ABSTRACT
AL-ALI, ABDULLAH GUMAH MOHAMMAD . Development of a Thin Architectural UHPC
and Wooden Stud Residential Wall Systé¢binder the directionf Dr. Gregory Luciey.

Residential buildings in the United States commonly utilize wood stud wall systems, as
detailed in the 2021 International Residential Code. Tdredsird modern residentiaboden stud
rainscreenwall system consists of prescriptive wooden framing, iotedrywall, exterior
sheathing, exterior membranseatherproof siding, and a cavity itacorporate insulation and
utilities. Competitors to the standard wall system include masonry and precast concrete systems,
but these systems are relatively heavy and expensive, and thus, are not in widespread general use
across the broad residential hagsmarkein the United States

Recent advances in the field of Ultra High Performance Concrete (UHPC) enable a new
variation of the traditionatesidential wall systerby aimingto replace the layers of plywood
sheathing, siding, anelxterior membran@ a traditionalwooden studvall system with a single
| ayer of 5/ 8fiberreiffarcedkUHBG, his hybrid UHPC sheathing is connected to
traditional wooden studs via discrete connectors, each screwed into the stthedsaast into the
UHPC with a small air gap for thermal efficiencihe proposedamels would be precast flatwise
in 8to 10 ft. heights up 50 feet long, hauled to the jobsite, and assembled qDické/assembled,
the proposed system provides a traditional interior cavitynfarlation, plumbing, electrical, and
interior finishing that is compatible with codequired methodand inspectiond’he UHPC serves
as structural sheathingxterior membraneand finished exterior surface.

This study explores the structural performaotthe proposed systemhermal, moisture,
and fire performance will be considered separately in the fulloebe effective, the UHPC

sheathing must resist lateral loads in the plane of the wall and cladding forces normal to the plane



of the wall.In addtion, the UHPC layer must brace the studs under axial loads, and must work
with the studs to provide flexuralgistance over the wall heigfthe research began by analyzing
behaviorswith traditional mechaniebased techniquassingavailable material ppperties.Then,
smallerscale experiments were completed to determinedpacities oEonnectos embeddedn

thin UHPC. Largescale tests of wall paneisere then completed tmvestigate the flexural,

racking, and axial capacities of the system atdtdille
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CHAPTER 1. INTRODUCTION

1.1. Background

Light-frame wood constructiotechniques are used @9% oftheresidential buildings in
theUnitedStates Yue Lietl. 2007. The standard exterior wall/stemconstructedavith light wood
framingis a multilayered enclosure desigtommonly referred to as a wabéramed wall or stud
wall. Sequentially arranged from the outermost to the innermost layers, this system typically
comprises a cladding (e.ginyl siding, clapboarddyrick veneer etc), an air cavitybehind the
siding an exterior membraner house wrp, an exterior sheathing (e.glywood or OSB), a
wooden framing system witbavity for utilities andinsulation an interior sheathindtypically
gypsum boary andaninterior finish such apaint orwallpaper §hi and Burnett. 20)3Referto
Figurel.1 for an illustrative depiction of typicalloodframedexterior wall system components.
Depending on the cladding details, such a wall may be considered a rain barrier system, where the
cladding blocksall moisture or, more commonly, a rainscreen system where the cladding blocks
most moisture, buthe exteriormembraneunder the cladding islso relied upon to provide

complete protection from the elements.

1 — Exterior cladding with vents

2 — Air cavity

3 — Exterior membrane

4 — Exterior sheathing

5 — Framing and insulation

6 — Interior sheathing and finishing

Figurel.l: Typical Rainscreen Exterior Wall System Compor{&hi and Burnet2013.


https://www.sciencedirect.com/science/article/pii/S0167473006000488?via%3Dihub
https://oitncsu-my.sharepoint.com/personal/agalali_ncsu_edu/Documents/Documents/research/Abdullah%20Thesis/Writeup%20after%20may24/Used%20Paper/shi-burnett-2013-effect-of-membrane-ballooning-on-screen-pressure-equalization-a-short-literature-review.pdf
https://oitncsu-my.sharepoint.com/personal/agalali_ncsu_edu/Documents/Documents/research/Abdullah%20Thesis/Writeup%20after%20may24/Used%20Paper/shi-burnett-2013-effect-of-membrane-ballooning-on-screen-pressure-equalization-a-short-literature-review.pdf

In either configuration, therimary function of the exterior cladding is to provide the
building with its externabrchitectural finished surface and to function as phienary barrier
against environmental elements, particularly sunlight, precipitdtimn or snow),and wind
consequentlyenablinga stable ath conducive indoor environmentThe 2021 International
Residential Code listdiverse options for exterior cladding, ranging from anchored veneers such
as brick, concrete, masonry, or stone, toeseth veneers including concrete, masonry, or stone.
Additiond choices encompass fiber cement, hardboard panels, horizontal aluminum, insulated
vinyl siding, particleboard panels, steel, and wood siding, each available in diverse styles and
thicknesses.

The air cavitybehind the claddingerves as a capillary break to effectively regulate
moisture levels. Additionallythis air cavityfunctions as an additional layer of insulation, thereby
enhancing the thermal efficiency of the wall system. The air canéfples equalization of pressure
differentials between the exterior and interior of the wall system, mitigating potential concerns
such as air leakage, drafts, and pressure differentials that could compromise the holistic
performance of the building enwegle Tariku & Iffa., 2019).

The exterior membrane performs as a protective shield against water intrusion. Water,
whether from rainfall or other sources, has the potential to infiltrate the exessing, especially
in arainscreerdesign where the cladding istrintended to be perfectly water tigfite presence
of an exterior membrane serves as an effective barrier, hindering water from permeating deeper
into the internal structure of the wall, where moistseasitive materials like wood framing and
insulatin are typically located@hamra et al. 20Q1In cold climate, the membrane should not
trap moisture in the wall assemphnd must allow for thdissipation of vapor thatill migrate

from the conditioned spacewardsthe exterior Burrows, 2013 Exterior membrane are also
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known as wateresistivemembranes, weatheesistive barriers, building papers, building wraps,
house wraps, or wall underlayment.

Exterior sheathing, typicallgonsistingof sheets oplywood or OSBis connected to the
wooden frame via field and edge nailing, as depicteddnrEi2. Field nailing is conventionally
spaced at intervals of d2while the spacing for edge nailingnges from @to 60 based on the
desired capacity for #plane forces, as delineated in the 2021 Special Design Prav/isiowind
and Seismic (SDPWSThe sheathing serves several critical functions in wooden wall framing.
Firstly, it reinforces the walls by connecting and strengthening the wall studs, enhancing overall
stability and resistance to bending or twisting forces. Additionally, sheathingdpsoa secure
base to attach cladding materials, contributing to the stability of the finished cladding.
Furthermore, sheathing plays a pivotal role in shest construction, increasing the structure's
ability to withstandseismic activity or high windsProper sheathingand connectionsgan
reinforce weak axis buckling to the point thstrong axisbuckling of the studscontrols
significantly increasing the loadearing capacity of the wall assembly.

The wooden frame provides the primatyucturalsypport for the wall. It transfer the
gravity and lateral forceapplied to the wall$o the foundation of the buildingAdditionally it
serves as a base to which other building materials, such as interior sheathing, exterior sheathing,
cladding, insulationand utilitiesarebe attached. Standard wall freng, as detailed in IR2021,
consistof wooden studs either2x4s or 2x6s (2by 40 o nomidal)spaced aeitherl 2 0 160,
or @4enter The sudsarecapped with doublevoodentop plates andre attached to one

woodenplate athe bottom as shownn Figurel.2.
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Figurel.2: Conventional Wooden Wall Framing Layout

For most woodramed assemblies, the cgrinsulation shapes approximately 90% of the
effective thermal resistance (Thermal Performance ghttirame Assemblies IBS No.5)he
most common insulation materials used in building envelopes are glass fiber, mineral wool,
cellulose, foam boards, argprayapplied foams (2015 ASHRE Handbook). Notably, wood
framing provides adequate thermal insulation, enabling the use of-ocalgtinsulation in certain
applications andertain Climate Zonesas defined andpermitted by thenternational Energy
Consevation Code (IECC)Continuous insulation in combination with cavity insulation may be
requiredin extreme exposure zones.

