, including steel, concrete, and wood options.

Besides existing products such as those reviewed above, there is current research
focusing on new materials that may be useful in the tornado shelter industrylabnossted
timber (CLT), for example, has been highlighted in several recent researatipage potential
tornadeshelterfriendly material. CLT was first introduced by a German PhD student named
Gerhard Schickhofer in 1994 and has gained wider acceptance throughout Europe and North
America in the following decades (Schickhofer, G., & Gudmgeger, W., 1994 and Environment
Analyst, 2018). In 2019, Falk et al. with the USDA and FPL tested CLT as an impact resistance
material and Raymond with Clemson University designed a residential structure that was itself
entirely tornado resistant (Falkat, 2018 and Raymond, 2019). Although research on CLT
structures as tornado shelters will be reviewed medepth in the literature review, it is briefly

presented here to acknowledge that there is a desire for newidgtaistresistant materials and
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designs beyond currently marketed technology. As new engineering materials continue to be
developed, the chance of designing a stronger, lighter, cheapersteasstall, or more

aesthetically pleasing shelter increases.

Ultra-High-Performance Concree

When speaking of new engineering materials, ditgdr-performance concrete (UHPC)
is a current and relevant example. The invention of UHPC is credited to Richard and Cheyrezy, a
pair of French researchers t hatntganhltrahighhed a p
strength ductile concrete, 0 which was fimade p
basic principles relating to the composition, mixing, and-postt heat curing of ¢t
(Richard & Cheyrezy, 1995). Their innovatigering process, along with the elimination of
course aggregates and addition of steel fibers, was the inception of UHPC as it is used today and
shall be reviewed more thoroughly in the literature review.

Ultra-high-performance concrete that includes fibeinforcement is generally referred to
as UHPFRC in current research. The higmsity, seicompacting nature of UHPC and the
addition of steel reinforcing fibers lead to fantastic mechanical properties, which are previewed
here and discussed further iretliterature review. UHPFRC is known to have superior
compressive and tensile strength when compared to traditional concrete: compressive strength
from the high density of cement and fine aggregate particles, and tensile strength from the
continuous reirdrcement provided by reinforcing fibers (Yoo & Banthia, 2017 and Riedel et al.,
2010). UHPFRC also demonstrates high energy dissipation capabilities due tarmaako

spanning of the fibers, which makes it ideal for working with impact applications (Rieale,
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2010 and Beppu et al., 2020). Because tornado shelters must be able to rasisgmichpacts
from wind-borne debris, UHPFRC is a promising material for a new tornado shelter design.
UHPC is currently used in a wide variety of ways throughloeitviorld, and is gaining
popularity for structural, architectural, and other more unconventional projects. One of the most
common applications of UHPC to date are infrastructure projects. Azmee and Shafiq (2018)
present an overview of several infrastruetprojects, including the first prestressed UHPC
hybrid pedestrian bridge built in Canada in 1997; nuclear cooling tower repair using UHPC to
replace corroded beams in France in 2001; the 120 meter lspgesfootbridge made of UHPC
constructed in Soutorea; and the first UHPC road bridge constructed in the United States in
2005 (Azmee and Shafig, 2018). According to the Federal Highway Administration, there were
55 bridges built with UHPC in the United States and Canada as of 2013; as of 2019, there we
199 bridges in the United States and 97 bridges in Canada that incorporated UHPC in their
design, showing rapid growth in the 16 years since the first UHPC bridge in the region was built

(FHWA, 2019).
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Figure 13: Map of UHPC bridges in the United &a and Canada. Dots representing bridges are
colored by year of completion (FHWA, 2019).

UHPC is also gaining more attention in building and architectural applications because of
its ability to be cast into slender, unique shapes. Stunning examples saarbin the slender
exterior cladding of thethooughWVufiatadeFotnth
European and Mediterranean Civilizations, and the intricate roof structure of the Jean Bouin
Stadium, all in France and picturedrigure 14 (Azmee and Shafig, 2018). TAKTL, a company
based in Pennsylvani a, has dehigkederopmarsce a pr opr i
concreteo (AUHPC) to bring the use of UHPC in
commercial scale, as featuredFigure 15 T AKTL6s AUHPC i s mar keted
extraordinary structural properties of any other UHPC, but with a focus on aesthetically pleasing

coloring and reduced chemicals for occupant safety (TAKTL, 2021).
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Figure 14: Institutionatscale archectural applications of UHP@rom left to right, the Louis
Vuitton Foundation, Museum of European and Mediterranean Civilizations, and Jean Bouin
Stadium in France (Aguilar, 2014; Lomholt & Welch, 2021; and Architizer, 2014).

Figure 15: Residentiabnd light commercial architectural applications of UHB€Tt, the
Lululemon Flagship Store in Canada with swirling textures cast into the UHPC panels and right,
the Consolidated Rental Car Facility at Kahului Airport in Hawaii with intricately cast windo

panels (TAKTL, 2021).

Finally, less conventional uses for UHPC are discovered often as the material increases in
popularity and availability. Azmee and Shariq (2018) suggest the UHPC could be used in highly
corrosive environments, such as egen bridgs and energy producing windmills in oceans,
because UHPC6s high density make it highly re
structures in seismically prone areas could b
dissipation (Azmee and Shar2)18). On the less structural side, companies such as Nuance

Studio in India and RTA Outdoor Living in Indiana are using UHPC to create the decorative wall

panels and luxury outdoor grill sets showrigure 16, respectively (Nuance Studio, 2020 and
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RTA, 2021). HHBC Consulting, based in Germany, is also utilizing UHPC to construct thin,

lightweight bank vault doors to improve chemical and fire resistance (HHBC Consulting, n.d.).

Figure 16: Decorative interior residential applications of UHREft, a decorative UHPC wall
and right, unfinished UHPC countertops (Nuance Studio, 2020 and RTA, 2021).

The demand for a material with high strength but small volume or thickness requirements
has ledcompanies and researchers to choose UHPC for innovative projects. Combining its
incredible material properties, growing availability throughout the world, and unique fabrication
options, it is easy to see why UHPC would be chosen for such a wide varagplichtions as
reviewed here. It is also clear that UHPC has the potential to be achamging material for

tornado shelters if its strength and versatility can be appropriately applied.

Research Objectives
Ultra-highrp e r f 0 r ma n cengineasimy roperties, ¥egsatile casting options, and

unique aesthetic abilities make it an ideal material to study for potential tornado shelter designs.

The goal of this research pr o) e-debrislikesimpaas eval u

ard assess its future implementation in a tornado shelter.
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Several objectives are proposed to support the research goal.

T Review existing knowledge of UHPCO6s perfor
loading to design an appropriate test specimen.

1 Utilize afull-scale debris cannon to accurately simulate the impact of high velocity 2x4s
and analyze the response of UHPC panels via dynamic modeling, maximum deflection
profiles, and controlling failure mechanisms.

1 Evaluate the performance of UHPC panels whelestdd to impact loads recommended
by I CC/ NSSA 500 and judged by their criter
shelter.

91 Propose design concepts for UHPC shelters to improve integration into homes, making
the shelters more useable and therefore fikely to save lives.

1 Discuss how UHPC compares to existing commercial tornado shelter options in terms of

price, weight, and aesthetics.
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LITERATURE REVIEW
This chapter provides a summary of experimental and analytical studiesévail the

research literature relevant to the objectives of this research.

Experimental Studies

Local damage to ultrahigh-performance concrete structures caused by an impact of
aircraft engine missiles (Riedel et al., 2010)

Riedel et al. (2010) extes an investigation of deformable aircraft engine missiles
impacting reinforced concrete panels, published by Sugano et al. in 1993, by considering a
similar experimental setup with ulttagh-performance fiber reinforced concrete (UHPFRC).
Riedel et al. 2010) cites the development of UHPFRC technology in thge20 gap between
the two studies as well as UHPFRCO6s incredibl
for the study. The researchers also point to the superior dynamic material pgopetiHPFRC
when compared to reinforced concrete (RC) applications as confirmation that repeating the
experimental study by Sugano et al. (1993) with UHPRFC is justified.
As stated previously, Riedel et al. (2010) closely followed the experainsstup of
Sugano et al. (1993), such that their UHPFRC
RC results. Riedel et al. (2010) used a deformable steel missile with shape and dimensions
shown inFigure 17, with weights and velocities shownkigure 19. The UHPFRC panels are

designed as approximately 1:Dfh thick, with other dimensions and rebar configuration shown

20



in Figure 18. Only flexural rebar reinforcement was included, as small amounts of shear
reinforcemehwere shown to have no imgamn the performance of the panels in previous
research. Each panel is mixed with 1% steel fibers by volume, with the steel fibers having
dimensions of 0.006 inches in diameter and 0.354 inches in length. Compressive strengths of

each panel are also givenFigure 19, which varied from 25.0 ksi to 28.4 ksi.
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Figure 17: Deformablesteelmissile assembled and segmen{®&iedel et al., 2010Missile
dimensions shown in mm

UHPC: B4Q, Fibers 9mm/0.15mm
Fiber-Content 1.0-Vol.-%
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Figure 18 Geometry of UHPC panels and reinforcem@iedel et al., 2010)