Interior sheathing, typically in the form of drywall, plays a multifaceted role in residential
wall construction. It serves as a srttoand uniform surface for finishing materials like paint or
wallpaper, enhancing the visual appeal of interiors. Beyond aesthetics, drywall offers essential fire

resistance, acting as a barrier against the spread of flames within a bullddigionally, it



contributes to sound insulation, dampening noise transmission between rooms for improved
acoustic comfortDrywall also provides support for fixtures and appliances, serving as sturdy
anchor for items likdighting, outlets and switches, amthelves.Furthermore, it can act as a
backing for insulation, enhancing the thermal efficiency of walls. In areas prone to high humidity
or moisture, moistureesistant drywall variants offer protection against mold and mildew growth.
While fire protection is outselthe scope of this thesis, a notable advantage of drywall is high fire
resistanceMany other materials that could perform most of the functions of drywall cannot match
the high fire resistance of typical gypsimased drywall.

The current wall assemblgffers a desirable combination performance in terms of
strengththermal insulationmoisture resistan¢céamiliarity, and costHowever traditional walls
are assembled pieds-piece in the field andequirerelatively large amounts dield labor, coss
for which arerapidy rising in the United StateReliance orthe sequential processfald-based
fabrication als@xpossthe construction schedule delays from inclemenwveather ocascading
delays fromany indvidual aspect of the sequend#ith traditional onsite fabricatiorif wood
framingweredelayedfor exampletheninsulation, sheathing, utilities, and interior finishes would
also automatically be delayefl.second major weakness to the traditional wooden stud wall can
be increaseaxteror fire risk, espeilly in wildfire prone areasHome insurance rates in the
United States are increasing dramatically in wildpirene areas, and some insurance companies
are mandating the use of roambustible materials on the exteriors of residertiames.
Traditionally affordable exterior siding materials like vinyl or wood increasteriorfire risks
limit home insurance availabilityand increase insurance castsvildfire-proneareagCignarale
et al. 2017. Additionally, traditional wooden stud walls are susceptible to damage from wind

driven debris during extreme weather events such as tornattbasicaneshain et al., 202
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1.2. Proposed Thin Architectural UHPC and Wooden Stud Residential Wall System

In order to improve on the weaknesses of wooden stud wahewr abandoning their
strengths, a new residential wall s is proposed by this thesiBhis new system leverages
recent advances in the fielddftra High Performance Concrete (UHPC) that enable replacing the

layers of exterior sheathing, exterioembrane, and cladding in a traditional wooden stud wall

system with a si ngntheticfibeargigfarcedoHPCIhisBhybridk UHP@ k sy
sheathing is connected to a traditional wooden stud frame via discrete connectors, each screwed

into the stud and then cast into the UHPC with a small air gap between UHPC and wood for

thermal efficiencyas shown irFigure1.3.

2x6 Double Top Plate Thin UHPC

2x6@24 Wood Stud

I Ai TThin UHPC

Connector

/Wall Height \
Wooden Frame

2x6 Bottom Plate

Connector

l Wall Length
r

Figurel.3: Proposed Wall System Details

It is envisioned that panels would be precast flatwise with the finished exterior face down
in the form in &to 1 heightsEach panel could be produced up 50 feet long (as limited only by

transportation and handling), hauled to thlesjte, and assabled quickly.The proposed system
6



maintains the most advantageous aspects of the traditional wooden frame wall system, including
wooden top plates, bottom plates, and studs; an open cavity for inspection and installation of
utilities and insulation; andaditional options fornterior surfaces and finishestom the inside
surface, the new system looks the same as the traditional system, and should thus be easily accepted
by inspectors and tradesman alike. From the outside surfacecamlarrive on sé prefinished,
with openingdor windows and doors cast iihe proposed system enables prefabricatiositdf
rapid assembly onsite, limited joints between panels, and remains light enough to handle with
modest equipment.

In termsof system weightTable1.1 provides a comparison betweédlengths of 8 dall
walls. Traditional systemare showrwith two types of claddingorick andsiding alongwith the
proposed syse m. Tradi t i onlaitk claddgng tesulnisa a wwnit Wwelight 6f @9 psf,
whereasa traditionalsystem clad irsiding is considerably lighter, with a unit weight of 12 psf.
Thep oposed syst e mhickldyer efWHIPC, offerg anigh-pé&for@ancealternative
at only 16 psf. Thisrelatively low weight represents a significant reduction compared to brick
cladding a minimal increase over traditionalalls with siding, and offers expectedreater
durability, exteriorfire resistance, andind debrisresistance

The proposed system wiol have many positive benefits for affordable and sustainable
housing ifits structural exteriorfire, thermal, moisture, architectural, construction, and economic
performances are successfudlydied and proven effectivEhis thesis proposes the systand

investigates its structural performance, leaving the other topiésture study.



Tablel.1: Weights of46Lengths of86Tall Walls.

Traditional Wall with | Traditional WallClad
Proposed System
Item Brick Cladding with Siding
(Ib)
(Ib) (Ib)
Interior Sheathing
64 64 64
(Drywall)
Wooden Frame 54 54 54
Insulation 141 141 141
Exterior Sheathing 62 62 250
Cladding 1248 77 N/A
Total 1569 398 509

1.3. Objectives

Beyond proposing the new wall system, thesearch program comprises two primary
objectivesto study its structural performancé&he initial objective is to define thetype of
connection between the Ultksigh Performance Concrete (UHPC) layer and the wooden frame,
along with its correspondingfructuralc apaci t y wi t layerrof UdPCTheisecond 5/ 8 0)
objective entails evaluating the comprehensstectural behavior of the compositéhin
architecturalJHPC andwoodenstud wall, includingexperimental and analyticassessments of
theracking shear, axial, and flexural capesbf the systemUItimately, the goal of this research
is to provide evidereethat the UHPC layer can effectively replace traditional sheathing materials

without compromising the overall strength and performance of the wall system.



1.4. Scope
The following scope of work was definedaohieve the research objectives:

1. UHPC Material Tesng: The research commenced with the characterizationa of
commercially availabl&Jltra-High Performance Concrete (UHPC) material, focusing on its
compression and flexural strengilith different curing processs @ir curedand wetcured
samples Materid testing as conducteat differentagesfrom 1 day to over 28 days of age

2. Connection Capacity Testinghe development of @&onnectionbetween wooden stud and
UHPC plate inthe proposed system required an assessment of the connection capacity.
Twel vea 224 a5/ 8fUHRCIvaret caswith various connection configuratioraix
plateswerededicated to each of two connector typemetal plate an@ structuralcrew.
Each UHPC platewas cast with three connectorsf the relevant typetwo connectors
positioned alongppositeedges and one at the cenfdireeUHPCplatesfor each connector
type werdested with the connector directly loaded in compressibiie another threeHPC
plateswere loaded with each connector in tension.

3. Loading of the Stretural Wall System The comprehensivestructural behaviorof the
proposedhin UHPC and wooden stugall system was assessed through the construction and
testing offull-scalewall panels.Three panels measuring8 86were evaluated for racking
shearthreepanels sized@x 86were testedn flexure, and three additional panels sizéa 4
86were tested undexxial load.In addition, one traditional wooden framed specimen with

OSB sheathing was tested in each configuration (racking, flexure, and axiahiparison.



CHAPTER 2. LITERATURE REVIEW

2.1. Residential Wall Systems
2.1.1. Wall System

Building envelopes implement various wall systems to meet diffetteattsral and
functional needsAmong thesestudwalls, precast concreteandwichpanels and masonry walls
are frequently used due to their distinct advantages and applications.

The precastprestressedoncretesandwichpanel (PCSP) system is a construction method
that utilizes precast concrete panfbricatedwith an insulating core, typically made ogid
foam, sandwichedetween two layers of concretéhis systempresents several advantages,
including enhanced energy efficiency due to its insulating core, rapid construction thresié off
manufacturing, and durability against weather and impact. It dfecsalesign flexibility and
reduces ofsite waste, making it a sustainable choice for various applicationgudowhe system
has drawbackssuch as higher initial costs, logistical challenges related to transportation and
handling of the relatively heay panels and the complexity of connection detailing, which is
essential to prevent issues like crackidglditionally, making modificationgo PCSPspost
installationis sometimeglifficult. The thermal efficiency of PCSPs can be excellent, depending
on the wythe connection systerocal climate and site condition$PClI Committee on Precast
Sandwich Wall Pane)s

Masonry walls are constructed mgimaterials such as clay, concrete, and calcium silicate,
which are formed into unitscludingbricks and blocksMasonrywalls serve multiple functions,
including structural support, fire protection, thermal and soundatisn, and weather resistance.

The advantages of masonry walls include their durability, as they can remain serviceable for
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decades with minimal maintenance, and their flexibility in design, allowing for various
architectural styles and complex shapes without the need for expensieoitr: Additionally,
masonry materials are inherently resistant to fire, providing an added layer of safety. However,
there are disadvantagéscluding the relatively high weight and relativéby tensile strength of
masonry, which can limit its use ine&s subjected to significant lateral forces, like seismic zones
Reinforced masonry casometime®vercome this limitatioby grouting steel bars within the wall
system Masonry construction can be labotensive and generallyequires skilled labor, wich
can be a challenge in terms of availability and cdsngry, 200

Stud framed cavity wall systems, commonly used in residential and commercial
construction, can beuidt using either wood or steel studs, each offering unigdvantages and
disadvantage$Vood studsare widely availablegost effectiveeasy to work with, and offer natural
insulatingpropertiesHowever, they are prone to moisture damatymensional ariability such
aswarping, andinsectinfestatiors, and thus requireareful protection and maintance.Steel
studs, usually colfiormed from galvanized steel, are resistant to moisture and pests, provide more
dimensional stability, and are often pre€d in firerated assemblie¥.et, they have drawbacks
such as higher thermal conductivity, which can lead to thermal bridggngjring additional
insulaton to improve energy efficiencygteel studs are often more expensive, and are generally
viewed as rare difficult to work with than wooden studBoth systems are widely used, with
wood favored for residential construction due to its -effgctiveness, and steskeing more
popularity in commercial and muisitory buildings due to its durability and roambustibility.

In summary, the availablesearch highlights that wooden shear walls are advantageous
for their costeffectiveness and ease of installafibnt may require additional fire protection

measures. Sandwich walls are recognized for theirrguptermal insulation and structural
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performance, making them ideal for enegfficient designshowever, the system is heavy and
often expensive fosmaller residential projectddasonry walls offer excellent durability and
exteriorfire resistancgbut can be more expensive and labdensive to constru¢chan stud walls

and have limitations with thermal efficiencizach wall system has its unique benefits and
limitations, and the choiaaf wall systendepends on specific project requirements, inaclgitbcal
jurisdiction, budget, environmental conditions, and structural ne@ti® remainder of the
literature review relevant to existing wall systems will focus on wood framed stud walls, as this is
the traditional system the newly proposed thin archiral UHPC and wooden stud residential

wall system aims to improve.

2.1.2. Studies on Wood Framed Stud Walls:

Wood has been used by humans in construction presesace ancient timeskely
starting withearly shelterand primitive wooden structurésat ezentually evolved into something
that resembles more modenalls. Wood is used to form wall frames, then with the increasing
industrialization, wooden posts began to be used regularly in the construction of wall structures.
Then, development began on thesdructures by introducing insulation and finishing techniques
to improvethe thermal and acoustic performance of these wal& evolution of wood frame
construction began with the pesmtdbeam system, characterized by heavy timber framing. In the
184G, balloon framing emerged, using long vertical studs that spanned multiple stories, offering
a lighter and more efficient method. This shift was significantly influenced by the introduction of
waterpowered sawmills, which made lumber more affordable,raadhinemade nails, which

were cheaper than hafiokged alternativesBritannica, T. Editors of Encyclopaedia, 2009
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Figure2.1: (a) PostandBeam System (b) Balloon Framingdtter, B.,2021).

Over time, the balloon framing was replaced by platform framiittere each floor was
framed independently, providing greater construction efficiency. This system became prominent
during the posWorld War Il housing boom, as the demand for affordable housing increased, and
the availability of softwood made light frang the preferred method for suburban development
(Britannica, T. Editors of Encyclopaedia, 200%urther development on these structures by
introducing insulation and finishing technoieg to improve the thermal and admuperformance
of these wallsThen, different system like midply wall and advanced framing technique were
developed from the traditional wooden stud system that aimed to increase the wooden frame

capacity, reduce theost, and increase the efficiency.

WOOD STUDS

(a) CONTINUOUS WOOD
STUDS

FLOOR SHEATHING

(b) BorTOM PLATE

FLOOR SHEATHING

2X FLOOR JOISTS 1z FLOOR JOISTS /
FACE NAIL JOISTS TO — Z
STUD RIM JOIST —
LEDGER, R'%’mg DOUBLE TOP PLATE

Figure2.2: (a) Balloon Framing Detail (b) Platform Framing Détai
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Different systerato improve light frame wood construction have been introduced over the
years in efforts tincrease the wooden frarnapacity reduce the cosand increase the efficiency.
A novel developmentf a light frame woodhear wall system, known as the Midply wood shear
wall, was introducedn 1998 by FPInnovationsa nonprofit Canadian research organization
established to support the forest produnttustry The midply wood shear wall system is an
innovative structural design where wall studs are arrafigbdise on both sides of rmextra
internal layer of sheathingprming a composite structushown inFigure 2.3 that significantly
enhances lateral force resistance. This system offers several advantages, including a lateral bearing
capacity that is three times higher than that of standard wood shearandislateral stiffness

that is two to three tingegreater than conventional shear w@Harolgu et al, 2009.

Standard shear wall /— Sheathing

i Stud Drywall / Sheathing
«—406 mm 408 mm 405 mm
Midply shear wall /7 Sheathing ; Cladding /Sheathing

<I
Stud ~_ Drywall / Sheathing
610 or 406 m 610 or 406 mm— -‘

Figure2.3: Cross section of typical stdard shear wall and midply waWéroglu et al.2008.

Extensive developmentof wood framed wall systembas beenpursuedby the US
Department of Housingnd Urban Development (HUD) aride National Association of Home
Builders (NAHB) Research Foundatisni n c e t (Lsiburekd2610).6Tke workdeveloped

an advanced framing technigushown inFigure 2.4 that redued jack studs and cripples, and
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replaceddouble top plates by a simglop plate. The arrangemerti$o recommende2ik6 in.studs

spaced at 24 in. on centier increaseahickness and width of theavities available fobetween

stud insulati on. With several ot her mstudi ycat.
corng construction, and trim support, tadvanced framintechniqueseducel theframing factor

from 25% to 15%Framing factor is a measurement of how much wood bridges from the inside
surface of the wall to the outsidethe lower the framing factor, the moenergy efficient the

framing layout The advantage of advanced framing is that it reduces the use of raw matetials

also leads to cheaper and faster construcksan more importaty is that by using a twstud

corner instead of the traditional #&stud cornerathermal bridge at the corner eliminatel as

theremaining gap can be filled widprayfoamor insulation (stiburek, 201].

Conventional Framing Advanced Framing®
Double — Single-ply header or Single top Single-ply header or Single studs at
top plate —, / other insulated header plate— ~ — other insulated header —sides of opening
Y / N /
[ .
L s
-
N ™, ! /
N “— Redundant cripple studs — 2x6 studs 24" o.c. [ Two-stud corner or—/
\| | California corner
N\ 2x4 studs 16" o.c. Ladder blocking —/
(optional)

Figure2.4: Wall frame comparisonf typical standard shear wall and advanced frarmifg\ i

The Engineered Wood Association, 2D16

In recent studiesesearchers have explored various aspects of stud wall systems to enhance

their performance. Some havwesigated different types of sheathing materials to improve and
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develop traditional wall designswhile others haveocused on the role of nestructural
components in influencing the behavior of wooden stud wdllese studies aim to better
understand how odifications to the wall system can increase its overall strength, stiffness, and
stability under lateral loads.

Several researehs have investigate different type of sheathingLi et al. (2015
investigatel the use of pibamboo panels assheathing material in lightweight wood frathe
shear walls. The study examines the construction characteristics, including the selegtidn of
types andail spacing for connecting sheathing to the frame, and evaluates the performance of the
chosenconnections under monotonic and cyclic loaflse researchers fourttat plybamboo
panels can effectively be used as sheathing in hybrid \wamiboo shear walls, which exhibit
good seismic performance and meet current codes.