Experiment no. Missile weight (g) Impact velocity (m/s) Compr. strength (MPa) Young's mod. (MPa) Reinforcement (em?/m) Fiber content (vol.%)
1 1564 194.7 1828 56,242 475 1.0
2 1569 258.7 1721 55577 475 1.0
3 1570 320.0 186.0 55,085 475 1.0
4 1570 3320 1745 54,922 475 1.0
5 1575 2489 193.2 55,139 475 1.0
6 1575 368.6 196.0 54,579 475 1.0

Figure 19 Missile and panel details for experimental configura{lRmedel et al., 2010)
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Riedel et al. (2010) accelerated their missiles using a gas gun. They measured the impact
veloaty with a laser senor at the exit of the gun barrel, the deformation of the panel with a
combination of a higlspeed camera and lageterferometers, and any residual exit velocity
with a second higispeed camera. The experimental setup is shoWwigure 2Q

UHPC
Panel

q Support

Aircraft Engine Model

<] Laser-interferometer

600 mm Deflection Measurement

Laser Barrier
forvim,

Figure 20: Experimental configuratio(Riedel et al., 2010)

Failure modes of the UHPFRC panel considered in the study (from least damage to most
damage) include penetration (C), just scabbing (JS), scabbing (S), just perforation (JP), and
perfordion (P). The failure modes are abbreviated as noted in the parentheses () and summarized
in Figure 21; the trials with the lower damage designations correlate with panels that
successfully rebounded the missile, while more serious failure modes coni¢hapanels that
allowed the missile to pass completely through the specimen. The researchers also discuss the
deformation of the steel missile, which is a significant source of energy absorption during the
collision. The missiles deformed similarlytothe i n Sugano et al . ds rese

missiles in both experiments absorbed similar amounts of energy; therefore, the following
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comparison of the energy absorption capacity RC panels from Sugano et al. (1993) and

UHPFRC panels from Riedel et §2010) is appropriate.

Exp.no. Impact velocity (m/s) Residual velocity (mfs) Mode Front depth{mm) Damage rear side Deformation of missile
Width (mm) Height (mm) Remark Mode Length (mm)
1 194.7 ~8.6 (rebound) C <02 220 220 Hairline cracks Buckled 83
2 258.7 —7.3 (rebound) 15 7-12 260 260 Hairline cracks  Buckled 56
3 320.0 0.0 P 55 310 270 Concrete debris  Crushed 28
4 332.0 11.1 P - 250 310 Perforation Crushed 28
5 248.9 —9.42 (rebound) 153 0.7 240 240 Hairline cracks Buckled 58
[ 368.6 16.1 P - 280 290 Perforation Crushed 28

Note. C: penetration mode, |5: just scabbing mode, 5: scabbing mode, |P: just perforation mode, P: perforation mode.

Figure 21: Summary of test resul{Riedel et al., 2010)

The UHPFRC panels showed significantly less front side damage when compared to RC
panels in the penetration and just scabbing
surface where the missile impacted the panel. This is due to the significigiily compressive
strength of UHPC, which exceeds the maximum stress induced on the panel during impact. For
the just perforation and perforation modes, the damage in UHPFRC panels is very similar to RC
panels as the missile goes completely through thelpAn example of improved front side

performance is show iRigure 22

302

L Missile Footprint
o7smm al @
N/ Y 5

Figure 22 Comparison of UHPC and normal concrete #1 after impact (Riedel et al., R6ft0).
and middle, damage of UHPC panel front side in experiment {Rietlel et al., 2010QYight,
damage of RC panel front side from Sugano et al. (1993).
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Another significant improvement in UHPFRC panels is seen in theddeldamage of

the panels, where the steel reinforcing fibers span cracks and suppress concrete debris from

flying off the back of the panel. Improved back side performance is shBigure 23. Riedel et

al. (2010) attributed the success of the panels that failed by penetration and just scabbing modes

t

magnitude, demonstrated by a series of Hogkwigar tests and illustrated Figure 24. The
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researchers conclude that complete fiber pull out, and therefore the just perforation failure mode,
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Figure 23 Comparison of UHPC and normal concrete #2 after impact (Riedel et al., Reft)).
damage of UHPC panel rear side in experiment NRi&del et al., 201Q)middle and right,

damage of RC panels rear sides in just scaldninigscabbing modes, respectively, from Sugano

et al. (1993).
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716 mph impact velocity as the ballistic limit of the UHPFRC panel. Using a collection of

equatons formulated by Lambert and Jonas in 1976, the researchers predict a ballistic limit

velocity of 717 mph. The experimental value of 716 mph confirms this prediction very

accurately.
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UHPFRC can absorb up to 110% more kinetic energy than similarly constructed panels of

conventional concrete.
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On low-energy impactresponse of ultrahigh-performance concrete (UHPC) panels
(Verma et al., 2016)

Verma et al. (2016) investigated the response of UHPC tevédacity, low-energy
impacts from a nowleformable drop weight. The researchers justify the scope of their paper by
citing a plethora of higlvelocity impact UHPC response studies, but a lack of studies on the
arguably more common phenomena ofteslocity impact. To fully investigate contributing
parameters, panels with varying fiber content, thickness, and impagy enere tested.
Analytical models and a design flowchart based on the results are proposed.
Phase 1 of the research focused on mix design and material property testing. Three levels of fiber
content were used: 0%, 2%, and 2.5% by volume of Giad2lorng, 0.0063inch diameter steel
fibers. Results from unconfined uniaxial compression tests, split tensile strength tests, and 3
pointbending tests are shownhigure 25. The results confirm the accepted theory that adding
fibers significantly improves thensile strength, energy dissipation capacity, and crack

resistance of UHPC.

Mix Compressive strength Split tensile strength Fracture energy
MPa MPa N/m

R1 132.0 11.3 422

R2 170.3 226 14,323

k3 180.3 23.8 17,512

Figure 25. Mechanical propeigs of UHPC panels (Verma et al., 2016¢sRits for 0% (R1),
2% (R2), and 2.5% (R3) fibers by volume mixes
Phase 2 focused on impact testing of the UHPC panels with every combination of fiber
content, panel thickness, and impact energy. Experimental set up of the drop weight is shown in
Figure 26, and results for a 11.9 |b missile are showRkigures 27and28. Some of the key

observations made by the researchers are that peak impact load increases with a greater panel
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thickness because flexural stiffness of the panel increases; and that impact duration decreases
with a greater panel thickness because imputgarted during impact must be conserved as the

peak force increases.

jLoading frame

Tup holder

Hemispherical tup .

Fig. 2. Impact test setup.

Figure 26: Experimental setup of drop weight impact t€stsrma et al., 2016)

S.no Thickness Fiber Energy Impact velocity Peak impact force
mim % ] my/s kN
1 10 0 10 1.92 4.40
2 10 0 15 235 5.15
3 10 2 10 1.92 426
4 10 2 15 235 5.79
5 10 2 20 2.7 639
6 10 2.5 10 1.92 3.95
7 10 2.5 15 235 5.12
8 10 2.5 20 271 3.47
9 15 0 10 1.92 5.94
10 15 0 15 235 6.67
11 15 2 10 1.92 6.64
12 15 2 15 235 8.23
13 15 2 20 2.7 10,40
14 15 2.5 10 1.92 7.08
15 15 2.5 15 235 8.86
16 15 2.5 20 27 927

Figure 27: Table of experimental resulfgerma et al., 2016)
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Figure 28 Impactforce-time historyof UHPC panelg¢Verma et al., 2016)a) 0.394inch
thickness and 0% fibers, (b) 0.581ch thickness and 0% fibers, (c) 0.3®¢h thickness and 2%
fibers, (d) 0.594inch thickness and 2% fibers, (e) 0.384h thickness and 2.5% fibers, (f)
0.59%inch thckness and 2.5% fibers
Verma et al. (2016) also modeled the behavior of the UHPC panels using a finite element
method. Simply supported boundary conditions were applied to the outside edges of the plate

and the UHPC was assumed to fail by eitle@sile cracking or compressive crushing. The

models show good fit for peak impact force and impact duratidéngRes of 0.82 and 0.88,
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respectively) and confirmed that an increase in panel stiffness increases peak force while
decreasing impact duratiollaximum principal stress models, showrFigure 29, predict that

full panel cracking will occur when the strain values reach a minimum of 5.008 x/A®

throughout the height of the panEigure 29 compares the model strain values with photos of
theexperimental specimens to show the resemblance between modeled and actual cracking
patterns. The researchers also modeled the flow of energy throughout the impact, showing that
initial kinetic energy of the impactor is mostly conserved as internal €nairgy and viscous
dissipation energy due to the change in shape of the UHPC panel. Based on the data shown in
Figure 30, the case with the worst conservation was the 7.3& (&0 J) case, with an energy

loss of just less than 10%.
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Figure 29 Comparison of strain model and experimental crack pattern (Verma et al., 2016).
Imagesof maximum principal strain model with experimental crack pattern for 10 mm thick and
2% fiber panel$ (a) 7.38 Ibfft (10 J), (b) 11.1 Ibft (15 J), (c) 14.8 Ibft (20J).
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Figure 30: Energy balance of impact (Verma et al., 201@&¥t, distribution of energyluring
impact; right, graphed data for 0.38%h thickness, 2% fiber content, 14.8-tb{20 J) cas.
To compare to their finite element model, the resear@isosconsider an analytical