You et al (2021 focusedon how the density of plywood affects its mechanical properties,
especially under lateral loadinfhe research investigates thgeralbehavior under racking shear
including different densifiedsheathing. The results demonstrated thgher plywood densities
led to significant increases in lateral stiffness and ultimate load capacity, with the marginally
densified plywood showing improved performance, albeit with slightly reduced ductility
compared to OSBBagheri& Doudak (2020 investigated the effects of different construction
details on wood shear wall performance through tests on 2échiik walls. The findings revealed
that increasinghe aspect ratio of walls led to a decrease in strength and stiffness, although even
high-aspectratio walls maintained adequate ductility. Continuous {ugdn systems
significantly improved the walls' capacity, stiffness, and ductility compared tcetisor absent

hold-downs. Varying the number or size of studs had minimal impact on wall capacigking

16


https://www.researchgate.net/publication/293428223_Lightweight_woodframe_shear_walls_with_ply-bamboo_sheathings
https://www.researchgate.net/publication/352397207_Lateral_behavior_of_wood_frame_shear_walls_sheathed_with_densified_plywood_under_monotonic_loading
https://www.sciencedirect.com/science/article/pii/S0141029619322217?via%3Dihub

sheay but increasing sheathing thickness enhanced both strength and stiffness. Additionally, nalil
diameter andhail spacing affected wall strengilut did not influence stiffness in a linear way

Other researcherbave investigate the effecs of nonstructural componeston the
structural performance of wooden shear watbos& Walker(2014) presenéda comprehensive
investigation into the structural performance of timber studwork frames integrated with hemp
lime, a sustainable lowarbon insulating materigbmetimes referred to as hempcratee study
builds on previous research that established the verticalbleadng benefits of hempme,
focusing specifically on its impagcto in-plane racking strength and stiffness of wall panels.
Through a series of laboratory tests comparing frames with ahdwihemgime, the authors
demonstrate that the inclusion of hefitpe significantly enhances the racking performance,
thereby contributing to the overall stability of buildings under lateral ldadsv et al. (2002
investigatel the role of plasterboardad walls in the lateral stability and overall structural
performance of lowise re&ential structures. They highlight the complexity of the interactions
between structural and natructural components, emphasizing that while plasterbéard
drywall) is often considered a nestructural element, it can significantly contribute to laltter

strength and stiffness through complex load paths.

2.1.3. Issues withTraditional Wooden Stud Wall Systens:

Traditional wooden stud wall systems face several challenges in modern construction. One key
issue is the extensive demand for field labor, whiclolms more problematic as labor costs
continue to rise. Additionally, the sequential natura sitebasectonstruction process often leads
to delays, further impacting project timelines. Another coneatimtraditional systems the use

of affordable eterior siding materialdike vinyl or wood, which can increasxteriorfire risks.
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Combustible materials on the exterior surfaces of residential struptuses a significant problem

in wildfire-prone areasand the use dheseraditionalmaterials mg limit homeowners' access to
insurance coverage due to elevated fire hazakdeeportissued byCignarale € al. (2017
highlights that the frequency and severity of wildfires have increased, leading many insurance
companies to limit coverage or withdraw from higgk areas, resulting in a significant reduction

in availability of insurancefor homeowners inhte wildland-urbaninterface and other higtsk

regions. Even where coverage is available, the cost of premiums has risen dramatically, making it
unaffordable for many residenturthermore, in wingbrone regions, residential and commercial
structures bui with lightweight wood frames are especially vulnerable to wdnden debris

during events like tornadoes and hurricarMaif et al., 202

2.2. Ultra High Performance Concrete
2.2.1. UHPC Properties

Ultra-high-performance concrete (UHPC) is a cuttedpe material introduced in the early
1990s, initially known as reactive powder concrete. UHPC is characterized by its exceptional
strength and durability, significantly surpasgiconventional concrete in both compressive and
tensile propertiesThe primary components of UHPC include portland cement, supplementary
cementitious materials, fine sand, fiber reinforcement, andraighe watereducing admixtures.

(Tadroset al, 2020).
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Figure2.5: Primary components of ultrhigh-performance concrete mixtur€gadros et a)

2020).

Sim et al.(2020 specifesthat for UHPC used in structural desjgne concrete must meet
stringent minimum mechanical requirements. The compressive strength at prestress release is
required to kb at least 10 ksi (69 MPa), and the compressive strength at 28 or 56 days of service
should reach 18 ksi (124 MPa). In terms of tensile properties, the flexural tensile strength must
meet a minimum first peak stress (cracking stress) of 1.5 ksi (10 M&a)ramimum peak stress
of 2.0 ksi (14 MPa). Additionally, the ratio of the peak stress to the first peak stress must not be
less than 1.25, ensuring strain hardening, while the stress at a deflection of (L/150) should be at
least 75% of the cracking steeto guarantee ductile behavidhese requiremestreapplicable
for steel fibersbut architectural UHPCs mixed wityntheticfiberswerenot be able t@chieve
the same requirementas discussed bgeveral researche Millon et al. (2016 showed thaa
mixture containing PVA fibers exhilgitl both lower fracture energy and reduced tensile strength
compared to a steéiber reinforced UHPC with a similar fibeontent Tan et al(2023 compared
the performance of polyvinyl alcohol (PVA), polypropylene (PP), polyoxymethylene (POM), and
steel fibers in UHPC, particularly focusing on strength, toughness, impact, andrabeasstance.

The results showed that steel fibers provided the highest mechanical strength and durability due to
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their strong bond with the concrete matis shownin Figure2.6 the UHPC with PVA, PP, and
POM were not able t@chievethe requirement that stated K§im et al, 2020, asthe stated
strength requirement is for steel fiber UHPC witile synthetic fiber is not as strong as steel fiber

to devel@ higher second peak however, it still provide a ductile andgpaskingbehavior.
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Figure2.6: Load deflectioncurvesof UHPCwith differentPOM (Tan et al.2023.

Despite steel fibers provide superior tensile and flexural strength, they may be urmgdoessa
the proposed system, where such high strength is not required. Since the sheathing layer will also
serve as an architectural finish, white UHPC is primarily combined with synthetic fibers for
architectural applications. Polyvinyl Alcohol (PVA), a Nwestablished and highly effective
organic fiber, is commonly used for these applications, as it ensures the production of exterior

surfaces without the risk of rust impacting lighter elemefysnont, A., & Frécon, J., 2033
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2.2.2. Studies on UHPCBehavior

A study of ultra-high performance concrete (UHPC) wall panels under windborne debris
impact, compared to normatrength concrete (NSC) panelgas performed by(Kulkarni &
Shafei, 202). Using highfidelity finite element models validated by experimental data, the
researchers investigated various wall thicknesses, from 76.2 mm to 203.2 mm, with and without
steelreinforcement. Impact scenarios involved lumber and pipe projettieslingat velocities
ranging from 10 m/s to 70 m/s. The study demonstrated thathidfinaperformance concrete
(UHPC) wall panels significantly outperformed normstidength concreteNSC) panels in
resisting windborne debris impact, particularly at higher velocities. UHPC panels exhibited greater
strength and durability, minimizing damage and absorbing more etinengyid comparablRSC
panels. The use of steel reinforcement furthbia@ced the performance of UHPC panels, allowing
them to withstand greater impacts while maintaining structural integrity. Betfreinforced and
unreinforced UHPC panels proved effectateeducing damage, making them a strong candidate
for improving building resilience in wingbrone areasThe fact that unreinforced UHPC still
showed significant benefits is a favorable finding for the use of -RAf#orced UHPC in the
proposed wall system.

In a study conducted Wyrejs et al(2022, the pultout strength of poshstalled connectors,
including screw anchors and threaded rods, was investigated in thirhighrperformance
concrete (UHPC) layers with thicksses of 15 mm (0.59 in), 25 mm (0@, and 38 mm (1.5
in). As shownin Figure2.7, for screw anchors, theveragepull-out forces ranged from 2.4 kN
(539 Ibf)in 15 mm(0.59 in) thickslabs tal0.2 kN (2,294 Ibf)in 38 mm(1.5 in) thick slabs, while
for threaded rods, th@veraggorces ranged from 2.92 k{656 Ibf)in 15 mm(0.59 in) slabs to

13.92 kN(3,129 Ibf)in 38 mm(1.5 in)slabs. Additionally, it was found that increasing the UHPC
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layer thickness significantly enhanced the jyouit capacity of both types of connectors, with the
greatest improvements observed betweenihara and 38 mm thick slabBhese tests embedded

the threads of the fasteners in the UHPC, not the heads as will be done in the proposed wall system,
but nonetheless, the results indicate a strong potential for developing structurally usefwitbrces

metal fastenersinstalledn a 5UHBG@plate.h i n

4 &+ - o sl 3/8-inch screw anchor
g | /2-inch screw anchor
9k ] == &= 3/8-inch threaded rod
1/2-inch threaded rod
0 —+———t—t——t———t———t—t—t——t——t—t——t—t—t—t——t—t—t—

10 15 20 25 30 35 40
Wythe thickness (mm)

Ultimate tensile load (kN)
oC

Figure2.7: Effects of concrete slab thickness for fully embedded connectors on ultimate tensile
load(Prejs et al. 2022

A study byYehia et al(2023 investigated the punching shear behavior of six UHPC flat,slabs
each1350x1350x80 mm. The results showed that UHPC significantly irentlgasnching shear
capacity by 2% to 32% compared to ACI 318 and Eurocode predictions. Steel fibkensher
enhanced the ductility and distributed cracks, leading to an 81% increase loieévaty capacity.
Harris & RobertsWollmann (2005 performed a study on the punching shear capacity of thin
UHPC slabswith twelve small slabs 45 in x 45,iand three larger slab$x 124 tested to failure.

Slab thicknesses ranged fromt@ 3 pwith the stay determining that a minimum thicknesslob
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was required to prevent punching shear failure undapphed8o x 200tire contacipatch. While
the larger slabs failed in flexure rather than punching shear, it was observed that the casting process
influenced the orientation of steel fibeesd thus influenced théexural strength.

Severalresearchrs have showthat the use of nonmetallic fibers can enhance fire resistance
in concreteF o St (2@1f) demobnstrated that plasti@sed fibers, due to their low melting point,
create new expansion channels within concextposed to fireThese channels facilitate the
release of excess water vapor, reducing internal pore pressure.idalpgrPVA fibers burn out
of the surrounding concrete temperatures between 200°C and 275°C, increasing the porosity of
the concrete. Thigffect partially opens the otherwise dense structure of UHPC, allowing for
greater evaporation of water vaptirinternal free water were not allowed to escape the concrete
due to low porosity, then the concrete could fail under fire loading in a brittle and even expose
manner

Ozawa& Morimoto (2014 examinedthe role of fibers in enhancing fire resistance in high
performance concrete (HP@)th astudy compang the effectiveness of polyvinyl alcohol (PVA)
fibers to steel fibers under higamperature conditions. PVA fibaergrerecognized for improving
ductility and reducing cracking under thermal stress, which is crucial for maintaining structural
integrity during fire exposure. While steel fibers significantly enhance the tensile strength and
overall mechanical performance of coete at elevated temperatures, they are less effattive
preventing thermal cracking and explosive spalling. In contrast, PVA fibers, by minimizing crack
propagation and enhancing the concrete's ability to resist therdualed damage, offeda more

badanced approach to fire resistance
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2.2.3. Commercial Applications of UHPC asCladding System

Several manufacturers have developed innovative cladding systs®d arountddHPC,
offering a variety of options in terms of thickness, size, texture, and colorsé@dtien highlights
prominent examples of UHPC cladding solutidingt are currently commercially availabitem
companies includingrAKTL, Envel, and FEHR GroupThese selected examples of UHPC
cladding showcases tlaglaptability, durability, and desigreRibility of architectural UHPGor
various projects.

TAKTL's Architectural UHPC paneis a variety of thicknesses, typically around 5/8" (16
mm), are ideal for facade and wall cladding due to their high durability, weather resistance, and
aesthetic flexility. According to the manufacturehey offer sustainable, loAgsting protection
with minimal maintenanceand TAKTL provides a wide range of colors and textures, allowing
architects to tailor the visual design to specific project n€EBAKTL, 2024).

The Envel AspecSBeries offers UHP@lankstyle cladding panels. These panels range in
size from 60 x 720 up to 240 xincie@s@épendiigloe t hi c
surface treatment and load requirements. The panels are availablaceithstened or hidden
fastening systems. Custom shapes, sizes, and perforation options are also possible, and panels
come in a variety of standard surfaces and colors, with the possibility of custom fiitiskes
2024).

FClad® UHPC panels from FEHR @up are sold azustomizable cladding with sizes
ranging from small hanttansportable panels 1.20m x 0.60m to larger ntageeasure panels up
to 12.00m x 3.80m. These panels are available in thicknesses from 68 40 (16 to 10

allowing for creatve design flexibility, including curved and corner elemeAtording to the
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manufacturer, thganels are lightweight, fireesistant, and provide energy savings, acoustic
insulation, and weather resistafe&HR Group2024).

Of the available commercialadding systems, all are intended as cladding, not as structural
shedhing. Thus, all systems are supported by a structure without helpingde dratabilize that
structureThere is a noticeable research gap in exploringpthential for UHPC platet® develop
composite actionvith wooden studs with theHPC functioning as both cladding arstheathing
layers. This study aims to fill that gap by servingths pilot investigationand proofof-concept
for an innovative prefabricateavall system. In thigoroposedsystem, traditional sheathing is
replaced with a thin layer of UHR@inforced with polyvinyl alcohol (PVA) fibersand attached
to the wood frame with mechanicasteners embedded in the UHAWis thesiss focusedon
the proposedsystem embaddd with wooden studs, but other embodimesftshe system with
metal, fiber composite, or even concretedstare simple to extrapolatésing architectural UHPC
with PVA fibers is intended to providgructural reinforcement to the UHPC in combinatiothwi

suitableexteriorfire resistancewind debris resistanaand a customizable architectural finish.
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CHAPTER 3. MATERIAL TESTING PROGRAM

3.1. Overview

All of the architecturalJHPCused in the work presented by this thessobtained from
a commerciasupplier inDubai as groprietarypre-bagged dry mixThe dry mix was combined
with water, liquidplasticizer and PVA fibers during the mixing process to createghly flowable
white UHPC.While this studyutilized a specific commercial material, it is importantnote that
any UHPC mixure exhibiting reasonabl@erformance characteristiceuld be utilizedwith the
proposedwall systemby following the material characterization approach and structural design
framework outlinedy this thesisThe mixing processyorkability, and key mechanical properties
of the available commercidUHPC were verified and quantifiedat benchtop scale prior to
advancing with the experimental worKhis characterization of the UHPC could be repeated with
a different UHPC, adjustinghe structural design of the wall as necessary for the material
properties for the available UHPC material. Likewise, wooden studs of different dimensions or
grades could be selected for use, if the proposed system were engineered to accommodate those
sdections using the methods outlined in this thesis

A critical question for the proposed largeale experimental specimefand future real
production walls) relateto the curing conditions required for the UHPC. As sual initial
rounds ofbenchtopscalematerial tests were conducted on the architectural UHPC material under
two distinct curingconditions(air-cured and wetured)to evaluate the effects of curing condition
on curedmechanical properties at various agesncrete cylinders and concegtrisms were the
specimens manufactured in the initial two rounds of material testing to measure compression and

flexural tension strengths.
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The first curing condition evaluated was-airred, selected to simulate the wezate
curing scenario that migbe practical in manufactung the largescale specimenin the aircured
scenario, specimenserne cast, covered with plastiand left to cure inambient laboratory
conditions.Evaluating the aicured condition investigated whether performance of tlosehn
UHPC produced under suboptimal production conditions would still babdeiAir-curing was
recognized as likely suboptimal from the perspective of maximizing cured mechanical properties,
but would be easy to implement when manufacturing largerrapesi

The second curing condition evaluated was-eueing for the first 24 hours after initial
set, a method aimed at enhancing the eagly strength by providing enough free moisture for
early stage hydration. This approach provided more moisturathanring, but was still practical
to implement on the upcoming large scalelywahel specimen®f course, ideal curing from the
perspective of maximizing UHPC material properties would have involved long tercuviedg,
or even steam curing, but thesgtions were not practical for largeale specimen production,
and thus, were not considered for the material scale specimens.

Once curing conditions were evaluated, a third round of bendup material testing
was undertaken to investigate the flexeapa i t y of 5/ 80 Théd4dmourumdtP C pl a
curing method was empfed for this round of testindd s er i es of 240 square
produced and then cut into strips to evaluate
Additional concrete cylinders were produced during this third round of testingomdirm
compressive strengtlBuccessful completion of this third round of material scale testing enabled
the work to progress into other types of larger test specimens designeegdbgaie structural

behaviors.
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Thearchitectural UHP@nix designused for althreebatchesincludingthewater content,
admixture, and fiber contenfipllowed thematerial supplier's recommendations, as detailed in
Table3.1. Smilarly, the mixing process followed the supplier's guidelines, outlined in

Table 3.2. All mixing for materiatscale testing was completed in bakstyle planetary

mixers ofvarious sizesMaterial test resultare presented in Chapter 4.