springmass model. A single degree of freedom (SDOF) system and a two degrees of freedom
(TDOF) system are proposed: the SDOF system uses only the mass of the impactor and the
bending stiffness of the panel; the TDOF systens tise masses of both the impactor and the
panel as well as the panel bending stiffness and the contact stiffness during impact. The
researchers concluded that there was little d
force or impact duratiarVerma et al. also concluded that while the models can accurately
predict peak impact force, they do not capture the oscillations of force experienced in the

experimental trials. The comparison for two trails is showrigure 31

31



—=— Experimental 1 = Experimental
e SDOF q:. +— SDOF
—~ 4 TDOF - Vi 4+ TDOF
z | 2™ Zefi 4
= f qj . S “
8 1 "A ‘ ] n {
5 31| ‘l: (Y 5 10 N
- | ] | - ‘“‘ |
° -V 11 ;H‘ | \ P: A ° 3 \
@ : "' % @ ‘[w (A1
=% 1 LR 2 |V wia
§ |‘ , “I'A § J . ‘ |
‘ R\
0 : k..__ — ; 0.‘_'A_‘.'_1.-_—.-q-_-—_,.._-.__-1
0 5 10 15 20 0 5 10 15 20
Time (ms) Time (ms)

(a) (b)

Figure 31 Experimenal versus SDOF and TDOF fortiene histories (Verma et al., 2016).
Comparisorof (a) 0.392inch thick, 7.38 Ibfft (10 J) panel and (b) 0.59dach thick, 7.38 Ibift
(10 J) panel
Finally, Verma et al. analyzes the par amet
proposes as design procedure to choose an appropriate panel thickness. The parametric study
suggests that increasing the impactor velocity will increase the peak impafltdadthe
panel; increasing the panel thickness will increase bending stiffness and therefore increase the
peak impact load felt by the panel; increasing the panel dimensions will decrease bending
stiffness and therefore decrease the peak impact IddolyftHe panel; and increasing the amount
of fibers will not change the peak impact load felt by the panel as the fibers do not engage until
the panel is cracked, which happens after the peak impact load was observed. The proposed
design flow chart is shawin Figure 32 The chart suggests using the analytical rsas&g
model to predict the maximum load imparted by the impactor, then using the finite element

model to predict the load capacity of the panel.
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Pauawuu
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Figure 32 Flow chart for designing UHPC paneaisbject to impact loaf/erma et al.2016).
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Mechanical and structural behaviors of ultra-high-performance fiber-reinforced
concrete subjected to impact and blast (Yoo and Banthia, 2017)

Yoo and Banthig2017) present a comprehensive review of current knowledge regarding
the impact and blast resistance of ulirgh-performance fibereinforced concrete, citing the
need to fully understand the effects of loading rate, fiber properties, fiber orienspgamen
size, and aggregate properties on the mechanical response of the UHPFRC. The superior strength
and energy dissipation of UHPC is well documented.

Yoo and Banthia (2017) summarized several research studies that investigated different
fiber shapegstraight, hooked, and twisted) under various loading rates {st#si, seismic, and
impact). The compiled evidence suggests that twisted fibers improve energy dissipation at lower
loading rates (quastatic and seismic, less than 0.984 inch/s) beaaiugeir high bond
strength; however, twisted fibers exhibit poor performance at higher loading rates as their shape
decays quickly. Straight fibers are best for higher loading rates (impact, around 70.9 inch/s) as
their pullout mechanism is nafestructve and does not depend on shape as with the twisted
fibers.

Dynamic compressive strength is shown to increase with increasing fiber content up to
4% by volume. Alternatively, loading rate does not have a large effect on dynamic compressive
strength for twaeasons: the fibers bridge cracks, reducing the lateral cracks that appear as
loading rate increases, and the high density of UHPC makes it less sensitive to high strain rates.
In contrast, loading rate affects dynamic tensile and flexural behaviorBcagtly. At higher
loading rates, cracks do not have time to find the weakest path through the material matrix,
resulting in cracks through stronger aggregates and a higher material strength.

The effect of fiber type on dynamic tensile strength folldwessame argument as the

fiber pullout discussion above, with twisted fiber performing best under-gtasi loads and
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straight fibers performing better under hignainrate impact loads. The length of the straight
fibers can also determine the impagsistance of the specimen: Yoo and Banthia (2017) review
several papers that conclude long fibers (Anth long) are best for static flexural resistance,
while a mixture of long and medium fibers (0.748h long) worked best for impact resistance

as thevarying lengths of fibers can engage different sized cracks. A mixture of fiber materials,
such as steel and basalt, PVA, or PET has also been shown to increase impactaadkiogt
strength, as the polymeric fibers are less likely to fail by slippmgjfiber pullout. The

polymeric fibers, however, rarely achieve their maximum pullout capacity because they fail in
tension first. The development of higher tensile strength polyethylene fibers may make a hybrid
fiber composition more beneficial in thetdre.

Increasing fiber content improved tensile behavior and impact resistance of UHPFRC,
regardless of fiber type or strain rate. Data from several papers suggests that local response to
projectile impact can be improved by adding up to 2% of fibersohyme, whereas global
response is improved up to 6% of fibers by volume. Investigators noticed a plateau in local
impact resistance at the 2% by volume threshold; however, the 6% by volume value does not
necessarily correspond with the maximum possildeeise in global performance, but was the
largest percentage investigated in the study. Six percent of fibers by volume may indeed be the
optimum level though, as Yoo and Banthia (2017) point out several drawbacks to higher fiber
content such as low flowdiby, high porosity, and poor fiber disbursement. Thus, increasing the
fiber content without bound is an unreasonable way to achieve higher strength, especially when
the high cost of steel fibers is considered.

Fiber orientat i on tesandé#ekurabperformance hdsynotbhesrni ¢ t en s

widely studied; but an intuitive result has b
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fiber orientation, with fibers mostly oriented in the direction of tensile stress, outperforms an
intentionmaddy @moiueretdatii on, with fibers randoml
the direction of tensile stress. As UHPFRCOs
to improve tensile strength by bridging microcracks and increasing energy dissqaqaamity,
this result correlates with previous knowledge.

The effect of specimen size is well known for materials such as normal strength concrete
and rock but is less obvious for UHPC specimens. Researchers that found a noticeable difference
in strengthwhen the size of the specimen was changed may have been observing the effect of
varying fiber orientation properties: using the same placement methods does not guarantee
similar fiber orientation when the specimen size is changed, as the flow ratdJbiRrRC
changes and results in a different fiber disbursement. Further research confirmed that the size of
the UHPFRC specimen does not affect the strength when similar fiber distribution is achieved
among specimens, because UBMRdtRadtscradkyrdgingi ¢ st r
matrices as opposed to the initial cracking strength characteristic of concrete and rock.
Yoo and Banthia (2017) compare four equations for predicting dynamic increase factors for
tensile strength of UHPFRC: formulations fréjikake (2006) and Park (2016) based on high
strain direct tension tests and Malvar (1998) and Mao (2014) formulations based on blast
behavior. The authors suggest Fujikake (2006) and Park (2016) predict impact response
reasonably well, but that they ddumprove the models with more precise data that control for

inertial effects of larger specimens.
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Development of a readyto-assemble tornado shelter from crostaminated timber
(Falk et al., 2019)

Falk et al. (2019) propose a tornado shelter madeosklaminated timber (CLT) as an
alternative to traditional steel and concrete storm shelters. As the CLT industry becomes more
established in North America, the researchers suggest that a viable CLT shelter design would
save lives and increase markepogunities for CLT manufacturers. The shelter is designed with
ICC/NSSAS500 standards in mind and consists of sifgglael walls and roof; while convenient
to assemble, the researchers concede that their design is best suited for residential applications
that can accommodate lifting equipment as a single panel can weight over 1000 Ib.

The study looks at two shelter dimensions: 8 ft by 8 ft plan with a height of 8 ft, and 5.5
ft by 5.5 ft plan with a height of 7.67 ft, which can serve nine and five pgeplEEMA
guidelines, respectively. The assembled shelters are shdviguire 33. Each shelter size was
tested with 3ply and 4ply panels manufactured from V1 Douglas Fir. The panels were
prefabricated and assembled on site uskmch by 4inch 14gaugesheet steel angles bolted to
the CLT along each interior edge with 3f@h by 3inch lag bolts. A CLT door was also
included in the design, attached with-#8h gate hinges and secured from the inside with three
cane bolts. Finally, the foundation haldwns were 13nch by 2inchby¥i nch A36 st eel
shape bars bolted to the CLT panel and laboratory floor beams withcB/®y 3inch lag bolts.

All the connection hardware can be seeRigure 34.
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door.

Figure 34: Assembly hardware (Falk et al., 201Bjom left to right 4-inch by 4inch steel
angles, 13nch by 2inch by %zinch foundation hold downs, cane bolts, &i8tinch gate
hinges.