Table3.1: Proportions of the Commercial Architectural UHPC Used

Material Weight % of Dry Mix
Dry Premix 100%
Water 9.40%
Liquid Plasticizer 0.55%
Chopped PVAFiber 1.2%

Table3.2: UHPC Mixing Process Instructien

Mixing Step | Duration Description of Step Mixing Speed
(min:seq
1 4:00 Blend the Dry Mix Slow (50 rpm)
2 2:00 Add 50%Water Slow (50 rpm)
3 2:00 Add 50%Water+ Plasticizer Slow (50 rpm)
4 2:30 High SpeedMixing High (200 rpm)
5 3:30 Adding Fiber High (200 rpm)
6 3:00 Mid SpeedMixing Mid (100 rpm)
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Table3.2: UHPC Mixing Process Instructisn(Continued)

Mixing Step| Duration Description of Step Mixing Speed
(min:sec)
7 1:00 Stop & Scrape Bowl Stopped
8 2:00 Slow Speed Mixing Slow (50 rpm)

3.2. First Batch i Air Cur ed Material Characterization

To characterize the material propertegghe chosen UHPQncluding compressn and

flexural strength, 10 prisms»40ox140 and 14 cylinders &60 were cast using a Hobart HL600

pan mixer.Due to the limited capacity of the mixer, the specimens were cast in two separate

batchesB1-M1 andB1-M2, with each batch producing 5 prismedsb cylinders. The specimens

wereallocated for testings detailed iTable3.3. The desire for replicate specimens at each age

was balanced with the limitations of the available mixing equipment to produeeblatches of

material.
Table3.3: Testing Schedul®r First Batch of Material Specimsn
Number of Specimens Tested by Age
Mix 1D 3 Days 7 Days 14 Days 28 Days
Cylinders| Prisms| Cylinders| Prisms| Cylinders | Prisms | Cylinders| Prisms
B1-M1 2 1 2 1 1 1 2 2
B1-M2 2 1 2 1 1 1 2 2
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3.2.1. First Batch Mixing and Casting
Themixing process fothe first batch of material sampleslized asmallbatchof 0.8ft3

of UHPC, as detailed imable3.4.

Table3.4: Quantities of Commercial UHPC Uséat First Batt.

Material Weight % of Dry Mix Quantity
Dry Premix 100% 1151b (5216kg)
Water 9.40% 10.8Ib (4.899 kg)
Liquid Plasticizer 0.55% 6.33lb (0.287kg)
Fiber 1.2% 1.38Ib (0.6 kQ)

During the mixing process, the addition of fibers presented a significant challenge,
requiring careful attention to prevent fiber clumping while avoiding prolonged mixing that could
lead to overmixinglnitial mixing trials not discussed here involved several people introducing
fiber to the mixer by hand, which was laborious and slow, even for thecuaallities of material
mixed. Ensuring proper fiber distributionithout clumpingis essential foachievingthe desired
properties of UHPC. To address this issueipgating chutevas developetb dispense fiber into
the mixer bow| consisting of three main components illustratedrigure 3.1. An inlet funnel
facilitates fiber additionto the vibrating chutevithout subsantial loss outside the mixefhis
funnel is connected to a6vide plastic troughwhich dischargethe fibers seamlessly into the
mix. A vibrator attached to this setapoves the fibers down the dieuwhile breaking up clumps
to help ensura uniform distribution throughout the mikXhe fiber addition chute was successful

at the material scale, and was used for all material testing batches, but it was still relatively
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laborious to feed and manage fiteer dosing process bdyand.A more advanced fiber addition

process was developéatl subsequent castss will be discussed later in the thesis.

Upon compléng the mixing process, the freBfHPC mixturewas allowed to rest for one
minute to enable anprge volumes ofrapped air to escape. Subsequently, the mix was cast into
the relevantylindrical and prism molds anchmediatelycovered with a plastic sh&to prevent
moisture loss antb protect the fresh mix from contaminanés depicted ifrigure3.2. After 24
hours, thecovers were removed, and thgecimens were demolded and@iredfrom that point

forward to theday of testingsimulating thevorstpractical curingconditiors.

Figure3.2: First Material Batch{a) Fresh Mix (b) Sampling (c) Samgl®veriry.
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3.2.2. First Batch Compressionand Flexural Tess

Compression Strength Test

Prior to testing. The tops and bottoms of all cylinders were ground flat and parallel a day
prior to testing and were allowed to air dry for 24 hours before testirmgn@ession tests were
conducted usin@n available Forney compression testing machshewn inFigure 3.3. This
machine measures the applied load and the rate of load applicatiomxBocyinders, the tests
were performed at a rate of 15 kip/min, following h8TM C39 instructionsThe maximum
applied forcerecorded during the tests was used toutate thepeakcompressiorstress of the

UHPC.

Figure3.3: Compression Strength Test Setu
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Flexural Strength Test

The flexural tests employed fepoint loadng with a 126 supportspan with a @ spacimg
between the loads. Thisstwas executed using two different setups. The first setup involved a
hydraulictest machine that applied and measured the load, paired with two linear potentiometers
attached to the middle of each side of the prism to medsfiection, as shown iRigure3.4(a).
This setup was used to evaluate the flexural performance of specimens on days 3, 7, and 14. The
second setupshownin Figure 3.4(b), wasused to assess flexural performance at 28 dags
utilized a stoke-control machine, which proved to be more suitable for flexural tests. The

displacement rate for this setup wastedt.003 in/min, in accordance with ASTM C160.

re
TRAINING AND SAFETY ||
GLASSES REQUIRED )/

Figure3.4: Flexural Strength TéSetup (a) Hydraulic Control (lisplacemenContrd.

3.3. Second Batchi Wet Cured Material Characterization
To characterize the material properties UHPC wetcured for 24 hours7 prisms
40x40x140 and7 cylinders 3x60 were castrom a single batch of n@rial using apaddle mixer

Specimens werallocated for testings detailed imable3.5. As with the first batch of material,
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batch size was limited, and it was desired to obtain all samples from a single batch of material, so

specimen numbers were necessarily limited.

Table3.5: TestingSchedule for Second Batch of Material Specisen

Number of Specimens Tested by Age

Mix ID 3 Days 7 Days 14 Days 28 Days

Cylinders| Prisms| Cylinders| Prisms| Cylinders| Prisms | Cylinders| Prisms

B2-M1 2 0 2 2 1 2 2 2

3.3.1. Second BatchMixing and Casting
The mixng process fothe wetcured samples utilizedla0ft® batch of UHPC as detailed
in Table3.4. For this batch of material, a largertamntatshaft mixer was usedhis larger mixer

was obtained for use with the largeale wall panel specimens cast later in the program.

Table3.6: Quantities ® Commercial UHPC Usefbr SeconBatd.

Material Weight % of Dry Mix Quantity
Dry Premix 100% 1501b (68 kg)
Water 9.40% 14.11b (6.396Kkg)
Liquid Plasticizer 0.55% 8.251b (3.742kQ)
Fiber 1.2% 1.80 Ib (0.816kg)
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As mentioned earlieproperaddition of fibersis crucial. The tool developed introduce
fibers into the smaller mixeworked well for smallbatches of material, but a more efficient
technique was needéat larger quantitieef UHPC.Consequently, dust collectiorvacuum was
modified and utilized to blow fibers into the mixtaking premeasureduantitiesof fiber from
plastic bucketsThis systenoperated smoothly and efficiently, as showrFigure 3.5, and is
considered as a major developmantimprovement to thenixing proceswys. the recommended
approach of addinfibers manually.

Upon completing the mixing process, the mix was cast into cylindrical and prism molds
and covered with a plastic sheet, as depictdelgnre3.6. After 6 hours, the specimens had set,
and were demolded and submerged in a wWad#r for 24hrs. of wet curing.After 24 hours, the

specimens were removed from the water bath ancliaéd from that point forward.

Figure3.6: Second Material Batcf@) Samplingl§) Sample Coverig.
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3.3.2. Compressionand Flexural Test

Compression Strength Test

Similar to what been done in the first batdiie tompression tesylinders were ground
flat and parallel prior to testing in compressamshown irFigure3.3 and as discussed above

Flexural Strength Test

Prisms wee tested as discussed above usingstheke contrded approach shown in

Figure3.4(b), with a displacement rate 6f003in/min.

3.4. Third Batch 1 Flexural Strength of Thin UHPC Plates

In the proposed fulscalewall system, the ability of the UHPC plate to carry applied loads
while spanning between adjacent wooden studs is critical. In the proposed system, this span is
most | i kely 240, b domeasaréhk ftexutalecapacgy ofsSi80dhicknesa s 12 0
UHPC plate spanning between adjacent sttwis plates measuring @4240x5/80 werefirst cast
usingwith wet curingregime placing a cloth saturated in water on the concrete surface and sealing

that with aplastic sheet for 24 hours, starting six rafter casting, as shownhgure3.7.

Figure3.7: Thin UHPC Plate (a) Cast, (b) Curing, and (c) Denablde
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After 21 days curingthe first24 hours ofvet curingplusthe next 20 days air curinghe
two UHPC plates were cut inteix 2 4 0 80lstips using aliamond wetaw. These strips were
then left to air dry for Tnoredays, aghe saw uses water to reduce friction during the cutting
process. At & days of age, the strips were tested in4oaint bending using strokecontroled
test setup with an B&upportspan ana 60 spacing between load points, as shanRigure3.8.
Three of the strips were tested with the togcast surfacerranged as the tension face of the
specimenwhile the other three were tested with the bottom (nfalthasthe tension face of the
specimen. It was hypothesized that casting oriemtatiay impact fiber distribution, which in turn

could impact flexural strength.