Falk et al. (2019) details the requirements for impact testing laid out in ICCHS88A
Chapter 8. The researchers had trouble satisfying the length and weight requirement for the 2x4
missiles at the same time; therefore, they opagatioritize the weight of the studs instead of the
length of the studs, as length has no direct effect on the impact force imparted by the missile. The
average length of the studs was therefore 12.75 ft (outside the 13.5 ft + 0.5 ft ICCHO8SA

tolerane) and the average weight was 15.25 Ib (within the 15 Ib £ 0.25 Ib ICC/NS8B8A
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tolerance). The missiles were launched using a compressed air cannon, shagurei35, and
the velocity of the missiles was calculated using two photoelectric time gatesi sigainches

apart in the muzzle of the cannon.

Figure 35: Debris impact cannoffalk et al., 2019)

Shooting at 100 mph, the@By wall panel failed for both the 5.5 ft by 5.5 ft and 8 ft by 8
ft shelters; however, the@@y door passed impact testi criteria. The 3ly roof panels were
tested at speeds in excess of therph requirement and passed the ICC/NSSA 500 testing
criteria. Falk et al. (2019) concluded that-pl$ CLT panel would be appropriate for a door or
roof component but is not stig enough for a wall component. Thel panels were tested
with a 5.5 ft by 5.5 ft shelter, an 8 ft by 8 ft shelter, and a door. All three successfully resisted the

missile impacts at speeds greater than 100 mph, leading the researchers to conadutiglyhat
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CLT panel could be used for any shelter component. Examples of damaghy tarl 4ply

panels can be seenfigures 36and37.

Figure 36: 3-ply CLT results(Falk et al., 2019)First row, interior damage to@y wall panel,

debris ejecte from back of panel, and perforation of witness screen at 107 mph (Fail). Second
row, exterior penetration and slight interior cracking gfidroof panel at 86 mph (Pass).

Bottom row, exterior penetration and slight interior cracking-pfy3door at 18 mph (Pass)
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Figure 37: 4-ply CLT results(Falk et al., 2019)Top row, exterior penetration of-gly wall
panel in 8 ft by 8 ft shelter at 110 mph (Pass). Bottom left, exterior penetratiepiyofvall
panel in 5.5 ft by 5.5 ft shelter at 102 mitags). Bottom right, multiple exterior penetrations
with no interior damage of-gly door at 103 mph (Pass)
The other aspect of the research focused on pressure testing to simulate wind loads from
tornadic events. The study states the-2fih basic windgpeed required by ICC/NSS300 and
calculated according to the ASCEL@ Main Wind Force Resistance System (MWFRS) method.

For their 8 ft by 8 ft shelter, the lateral pressure is 167 psf and the suction (uplift) pressure is 224
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psf. To test the CLT panels for wind load, Falk et al. (2019) considered three different

applications of the load. The first tested the strength of the panels themselves using a pressurized
airbag sandwiched between the panel and the floor. The second setdpitedateral shear load

on the entire structure by installing the airbag between the shelter wall and a reinforced concrete
strong wall in the laboratory. Finally, the third setup tested the uplift resistance of the entire
shelter using a steel actuatorpush up on the inside of the shelter. All three experimental setups

are shown irFigure 38

Figure 38: Wind pressure testing setup (Falk et al., 2019). From left to righelgpressure test
setup, lateral shear load test setup, and uplift flastesetup.

The 3ply panel successfully resisted a load of 300 gisfL.8 times the design load of
167 psf. The researchers therefore did not tegblg panel, as the-Bly panel was adequate.
The entire 8 ft by 8 ft shelter and its foundation tie downs resisted 395 psf, or 2.3 times the
design load, of lateral shelaad from the second test. When loaded on the wall opposite the
door opening, a maximum deflection of 1.0 inch was recorded. When loaded on a wall adjacent
to the door opening, a maximum deflection of 1.5 inches was recorded for the same load. Entire
sheler deflections were greater and slightly unsymmetric when the airbag was applied on a wall
panel adjacent to the door opening as opposed to opposite the opening, leading to the conclusion
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that the stiffness of the panel with the door cut out was signifjcempacted by that loss of

material. Deflections from each case are showfigare 39. Finally, the uplift tests recorded a
maximum deflection of 1.38 inches and a permanent deflection of 0.54 inches from 14,300 Ib, or
1.0 times design load, of uplifbfce. A second test on the same panel recorded a maximum
deflection of 2.19 inches and a permanent deflection of 1.22 inches after reaching 21,500 Ib, or
1.5 times design load. The values from the second test include the permanent deflection from the

first test, and both displacement graphs are showHigiare 39.
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Figure 39: Displacements from wind pressure and uplift testing (Falk et al., 20@p)left,
displacement of shelter when loaded laterally on wall opposite door opening; top right,
disgdacement of shelter when loaded laterally on wall adjacent to opening. Bottom left,

displacement of roof panel during first uplift test; bottom right, displacement of panel during

second uplift test

Falk et al. (2019) concluded that tornado shelterstaaeted from CLT panels are a

viable alternative for future use, as the shelters met or exceeded the ICCA98%3Ad ASCE~
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10 specifications for impact and wind loads. The study suggests that further research is needed
for shelters that are fabricatedrinanultiple panels or contain joints or splices, as they may

perform differently than the fullize panels tested here.

44



Failure characteristics of UHPFRC panels subjected to projectile impact (Beppu et
al. 2020)

Beppu et al. (2020) investigates projexiihpact loading on Ultraligh-Performance
FiberReinforced concrete (UHPFRC) panels, specifically focusing ostpeesed panels
subject to mierange projectile speeds of 112 to 336 mph. The researchers justify the decision to
prestress the panels byieg the improved performance of pgessed UHPFRC panels under
static loads. The researchers also justify their study by presenting previous studies on UHPFRC
as a highly impaetesistant material when subjected to kegieed, low mass projectiles (1570
mph, 0.0176 Ib); when subjected to leweed, high mass projectiles (22.4 mph, 1050 Ib); and
citing a lack of data on midpeed, medium mass projectiles. Beppu et al. (2020) suggested that
these midspeed, medium mass projectiles could originate from tlmsavolcanic eruptions, or
other similar windstorm events.

The experimental design included three different panel thicknesses: all panels were 45.3
inch wide and 45-&ch tall, with thicknesses of 2.36 inches, 3.54 inches, and 4.72 inches. All
panels iclude 0.5inch prestressing wires spaced at 3.54 inches in both directions throughout
the panel, and prstressed to 176 kips, as showrkrigure 40. Steel reinforcing fibers of 406 ksi
tensile strength, 0.0078ich diameter, and 0.59@ch length are nxied at 2% by volume into
the UHPC which has an average compressive strength of 31.3 ksi and an average tensile strength
of 1.78 ksi after heat curing. For each panel thickness, a specimen was tested with either no pre
stressing steel reinforcement; fteessing steel reinforcement without induced-giress; or

pre-stressing steel with induced gstress. All panels included steel fiber reinforcement.
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Figure 40: Specimen dimensiorn(8eppu et al. 2020)

The test setup used a projectile launching machine with a laser velocity sensor, shown in
Figure 41, to accelerate an 18.3 Ib steel nosed projectile at the center of each panel. The target
speed for each test was 94.0 mph. Load cells fixed between tHeapdribe reaction frame
measure the reaction force, while strain gauges placed on the back of the panel measure the
displacement history of the panel, as showRigure 41 A high-speed camera recording the
event allowed the researchers to create aatisphentime history later used to estimate the

initial impact force of the projectile.
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Figure 41: Launching test machine and steel proje¢eppu et al. 2020)

Failure modes considered in this study (from least damage to most damage) include
spalling, scabbing limit, scabbing, and scabbing with a hole. The thinnest panels, with thickness
of 2.36 inches, all failed by scabbing with a hole, as shoviaigare 42 The failure mode of the
2.36inch panels was not affected by the presence of steel reinforcementstregeing; all
2.36inch panels exhibited similar front face spalling, back face scabbing, and back face hole
diameters. Beppu et al. (2020) thereforggmsts that the failure is due to shear stress, as no
shear reinforcement was included in any panel and would cause ailh&Bganels to fail in the

same manner.
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Figure 42: Failure state 060 mm @.36inch) UHPFRCpanels(Beppu et al. 2020)

Enlargement

The 354-inch panels all failed by scabbing, with one of the unreinforced panels failing at
the scabbing limit. Photos of the failed specimens are showigume 43. The researchers
explained that approximately 94.0 mph is therefore the scabbing limit vedddig
unreinforced 3.54nch panels. However, the reinforced 3iBdh panels showed nearly 35%
smaller scabbing diameters compared to the unreinforced panels. They suggest that the presence
of the steel wires better confined the UHPC panel and thereétter resisted the projectile
impact, although prstressing had little effect on the scabbing diameter of the reinforced 3.54

inch panels.
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Figure 43: Failure state 090 mm(3.54inch) UHPFRCpanels(Beppu et al. 2020)

Finally, the 4.72nch panels failed by spalling, as seeffrigure 44, with few cracks
showing on the back of the panels. Similar conclusions are drawn about thech panels as
the 3.54inch panels: the confining effect of the steel reinforcemepigdedieter flexural failure
and back face scabbing, while the-pteess in the strands did not significantly change the failure

mode of the panel.
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Figure 44: Failure state 0120 mm(4.72inch) UHPFRC panel¢Beppu et al. 2020)

Beppu at al. (2020) ewluded that conservation of momentum was upheld by comparing

the initial momentum of the projectile with the area under a-for@ curve captured by the

load cells. By comparing the displacemémice curve with the initial kinetic energy of the

projecile, it was shown that kinetic energy was also mostly conserved; the researchers suggest

that local deformation was responsible for absorbing most of the eifréggye 45 charts the

change in these values throughout the course of the impact for oneSBdi4tiiech panels.

Similar analysis was done for all other panels as well.
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Figure 45: Measure datafrom 90 mm paneléBeppu et al. 2020)

To predict scabbing and perforation limits, Begpal. (2020) compared the Chang and

Degen (1981) formulae to the CRIEPI (NEI, 2011) formulae, concluding that the former better

predict UHPFRC response while the latter better predict RC response. However, CRIEPI can be

modified to improve its predictienof UHPFRC by adjusting the reduction coefficients. It is

noted that the perforation limit thickness of UHPFRC is approximately 20% lower than RC

panels, while the scabbing limit thickness is approximately 40% lower. Additionally, Beppu at

al. (2020) conslered formulae to predict a critical impact energy as a function of the panel

thickness, which is based on the modified CRIEPI equations. The formulae agree well with the

experimental results and predict a 400% increase in absorption capacity betwesmeRGpd

UHPFRC panels.
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Numerical and Analytical Models

Response of ultrahigh-performance fiber reinforced concrete (UHPFRC) to impact
and static loading (Habel and Gauvreau, 2008)

Habeland Gauvreau (2008) investigated the experimental response of UHPFRC under
static and high strain rate (impact) loading to validate a proposed twesprasg dynamic
response model. UHPFRC has been shown to have higher strength gain under highatestrain r
without reducing maximum strain capacity; reduced spalling and scabbing under impact loads;
and high energy dissipation capacities due to fiber bridging across the matrix. These
characteristics make UHPFRC an ideal candidate for further impact $tuelyesearchers also
argue that a two maspring model, although less refined as a detailed finite element analysis,
will be appropriate if nonlinear behavior for the springs is included in the model.

The specimens for static and impact bending tests @16 inches long, 5.71 inches
wide, and 1.97 inches deep. The UHPFRC mix had an average compressive strength of 19.2 ksi
at the time of testing. Threand fourpoint bending tests were conducted to analyze the static
response, with an associated straite of 5.7 x 16 in/in s and an experimental set up shown in
Figure 46. Drop weights tests were performed on the panels to assess response to high strain
rates. Impactors with weights of 22.7 Ib at 9.40 mph and 45.4 Ib at 9.62 mph werEigses.
47 shows the experimental set up, including instrumentation to measure impact force, reaction

force, and panel deflections.
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Figure 47: Drop weight test setup (Habel anduseeau, 2008).

To model the static response, a cresstionbased model was used to determine the
momentcurvature relationship of the panels. The parameters of the assumed behavior are shown
in Figure 48. The two masspring model, shown iRigure 49, considers nonlinear springs that

yield two classic equations of motion. The terpfur) describes the static response of the plate
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under equivalent static loading, while the ters{udw-ur) describes the resistance of the

plywood placed between the drop glei and the UHPFRC panel.

a

Cross section Strain Stress Forces

E a3,
Uc Uc
A«
Eut Ot

EUt,1st EUt,max
I

Figure 48: Definition of model paramete(siabel and Gauvreau, 20083) Stress distribution
through cross sectioiib) linearelastic and strain hardening behavior in tension; (c) softening
behavior in tension; and (dpmpressive behavior

% Mpw
Upw

Ry (Upw - Up) Parameters ) 2
pow TP u: displacement d Upw d Up
Mpw -

m: mass
R: spring

u i Mp resistance
FI

Subscripts d2 up,
DW: drop weight mp - <
Rp(up) D: damper dt

P: plate

Figure 49: Massspring model and equations of motigtabel and Gauvreau, 2008wo mass
spring model with nonlinear springs and associated equations of motion

Results from the threand fourpoint static bending tests are shoin Figure 50,

including experimental and calculated curves. Although the data has a high scatter, explained by
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the researchers as due to inconsistent mixing and pouring methods, the average experimental

curve and the crossectionbased analytical cun&ow a good agreement.

exp. results exp. results
mean curve

= == model

mean curve

12

uFi‘ 2 uFI 2

‘deflection
1

0 5 10 15 0 5 10 15
mid-span deflection [mm] mid-span deflection [mm]

Figure 50 Results of threeand fourpoint bending testdHabel and Gauvreau, 2008).

Left, results of threg@oint-bending tests; right, results of fepoint-bending tests.

Drop weight tests showed a maximum strain rat@ppiroximately 2 in/in‘$.

Panel failure was attributed to cracks on the lower surface, which are typical for strain
hardening materials, with final fracture of the panel occurring after fiber pullout. The specimens
failed in bending, similarly to the d$ta bending tests. Time evolution of deflected shape and
strains in one of the test specimens are showvgiare 51. The peak impact force of 5,260 Ib
occurred at approximately 1.6 ms, corresponding to the downward facing white triangle markers.
The defletion and maximum strain rates clearly lag the peak impact force as they continue to
grow until 3.33 ms after impact. The researchers observe that the deflected panel maintains an
elastic shape until 2.08 ms (black circle markers), after which the ststuggee at midspan

indicates inelastic behavior due to strain hardening and cracking.
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Figure 51: Time evolution of deflected shape astdain(Habel and Gauvreau, 2008).
Measurements takeat bottom midspan of specimen
When building thenalytical models, the researchers began by defining an equivalent

panel mass and the nonlinear spring values. A
was used in the models because it corresponded to adiiastic response with a hinge at
midspan representing the ultimate inelastic failure. Rt he spring force repre
equivalent static response, was defined using the drop weight force and panel deflection
histories. B, t he spring force r epr edeeminédrirgnasétef pl yw
static bending tests on plywood samples multiplied by 1.3 to account for dynamic loading as
suggested by Bischoff et al. (1990). Using the experimental drop weight foreeaasl Rhidspan
deflection as g the model could succes#fupredict impact duration, peak impact force, shape
of the forcetime response, and number of impacts until failure. Comparison of the experimental

data and modeled curves are showRigure 52
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Figure 52: Model versusexperimental result@Habel andGauvreau, 2008Results shown for
(a/b) impact force vs. time and (c/d) midspan deflection vs. time

Habel and Gauvreau (2008) conclude that the UHPFRC panels failed in bending under

static and impact loading conditions, and that the desirable-baaning behaviors of

UHPFRC continue under high strain rates. The researchers also confirm the appropriateness of a

two massspring analytical model for the drop tests, as it showed good agreement with the

experimental results.
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Prediction of UHPFRC parels subjected to aircraft engine impact (Thai and Kim,
2016)

Thai and Kim (2016) investigated the development of a detailed finite element model to
predict the impact response of UHPC panels subjected to impact loads from aircraft engine
missiles. The lackf empirical formulae to predict the UHPC impact response was the
motivation for their study. Current formulae derived from data on RC structures have limitations
in predicting UHPC performance because of the differences in the impact energy dissipation
capacities of the two materials; this study addresses these limitations through a numerical
analysis verified using experimental results from Riedel et al. (2010). Using the numerical
analysis, this study provides equations that will better predict a mmioidPFRC panel
thickness to prevent scabbing and perforation after impact.

The geometry of the modeled panels and the impact missile followed the specifications of
the experimental study by Riedel et al. (2010) presented earlier in this literature review. The
finite element model renderings by Thai and Kim (2016) are showigure 53 The rebar cage
was embedded in the UHPFRC panel and the missile was placed at an initial location at the
geometric center of the face of the panel with its front head directly touching the panel to model

the instant before impact occurs.
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UHPFRC

s

Figure 53: Finite element modslof panel, rebar cage, and steel impaidrai and Kim, 2016)

The material properties of the model are described for the concrete (UHPC), steel rebar,
and steel aircraft missile. For the concrete, the researchers badséntfrith model as it best
predicted the punching behavior of UHPFRC. The Winfrith model also accounts for differences
instrainr at e by multiplying compressive strengt h,
with the factors shown iRigure 54; the corresponding concrete strefi®in curves are also
shown inFigure 54. For the steel rebar, an elagpiastic with kinematic hardening mode was
chosen for the model; however, for the steel aircraft missile, a linear isotropic material model
with no hardening was chosen. The researchers make this distinction becauss yielcte
strength in both cases is highly dependent on the strain rate but considering the variation in stress
due to strain rate for the missile is outside the scope of the paper. Thesaiessurves for

both steel elements are showrFigure 54.
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Figure 54: Winfrith model factors and stressrain curvegThai and Kim, 2016)Top, Winfrith
model modification factors. Middle left, tensile strsssain curves of concrete; middle right,
compressive stresstrain curves of concrete. Bottdeft, stressstrain curves of steel rebar;

bottom right, generic stress¢rain curve of steel missile
To verify their model, Thai and Kim (2016) simulated four experiments from Riedel et al.