Figure3.8: Setup for Testing ThihHPC Strigsin Flexue.
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CHAPTER 4. RESULTS AND DISCUSSION OF MATERIAL TESTS

Results of all mat@al-scale tests are presented in the sections below.

4.1. First Batch i Air Cured Material Characterization
4.1.1. Compression Test Results
The cylinder specimens were testedcompressionand the maximum load was recorded
for compressive strength calculatiper Equation 4.11. The fracture patterredf each cylinder at
failure were also categorized as detailed able4.1.
£ 10 TS (Eq. 4.11)
fem: Compressive strength, psi
Pmax Maximumload, Ibf.
D: Average measured diameter, in
As shown inFigure4.1 and listed inTable4.2 the aircured architectural UHPC mix with
PVA fibers achieved an average compressive strength of 11.05 ksi at three days. This strength
increased another 9.6% at seven days, reaching an average of 12.12 ksi. After this point, the rate
of strength gain slowed, with only an additional 3.5% increase at 14 days, resulting in an average
strength of 12.55 ksi. However, by 28 days, the strength had increased another 34%, reaching an
average compressive strength of 16.81 kailure modes invole primarily vertical splitting,
which is expected for concrete with a high dose of distributed fibarkire modes were ductile
in the sense that compression specimens held togethéepstnd continued to carry substantial

forces pospeak.
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Table4.1: Failure Modes of AiCured UHPC Cylinders.

Age B1-M1 B1-M2
(Days) Cylinder 1 Cylinder 2 Cylinder 1 Cylinder 2
Y
3
Splitting i Major SplittingT Major | Splittingi Major Splittingi Major
Crack Crack Crack Crack
7
SplittingT Major SplittingT Major Splitting7 Major Splittingi Major
Crack Crack Crack Crack
14 -- --

Splitting1 Multiple

Cracks

SplittingT Major

Crack
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Table4.1: Failure Modes of AiCured UHPC Cylindex (Continued)

Age

(Days)

B1-M1

B1-M2

Cylinder 1

28

Cylinder 2

Cylinder 1

Cylinder 2

Crushingi Multiple Crushingi Crushingi Crushingi Multiple
Cracks Multiple Cracks | Multiple Cracks Cracks
18
X
16 X
~ 14
2
£ 12 X a
g %
£ 10
2
2 g
(O]
a
E 6
O
4
2
0
5 10 15 20 25 30

Specimen Age (days)

Figure4.1: Compressive Strength Gain for UHPC MateriBatchl.
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Table4.2: Compressiveéstrengthi Batchl, Air-CuredUHPC.

Specimen Compression | Average Compressio
Peak Load
Age Mix ID Strength Strength
(Ibf)
(Days) (ksi) (ksi)
B1-M1 81232 11.49
B1-M1 79111 11.19 11.06
3
B1-M2 76679 10.85
B1-M2 75633 10.70
B1-M1 86151 12.19
B1-M1 85960 12.16 12.12
7

B1-M2 85218 12.06
B1-M2 85402 12.08
B1-M1 87904 12.44

14 12.55
B1-M2 89403 12.65
B1-M1 119741 16.94
B1-M1 120222 17.01

28 16.81
B1-M2 120816 17.09
B1-M2 114510 16.20

The substantial strength gain observed after 7 days can be attributed to the presence of fine
materials such as silica fume. Thesdenals extend the hydration reaction, leading to a delayed
but significantincrease in strength as the reaction progresses. This phenomenon was observed by

Oertel et al. (2014)who found that silica fume extends the hydration reaction and significantly
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contributes to strength gain aftédays, compared to concrete without silica fume. The extension
of the hydration reaction is also related to the filler effect and the potential pozzolanic reaction of
silica. The filler effect refers to the densification of the microstructure due taekenze of fine
particles, which improves the mechanical properties of the concrete. The pozzolanic reaction,
while not directly observed in the study due to the lack of decrease in portlandite content, is a
potential mechanism that could contribute toltmerterm strength and durability of the concrete

by forming additional €5-H phases through the reaction of silica with calcium hydroxide.

4.1.2. Flexural Test Results
The prisms were testeéd flexure, and doad-displacement curve wasottedfor used in
flexural strength calculatipmalongwith Equatian 4.1-2. Theobservedailure modefor all prism
specimensvasa major vertical crack in the middle third of the prisasdetailed inTable3.1.
AO00, T AA (Eq. 4.12)
fr. flexural strength, psi
P : Peak load , Ibf
L: the span lengthin.
b: Average measured width,.in

d: Average measured depth, in
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Table4.3: Failure Mods for Air-Cured UHPCPrisms

Age
Mix ID: B1-M1 Mix ID: B1-M2
(Days)

14

28

A gain in the first peak load with age shows the material's strength development oyer time
as listed ormable4.4. Initially, from 3 to 7 days, the material experiences a substantial increase in
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strength, approximately 33%, indicating rapid eadjetensilestrength gain. From 7 to 14 days,

the flexural tensionstrength continues to increasmit at a slower ratdnterestingly, from 14 to

28 days, a decrease in the first peak strewgghobserved, but is likely duettee change itesting
apparatusfrom manual hydraulic control to a slowerdisplacement conthled loading.
Displacement controlled loading allowsacks to develop slowly, influencingstresults Manual
hydraulic controlled loading was faster, and likely created a higher apparent flexural tension

strength in the early age specimens.

Table4.4: First Peak Flexural Strength féir-Cured UHPC Prisms

First PeakStrength
Age Peak Rupture Average Rupture
Test Setup Mix ID
(Days) Load Strength Strength

(Ibf) (ksi) (ksi)
B1-M1 4338 0.81

3 Manual Hydraulic 0.81
B1-M2 4320 0.81
B1-M1 5998 1.12

7 Manual Hydraulic 1.08
B1-M2 5546 1.04
B1-M1 6254 1.17

14 ManualHydraulic 1.20
B1-M2 6572 1.23
B1-M1 5548 1.04
Displacement | B1-M1 4464 0.84

28 0.90
StrokeControl B1-M2 4883 0.92
B1-M2 4210 0.79
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At each age, the second peak load issesiently lower than the first peak lgad listed in
Table 4.5 and as shown onFigure 4.2 and Figure 4.3, indicating a redu®n in loadcarrying
capacity after initial crackingThis behavior is not ideal for UHPC, and indicates that the
commercially sourcedHPC materiatould likely undergo some additional optimization, perhaps
by increasing the fiber conterih addition, he curing procedure (agured in this case) could
negatively impact flexuraension strength especially, as tension strength in UHPC is largely
derived from thébond between matrix and fibdf.this bond is compromised due to insufficient
curing, shrinlage, or other mechanisms, tension strength would be reduced.

In reviewing this result, it is important to keep in mind thatimization of an architectural
UHPC mix degjn was not a goal of this worRather, the material testing aimed to characterize
the relevant engineeringropertiesof the available UHPC material in order to enable accurate
designs and analyses tife upcominglargescale wall specimendmproved UHPC material
performance in the future with higher second peak capacities would onigvienfhe structural
capacity of the proposed wall system.

The testing setup and method had a significant impact on the flexural strength results, as
shown inFigure 4.4. The manually controlled hydraulic test watatively fast, reaching the first
peak within an average of 3 minutes. In contrast, the displacement control test reached the first
peak wthin an average of 50 minutebhis difference in time to peak indicates that the hydraulic
control test setup ihfences the results by achieving peak load values more rapidly. Consequently,
the hydraulic control test generally showed higher toughness and strength values due to the rapid
application of load, allowing less time for mieccacks to develop and propagatwithin the
specimenBehavior beyond the first peak was also more consistent in set of specimens tested with

the slower strokeontrolled testing approach.
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Table4.5: Second Peak Flexural 8trgth for Material Batch.