(2010) and compared the model results with the measured revgpeal results. As seen in

Figure 55, the model was reliable with most predictions within 10% of the actual value.
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Exp. No. Method Initial velocity Panel failure Residual velocity Scabbing Area Deflection (mm}) Missile failure
(m/s) mode? (m/s) (m?) mode

1 Exp. 194.7 C -0.86 - 2.00 Bucked
FEM 194.7 C -0.82 - 22 Bucked
Difference 0 - 4.7% - 10.5% -

2 Exp. 258.7 Is -0.73 - 12.00 Bucked
FEM 258.7 IS -0.69 - 13.12 Bucked
Difference 0 - 5.5% - 9.33% -

3 Exp. 320.0 P 0.00 0.0837 - Crushed
FEM 320.0 P 0.00 0.0789 - Crushed
Difference o - 0.0% 5.7% - -

4 Exp. 3320 P 11.00 0.0775 - Crushed
FEM 332.0 P 12.00 0.0650 - Crushed
Difference 0 - 9.10% 16.1% - -

4 (C=Penetration Mode, |S = Just Scabbing Mode, |P = Just Perforation Mode, P = Perforation Mode.

Figure 55 Comparison of model and experimental results (Thai and Kim, 2Bibée element
modelresults generated by Thai and Kim (2Dlperimental resultakenfrom Riedel et al.
(2010)

The researchers then conducted a parametric study to examine the effects of missile
velocity, fiber type, fiber content, and panel thickness on damage due to impact. Using a
cracking strength suggesl by Naaman (1972), a fiber coefficient suggested by Suwannakarn
(2009), and the modified formulas of Chang and Degen (1981) in the NE3 6tandard for
scabbing/perforation of reinforced concrete walls, the authors propose the relationships shown in
Figure 56 for scabbing thickness ardgure 57 for perforation thickness. Multiple curves are

shown for di fsh e o, éabtdrs thateatljustehe Charig arfid Degen (1981) formulas

for UHPC; the authors specify the best value for each gragbsasibed in the figure captions.

61



0.140 0.140
[ | #Penstration [ | ¢Penetation
0.120 + | ®Justscabbing * B 0.120 + | ®Justscabbing * B
o " | AScabbing Py [ | 4Seabbing
£ 0100 § | tpuriason . . £ 0100 § | ctpbaion . Lo
2 - | ®Pafocation 0.9 - F | @Perforation 0.9
% 0.080 + - + 0.8 % 0.080 -+ - B 0.8
E g 0.7 = i 0.7
2 0060 . 0.6 2 0.060 4 . 0 0.6
2 g 05 2 s 05
@ 0.040 + G % 0040 {
C ® L @
0.020 + 0.020 f
0000 P - T S S 0_000 " T t " to r— t "
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Missile velocity (m/s) Missile velocity (m/s)
(a) 1.0% Hooked fiber (b) 2.0% Hooked fiber
0.140 + 0.140
" | *Pematation # Penatration
0.120 + | ®Justscabbing @ 0.120 + | ®Justscabbing
S 4 Seabbing ﬁ’ - 4 Scadbing ﬂ-"
g § ; 1.0 & ; 1.0
= 0.100 4 | *Tustperontion ° S 0.100 + | »Jstproatin .
- - | ®Padforation 0.9 5  Pedforation 09
§ 0.080 + ° o 0.8 § 0.080 - 5 © 0.8
= - 0.7 = 0.7
2 0060 § . % 0.6 Z 0.060 - 4 0.6
= [ = y
= [ 0.5 = 0.5
& 0040 | & 0.040 -
[ ° ®
0.020 0.020 -
0.000 e e e e e it 0.000 T T S o D ey T Ry
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Missile velocity (m/s) Missile velocity (m/s)
(c) 1.0% Torex fiber (d) 2.0% Torex fiber

Figure 56: Minimum thickness to prevent scabbifithai and Kim, 2016)Graphs presented for
various fiber types=a@d886pnt=end.cd2 ;F ofsdr82B()c )u sues
and fors=0d) wuse b

62



0.120 T o 0.120 -
r ¢ Penatation r # Panstration
0.100 | | ®Temtecatbing » . G200 1. | Smbemties . .
T | Bl |z U= Z
=r L | *Jestperontion - ¢ Justperforiticn
é 0.080 | 4 Pesforation B . (1)‘9’ S 0.080 1 | 4pucteraion . B (l)g
I r 0.8 § [ 03
2 0.060 T 3 [ ] 07 = 0.060 + . . e
s L § [ [ ‘
2 : ° 06 £ [ ° 06
£ 0040 1 o 0.5 £ 0.040 f e 0.5
b~ r £ i
& r & Z
0.020 4 0.020 4
0.000 + : ; . . : 0.000 -+ : . . ' .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Missile velocity (m/s) Missile velocity (m/s)
(a) 1.0% Hooked fiber (b) 2.0% Hooked fiber
0.120 N 0.120 *
- | *Penstation +Penstation
0.100 | "reenes ¢ e 0.100 f | Miwtestiine > ®
'E 4 Scabbing . ﬂl" E i Scabbing _ ﬂﬁ
Nt [ | *Justperfontion - +Justperfortion
2 0080 1| eRuseuion o o 1.0 2 0.080 1 | operucaion - © 1.0
_g I 0.9 E 0.9
= : 0.8 e ' 0.8
= 0060 + ¢ e € o7 2 0060 1 * e 07
£ e 06 £ ' i 06
£ 0040 | E 0. £ 0040 | 0.5
- z
= i A~
0.020 + 0.020 -
0.000 . ey . : 0.000 ey ; . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Missile velocity (m/s) Missile velocity (m/s)
(c) 1.0% Torex fiber (d) 2.0% Torex fiber
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Thai and Kim (2016) concluded that UHPFRC shows much better punching resistance
than RC; fiber type and amount significantly impact the panel performance; and the Chang and

Degen (1981) formulae can be used to predict scabbingeafmtation thickness if used with the

recommesa d ¢dblbds.
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EXPERIMENTAL PROGRAM
Specimen Design
A series of UHPFRC panels were cast to study their resistance to tdroaodebris,
following the guidelines of ICC/NSSA 500. To meet the objestwatlines the introduction, a
total of eight panels were cast and tested under impact loading. The panels varied in size, UHPC
material, fiber type, fiber content, and reinforcement type. The following sections discuss the
reasoning behind each choicetlas panels were designed. A final summary of the panel

specifications can be found in summary of panel parameters section.

Panel dimensions

The choice of panel dimensions comes from a combination of previous research,
engineering judgement, and resource mi t at i ons-si Ikhé bhsil teifnf phhel
wide by 6 ft tall, which was chosen to accommodate 5 occupants following shelter density
requirements of ICC/NSSA 500.

As the main document governing tornado shelter performance, ES/N 5006 s cr i t
for a Apassingo or Afailedo test was used to
Apassingd panel would need to meet the foll ow
interior surface of the panel (meaning the prajeciould not go through the panel); no debris
ejected from the interior surface of the panel would damage the kraft paper on the witness
screen; and any permanent deformation shoul d

be earned from resistira missile weighing 15 Ibm at 100 mph, which is equivalent to 5010 Ibf
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ft of impact energy. Thesesirzeeqou isrheenetnetrs eareemein
taken as 4 ft by 6 ft for this study.

There are many examples of UHPFRC panels undesicétrpresented in the literature
review, so any previous test that would const
criteria was noted to find a relationship between impact energy, thickness, and mass of the panel.
The closest comparison came fr@&appu et al. (2020) which used a 18.3 Ibm missile at 94 mph,
equivalent to 5401 Ikft of impact energy, to impact a4Bch by 45inch, 680 Ibm, 3.54nch
thick and a 45nch by 45inch, 907 |lbm, 4.72nch thick UHPFRC panel with 2% steel fibers by
volume (used in this study and discussed in the fiber type and content section). Fimel3.54
panels would not pass the ICC/NSSA 500 standards because of the excessive scabbing on the
interior surface due to punching shear, showRigure 43; but, one panelid exhibit a scabbing
limit failure, suggested a slightly thicker panel would prevent back face scabbing. Thech72
thick panels pass the ICC/NSSA 500 standard because they do not exhibit any interior surface
scabbing, only slight cracking as showrFigure 44. Because the impact specifications are
nearly identical, the panels from Beppu et al. (2020) are a good starting point for choosing the
dimensions of the panels in this study. One major difference, however, is that Beppu et al. (2020)
used a stdenosed missile, which would absorb much less energy during impact than the wood
2x4 projectile prescribed by ICC/NSSA 500. Therefore, a slimmer panel would likely perform
just as well when hit by a wood 2x4 projectile. Combining the scabbing limit pexfmerof the
3.54inch panel with the expectation that a wooden projectile would damage the UHPFRC panel
less, a dnch thickness was set as the maximum thickness to be considered when designing the

panels.
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Back surface Enlargement Back surface Enlargement
' T -
T90-NPC T90-PC
Scabbing (41.1 m/s) Scabbing (41.1 m/s)
Impact surface Enlargement Cro_ss Impact surface Enlargement erss
section section
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Figure 43: Failure state 090 mm @.54inch) UHPFRCpanels(Beppu et al., 2020Ranels fall
by punching shear and back face scabbing. The top right photo shows failure by scabbing limit,
suggesting a slightly thicker panel would have prevented scabbing

T120-NR T120-NPC T120-PC
Spalling (41.6 m/s) Spalling (41.8 m/s) Spalling (41.3 m/s)

Cross Cross 5 Cross
s . Spalling Enlargement s
section section section

Impact surface| Enlargement
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Figure 44: Failure state 0120 mm 4.72inch) UHPFRCpanels(Beppu et al., 2020). Panels fall
by front face spall, with no badlace scabbing
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Another approach to estimating the required thickness comes from comparing mass of the
panel to impact energy. The mass of the panel is an indirect way of measuring the amount of
steel fibers present because the amount of fiber reinforcement is basedaenigiht of the
panel. As fibers are shown to be the main energy dissipation method of UHPFRC under impact
loading, the correlation between impact energy and mass (i.e. fiber content) could prove a more
accurate way to predict the performance of the pamelits required thickness. Comparing to the
same 48nch by 45inch, 680 Ibm, 3.54nch thick panel from Beppu et al. (2020) discussed
earlier, a 4 ft by 6 ft tornado shelter panel would require aidd®thickness to match the
weight of the 680 Ibm pah Using the same logic when considering a steel missile impact
versus a wood missile impact, arzh thick UHPFRC panel was chosen as the new maximum
panel thickness.

The effect of flexural stiffness on the panel performance was also considered.
Convenional design usually focuses on increasing flexural stiffness to mitigate deflection;
however, a fApassingo tornado shelter panel by
peak deflection as long as debris is not ejected from the interior fackeafidal deflection is
less than 3 inches. Therefore, decreasing the flexural stiffness to intentionally allow the panel to
deflect more would force the panel to fail by excessive deflection rather than a weaker (and more
dangerous) failure mode of puniat shear, like the 3.5¥hch panels from Beppu et al. (2020).
The easiest way to decrease flexural stiffness is to decrease the thickness of the specimen, whose
cube is proportional to moment of inertia. Two thicknesses;ih@band 1.625nch, were

thereby chosen for the experimental panel design.

67



Finally, the suggestions of the predictive analytical model presented in the literature

review are compared with the previously discussed thickness guidelines. Thai and Kim (2016)

graph minimum thicknesses poevent scabbing for a 3.5 Ibm missile at a given impact speed,

shown inFigure 56 for 2% steel fiber reinforcement by volume. ICC/NSSA 500 gives the

missile impact speed as 100 mph, but for a 15 Ibm missile. To adjust the overall impact energy to

accountfor the higher weight-igure 56 should be used with a speed of approximately 656 mph

(200 m/s) resulting in a minimum thickness of 0.6 m, or 2.36 inches. This is comparable to the

2.12inch thickness to reach energyass equivalency discussed earlier. \Woek by Thai and

Kim (2016) only gives guidance for hooked and torex fibers; following papers reviewed by Yoo

and Banthia (2017), straight fibers may perform better under impact loads and the overall

thickness of the panel could be reduced because ohfiteved energy dissipation performance

of the straight fibers.
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Figure 56: Minimum thickness to prevent scabbiighai and Kim, 2016). Graphs presented
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After settling on two panel sizes (1.25ch by 4 ft by 6 ft and 1.62mch by 4 ft by 6 ft),
the limited availability of UHPC in the laboratory affected the approach taken by the researchers.
The panel thicknesses, although based on sound engineering judgemeiot, guesanteed to
work. To prevent wasting material on full size panels that did not work, smaller dimensioned
panels were cast first. After evaluating their performance, adjustments could be made, and larger
panels could be cast. The preliminary panels (&32 and AS_2x12) were only 4 ft tall, 1 ft
wide, and a maximum of 2 inches thick to keep the UHPC volume minimum. After seeing the
performance of those panels, the design was changed to 6 ft by 1 ft with each thickness, then 6 ft
by 2 ft with each thickess to see if the results of a smaller panel could be scaled up to the larger
di mensi oned panels. A Afull sizedo panel woul d
that much UHPC to be poured. For the panels investigating the effect of fieenrtypanel
performance, the panel size was changed back to 6 ft by 1 ft anth@h2fhick.Figure 63
provides a detailed summary of each panel 6s d

size are shown iRigure 58,
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Figure 58: Formworks ofeach panel sizé.eft, formwork for 4 ft by 1 ft; top, 6 ft by 1 ft
formwork; and bottom, 6 ft by 2 ft formwork.

UHPC type

As hinted at earlier, the research was limited to the type and amount of UHPC currently
available in the laboratory. The materiaighe lab were donated or purchased from commercial
UHPC manufacturers around the world. Two brands were used in this study: Aalborg Extreme
and Steelike, manufactured by Lehigh White Cement Company and Steelike, Inc., respectively
(AALBORG EXTREME, n.d. ad Steelike Concrete, 2021). A comparison of the material
properties of each type will be presented later in the study in Material Property Testing Results

section.
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Figure 59: Bags of UHPC type®alborg Extreme (left) and Steelike (right) premix.

Aalborg Extreme was used to pour panels that were focused on understanding an
acceptable panel thickness and the relationship between mass and energy absorption. Steelike
was used to pour panels that examined the effect of fiber type on impact resistaégui®e
63 for details on which panels used each type of UHPC.

Both mixes rely on a similar procedure. Using a-siikd mixer, the bags of dry premix
are added first. Water and superplasticizer are added next, over a specified amount of time to
allow for good dispersion among the cement particles, and the resulting blobs of UHPC are
allowed to mix until the consistency turns to a smooth, -telteerlike texture. Reinforcing
fibers are then added, mixed for another five to six minutes to ensure eviutiosir

throughout the mix, and finally the UHPFRC is poured. In the lab, the UHPFRC is generally
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poured into buckets first, then transferred to the specimen molds because of space and sizing of
the molds.
Aalborg Extreme was a much less flowable mix tBéeelike during mixing and required

extra superplasticizer to increase its workability.

Figure 60: Mixing procedure of UHPCL) The dry premix in the mixer, 2) adding water and
superplasticizer, 3) clumps of cement forming around water particles, 4) blobs of UHPC
forming, 5) cakebatter consistency achieved, 6) steel fibers being added, 7) fibers mixing into
the UHPC, and 8) UHPFRC poured into buckets for transfer to formwork.
Curing methods for both types of UHPC mix were the same. After being poured, the
panels were covered with plastic and allowed to set in ambient laboratory conditions for 24

hours. They were then moved to an environmental chamber to cure in high temphigkure

humidity conditions to encourage rapid strength gain. The environmental chamber was
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maintained at 40 °C (104 °F) and 95% humidity. The panels stayed in the environmental

chamber for six days before being removed and demolded.

Fiber type and content

The effect of fiber type and content on the material properties oh UHPC was well
documented by Yoo and Bantl{zZ017). The compiled evidence suggests that straight fibers
perform better than hooked or twisted fibers under the high strain rates of impact loading
because the straight fibersé pullout mechanis
their shapes less likely to decay under extreme strains. Their research also discusses the benefits
of polymeric fibers under impact loading, as they are less likely to fail by fiber pullout, and the
limitations of polymeric fibers, as they are unlikely to readhdullout capacity due to low
tensile strength. Finally, increasing fiber content was shown to increase global performance
when dosed up to 6% by volume; however, local response of the UHPFRC plateaued around 2%
by volume.

Throughout all the specimenssted in this project, three different types of fibers were
used. The first is a straight-iich-long, polymer glasfiber manufactured by Owens Corning
(Owens Corning, n.d.). The other two are both steel fibers manufactured by Bekaert, one a
straight “inch-long fiber and the other a bent 1 4i@h-long fiber (Bekaert, n.d.). All three are

pictured inFigure 61
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Figure 61: Fiber types. Fom left to right, the polymer glass fibers, straight steel fibers, and bent
steel fibers. The bent steel fibers aceibd by watedissolvable glue and break apart when
mixed into the UHPC.

The first two panels (AG_2x12 and AS_2x12) were one of the first attempts to pour
Aal borg Extreme by the researchers. To get a
and anount of fibers were used without consideration for the effect they would have on the
impact resistance of the panel. One panel used polymer glass fibers dosed at 1.5% by weight of
dry mix, while the other used straight steel fibers at 5% by weight of dty m

Following the results of the impact testing discussed in the preliminary panel results
section, several changes were made for subsequent Aalborg Extreme panels. The next four
panels (AS_1.25x12, AS_1.625x12, AS_1.25x24, and AS_1.625x24) all userhipktsteel
fibers at 2% by volume of dry mik equivalent to about 7.35% by weight of dry mix. The
decision to use steel fibers instead of polymer glass fibers was supported by the performance of
the first two panels as well as the research reviewedoyand Banthia (2017). Additionally,
because current research also suggests straight fibers perform better under impact loads than bent
or twisted fibers, the straight steel fibers were chosen over the bent steel fibers. The amount of
fibers was increasddr similar reasons, but the dosage was capped at 2% by volume as local

response would be more critical than global response for anlbaetl projectile impact.
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To add to the knowledge of fiber shapeds
two panels (SS_1.25x12 and SB_1.25x12) each used a different shape of steel fiber and the
Steelike UHPC. The researchers had experience pouring Steelike, so both panels were

immediately dosed with 2% by volume (7.35% by weight) of dry mix.

Steel reinforcement

When deciding whether to include additional steel reinforcement in the UHPFRC panels,
results from Beppu et al. (2020) and Riedel et al. (2010) were informative on the benefits of
including steel reinforcement. Both studies demonstrate that steel remémthkelps confine
the UHPC particles, thereby increasing strength and decreasing debris ejection when impacted.
Additional steel reinforcement was included in all the panels because of its demonstrated
benefits. The first two panels (AG_2x12 and AS_2xistd #3 rebar as longitudinal flexural
reinforcement as well as pieces bent intshapes for transverse shear reinforcement. After
some issues with constructability and the questionable performance of the panels during testing,
the remaining panels switetl to a %inch diameter, 4nch grid wire mesh more like the type

used in Beppu et al. (2020). Both reinforcement configurations are shdwguie 62
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Figure 62: Steel reinforcement typekseft, #3 rebar and right, steel wire mesh used for
reinforcenent inside each UHPFRC panel.
Summary of panel parameters
The following chart summarizes the dimensions, UHPC type, fiber type, fiber content,
and steel reinforcement of each panel as discussed previously.

Figure 63: Summary of UHPFRC panel specifications.

Specimen Thicknes Width Heigh UHPC Fiber Fiber % by Rzinsf;)ergiln
Name s (in) (in)  t(in) Type Type volume Type

AG_2x12 2 12 48 é)?t'feor:?e Glass 14 Rebar

AS_2x12 2 12  ag Aalborg - Staight —, , Rebar

Extreme steel
Aalborg  Straight

Extreme steel 2.0 Wire mesh

AS_1.25x12) 1.25 12 72

AS 1.625x1 1,625 12 72 Aalborg  Straight 20 Wire mesh
2 Extreme steel

AS 1.25x24 125 24 72 Aalborg - Straight 20  Wire mesh
- Extreme steel

AS 1.625x2 1,625 24 72 Aalborg  Straight 20 Wire mesh
4 Extreme steel

SS_1.25x12 1.25 12 72  Steelike Stsrtae'glht 20  Wire mesh

SB_1.25x12] 1.25 12 72 Steelike Bent steel 2.0 Wire mesh
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Experimental Test Setup

Debris cannon

There are four debris cannons available to the researchers, eacHeoathdhg, &inch
diameter barrels. The four cannons are arranged in a two by two formation as skayunan
64. Multiple cannons can be used at the same time to simulate a debdstabwever, only one
cannon was used at a time during testing for multiple reasons. First, ICC/NSSA 500 standards
call for 2x4s shot one at a time at the test specimen. Second, only one cannon was outfitted with
an electric actuator such that the ainthef cannon could easily be adjusted between tests.

Therefore, the bottom left cannon showrfigure 72was used for every test.

|
b e

Figure 64: Debris canno.hefour debris cannons available in the laboratory, with a wooden
projectile loaded in the bottom left cannon that was used for every test.
The cannons are powered by an air compressor that can charge to up to 150 psi per
cannon and is controlled by an extal programmable board shownRigure 65. The cannons
can be manually charged up and down or programmed to a firing sequence. As only one cannon

was used at a time, the cannon was manually charged to the correct pressure for each test.
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Figure 65: Air compressor control boarButtons on the bottom right of the board control the
cannon used for every test.

Projectiles and impact velocity

The projectiles, as specified by ICC/NSSA 500, were 2x4 dimension lumber weighing
approximately 15 Ib at the timé firing. The debris cannons rely on a seal forming between the
back of the projectile and the back of the cannon to use the compressed air to accelerate the
projectile. The crossection of a 2x4 will obviously not form a seal with ths&h diameter
cylindrical barrel of the cannons; therefore, a circuland® plastic piece was attached to each
2x4 to create the required seal. Additionally, to ensure the 2x4 was accelerated parallel to the
cannonés longitudinal a x i gectilesvimpact the parels atthe uc i al
correct | ocation, plastic Awingso were attach
exited the cannon barrel. A fully constructed projectile is shown in and out of the cannon barrel

in Figure 66.
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Figure 66:2x4 projectile. Pepared for testing with a plastic disk on the back end and plastic
Awingso attached to rest just inside t

ICC/NSSA 500 also requires that the projectiles are between 13 and 14 feet long. This
requirement was not met for any of the projectiles, as they were all 12 feet or less. However, the
weight requirement was deemed the more important parameter, as gitpaigieant effect on
impact energy while length of the projectile does not. The weight and length of each projectile is
summarized irFigure 75.

Speed gates in the pat h Fgudre6V,ivaseupedtoj ect i | e
measure the velocity dlfie projectiles just before impact. Previous research conducted in the
debris cannon | aboratory had generated a rela
the speed gatesd measured i mpact Figwel6gwast y i n
used to choose an appropriate pressure for the target impact velocity. ICC/NSSA 500 specifies a

speed of 100 mph for testing vertical elements and a speed of 67 mph for horizontal elements; a
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target speed of 100 mph was used for all specimens bezgase| that could resist a higher

impact speed could certainly resist a projectile at a lower speed. ICC/NSSA 500 also says that
the 100mph target speed is for a fdize shelter element. As explained earlier, the sizes of the
specimens were limited Bgboratory resources. Therefore, the target impact speed was adjusted
to keep the ratio of impact energy to panel mass the sdhegemain impact resistance

mechanism of UHPC is energy dissipation via cracking and fiber spanning, and the amount of
availabke cement particles and fibers is directly proportional to the size (mass) of the panel.
Assuming the impact energy would be equivalent to the kinetic energy of the projectile just
before impactcalculated irEquation 1 andsupported by previous researchsuch as Verma et

al . (2016), a panel -swiizzeho 245 % tt hkey s6 zfet opfarnenle
kinetic energy imparted by a 100ph projectile. The 1 ft by 6 ft panels, therefore, should be

tested with 5amph projectiles, which wdd impact 25% of the energy of a @iph projectile.

This correction was not utilized when testing the first two panels (AG_2x12 and AS_2x12)

which is part of the reason they performed so poorly. When shot at a full 100 mph, the first two
panels experiendenearly four times as much energy than they should have when scaled by mass
of the panel. The velocity, impact energy, and impact energy normalized by mass are

summarized irFigure 75.
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Figure 67: Speeds gates and free flight velocity versus pressure graphthree speed gates,
with one set on each side of the room, measured the impact speed of each projectile. Bottom,
relationship between debris cannon pressure and resulting ingbacity of the 2x4 projectile.
The orange curve is the most accurate for predicting the speed of the projectile.

Steel frame and panel attachment

During testing, the panels were attached to a steel frame that is bolted into the floor of the

debris cannoilab, as shown ifrigure 68. The steel frame consists of two W8x28 cross beams

and two W10x112 columns. The columns have bolt holes every 6 inches along its height,

allowing the cross beams to be raised or lowered to accommodate the height of each specimen
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Figure 68: Steel frameThe steel frame in the debris cannonfiedtuestwo columns and two
cross beams attached with steel angles.

For the first two panels (AG_2x12 and AS_2x12), the panels were bolted between the
steel cross beams and an addgicsteel channel on the top and bottom. This configuration was
challenging to install, so subsequent tests used a simpler method of clamping the panel to the
steel cross beams with four steetl@mps, as shown iRigure 69. Bolting the UHPC panel
betweerthe steel cross beam and another steel channel also created a strofigeiiked
connection type, which is not realistic of a tornado shelter that would probably be free standing
and braced only by the edges of the panels surrounding it. Changing telmgs attempted
to create more of a pipin connection type, which is more accurate of a set of panels arranged in

a tornado shelter.
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Figure 69: Panels clamped to stdehme. Clamps located on top and bottcrmssbeams.

Witness frame

Severalofthe CC/ NSSA 500 pass/ fail criteria are |
frame, 0O consisting of kraft paper stretched o
witness frame mimics the presence of occupants on the other side of the testing sarfélcats
damage to the witness frame would constitute injury to an occupant. The witness frame for each
test was constructed to cover the exposed area of the panel between the steel cross bars and was
installed within 5 inches of the back surface of theghaas specified in ICC/NSSA 500 and
shown inFigure 70. A #70 kraft paper was stretched across the wooden frame to capture any

damage from spall or ejected debris that might occur upon impact.
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Figure 70: Witness frameA 1ft wide wooderwitness frame with #70 kraft paper stretched over
the opening. The witness frame was installed on the steel cross beams within 5 inches of the back
of each UHPFRC panel. For the 2 ft wide panels, a 2 ft wide witness frame was used.

Instrumentation and measurements
To capture the response of the panel after impact, two primary measurementaken.

First, a set of strain gauges was included in all but the two preliminary panels. They were

excluded from the preliminary panels as the function of the preliminary panels was to

gualitatively assess an appropriate thickness for future paresstiain gauges were attached to

the wire mesh in the configuration showrFigure 71 and would therefore capture the strains at

the center of the panel, assuming that the bond between the UHPC and steel reinforcement would

cause them to move the sameoamt. Two types of stain gauges from Tokyo Measuring
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