Second Peak Strength
Age Rupture Average Rupture
Test Setup | Mix ID Load
(Days) Strength Strength
(Ibf)
(ksi) (ksi)

B1-M1 3920 0.74

3 Manual Hydraulic 0.70
B1-M2 3529 0.66
B1-M1 5303 0.99

7 Manual Hydraulic 0.94
B1-M2 4716 0.88
B1-M1 3986 0.75

14 Manual Hydraulic 0.85
B1-M2 5085 0.95
B1-M1 3986 0.75
B1-M1 3990 0.75

28 Stroke Controlled 0.75
B1-M2 4021 0.75
B1-M2 4092 0.77

An important finding from the flexural prism tests was that fiber distiwiouivas observed
to be less concentrated on thecast bottom (mold) face, and more concentrated on the top face
of the specimen, asast.This findingindicatesthat the PVA fibers tended to float away from the
bottom face of the mold, as showrFigure4.5. This localized distribution of fibers could impact
the flexural performance of the system if a lower or higlacentratiorof fibers were located on

the tension face of thediespecimen or wall sheathinbhe prism tests were not likely impacted
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by thisphenomengaas all prisms were tested withidesface (ascast) in tensiorNonetheless, this

observation in the prism testing necessitated testing thin UHPC plates in flexure at the material

scale, the results of which are reported later.
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Figure 4.4: The Effect of Test Setup on Flexural Result
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Figure4.5: Effect of Casting on Fiber Distributio
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4.2. Second Batch Wet Curing Material Characterization
The second balticof materialtestingon wetcured UHPCwas performed with theame
compression and flexurgtst methodas the first batcln aircured materialwith the exception

that only the strokeontrolledtest setupvas usedor flexural tests.

4.2.1. Compression TesResults.

As detailed in Table 4.7, theetcuredUHPC exhibited an average compressive strength
of 114 ksi at three days. By seven days, this strength increased by 40.3%, re&cksangThe
subsequent rate of strength gain slowed, with a 10.6% rik¢ @dys, achieving 17.7 ksi, and a
similar 10.7% increase by 28 days, resulting in an averagpressive strength of 19.6 k3ihe
failure modes of the compression cylinders are similar to thdrigd modes, with expected

vertical splitting cracks proment,as detailed iTable4.7.

Table4.6: Compressive StrengthWet-CuredUHPC.

Average
Compressive
Specimen Age Peak Load Compressive
Mix ID Strength
(Days) (Ibf) Strength
(ksi)
(ksi)
B2-M1 83918 11.87
3 11.39
B2-M1 80525 11.3
B2-M1 115557 16.35
v 15.98
B2-M1 110382 15.62
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Table4.6: Compressive StrengihWet-CuredUHPC. (Continued)

Average
Compressive
Specimen Age Peak Load Compressive
Mix ID Strength
(Days) (Ibf) Strengh
(ksi)
(ksi)
B2-M1 124887 17.67
14 17.67
B2-M1 124915 17.67
B2-M1 138883 19.65
28 19.56
B2-M1 137526 19.46
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)
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Figure4.6: Compressive Strength Gaoh WetCured UHR.



Table4.7: Failure Modes of WeCured UHPC Cylindes.

Age

(Days)

Mix ID: B2-M1

Cylinder 1

Cylinder 2

14

28

Crushingi Multiple Cracks

Crushingi Multiple Cracks
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As shownin Figure4.6, thewet-cured UHPCshowed substanti@nd consistent strength
increases after 7 dayghe material achieved higher ultimate compressive strength vs. e ed
material, and did so with lessnability in the test resultd his difference in sangth gairbehavior
is attributed to thevet-curing process and the largaixer, both of which were used for all future

large-scale wall specimens

4.2.2. Flexural Test Results

The wet-cured UHPC prism strength over timis listed in Table 4.8 and Table 4.10,
indicating thatacross all ages, the second peak flexural strength exceeds the first peak strength,
with the percentage increase varying from 13.5% at 7 days to 40.3% at 14 days and 2B4% at
days.Differences in the ratio of second peak strength to first peak strength likely relate to different
rates of compression strength development vs. tension strength developmeotjdaiso be a
result of the limited number of test samples; witlarger sample size, these fluctuations might
even out Most importantly, performance of the flexural tension strength of the UHPC material
improved significantly with modest (24 hour) wet curing, a practical option for -Ergke
production. The second gak strength exceeding the first peak strength helps to insure that
structures do not fail cracking, with the internal fibers sufficiently strong to carry load across the
crack.

As shown inFigure4.7 at 28 daysAir cured material Batch 1 shows a higher first peak
strength (0.90 ksi) compared to Batch 2 (0.74 ksi), indicating better initiableading capacity.
However, wet cured material batch 2 has a higher second peak strength (0.84 ksi) compared to

Batch 1 Q.75 ksi), reflecting superior pestack performance. These differences highlight the
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variations in material properties between the two batches, with Batch 1 excelling in initial strength

and Batch 2 demonstrating better resilience after cracking.

Table4.8: First Peak Flexural Strength for Material Bagh

First Peak Strength
Average
Age Rupture
Test Setup Mix ID Load Rupture
(Days) Strength
(Ibf) Strength
(ksi)
(ksi)
B2-M1 3479 0.65
7 Stroke Control 0.62
B2-M1 3150 0.59
B2-M1 4226 0.79
14 Stroke Control 0.7
B2-M1 3235 0.61
B2-M1 3528 0.75
28 Stroke Control 0.74
B2-M1 3865 0.72

Table4.9: Failure Mode for Material Batch Tested Prisms

Age B1-M1
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Table4.9: Failure Mode for Material Batch Tested PrismgContinued)

Age B1-M1
7
14
28
Table4.10: Second Peak Flexural 8irgth for Material BatcR.
Second Peak Strength
Average
Age Rupture
Test Setup Mix ID Load Rupture
(Days) Strength
(Ibf) Strength
(ksi)
(ksi)
Displacemenstroke| B2-M1 4687 0.88
! 0.87
Control B2-M1 4560 0.85




Table4.10: Second Peak Flexural 8irgth for Material BatcR. (Continued)

Second Peak Strength
Average
Age Rupture
Test Setup Mix ID Load Rupture
(Days) Strength
(Ibf) Strength
(ksi)
(ksi)
Displacemenstroke,  B2-M1 4905 0.92
14 0.85
Control B2-M1 4198 0.79
Displacemenstroke,  B2-M1 3997 0.75
28 0.84
Control B2-M1 4985 0.93
6000
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g 3000
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0
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Figure4.7: The Effect ofCuringon 28 Days Flexural Residt
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4.3. Third Batch i Flexural Strength of Thin UHPC Plates

Inthefull-s cal e wal | p a n etHicknegss of the UHPE@lagidinglayerdvas5 / 8 0
determined using Equation 43] assuming the cladding wasquiredto span between adjacent
wooden studs s pahel@gHPE mate2ial was assumed énmdasigmetee dlexural
strength ofL000psi. Out-of-plane wind pressungas assumed &9 psf(a very high level of wind
loading) and a design strip width of @®2as assumed with ongay flexural actionBased on
these parametera,moment diagram was generatied the most severe scenario of a tsman
wall, as illustrated inFigure 4.8. Consegently, a UHPC thickness & / 8vas found to be

adequate.

80 plf
i [ ) )
— 24“ — 24“ —
40 Ib-ft—»
///.’. = \
+ .
\ 22.5 Ib-ft \ 22.5 Ib-ft

Figure4.8: Moment Diagram Analysis for UHPC Layer und&® psf Wind Pressu.
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tc: UHPC Thickness, in
fr: Flexural strength, psi

bw: Design strip width, in

M: Maximum applied moment, .

(Eq. 4.13)

To verify thatthe flexural strength d / 8PC cladding layer would be sufficient for

the proposed wall system, andeiwamine the impact of fiber distribution @exural capacity, a

series of 8wide UHPCstrips

each

wdreBasted . The wpture strengthhe thin plates

in flexurewascalculatedusing Equation 4:2, and the results acetailed inTable4.11.

Table4.11: Flexural Strengtlof 5/80 Thick UHPC Plates.

First Peak SecondPeak
Average Average
Tension Rupture Rupture
Load Rupture Load Rupture
Face Strength Strength
(Lbf) Strength (Ibf) Strength
(ksi) (ksi)
(ksi) (ksi)
315.5 1.82 251.8 1.45
Top ascast
325.4 1.87 1.96 221.6 1.28 1.52
Face
378.5 2.18 316.2 1.82
299.3 1.72 215.3 1.24
Bottom as
332.8 1.92 1.99 191.0 1.10 1.12
cast Face
406.9 2.34 175.3 1.01
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Comparing the top and bottom fag¢ascast) in tensiopbothorientationsexhibitedstrong
first-peakresistance to tensile stress, with average ruptuemgths near 2 ksis first peak,
rupture stress is dictated by the strength of the UHPC matrix, not the fiber, so it makes sense that
the first peak strengths were simifar both tested orientationdowever, the bottom fadas cast)
in tensiondemongrated alower second peakapacity vs. the top face (as cast) in tensmath an
averagesecondpeak rupture strengthof 1.12 ksivs. 1.52 ksi as shown ifrigure 4.9. This
difference is attributed to the fiber distribution within the UHR@h the PVA fibers floating

away from the bottom face (as cast) and concentrating more at the top surface.
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Figure4.9: Rupure Strengths for Top and Bottom-@ast Faces of UHPC Specinsen
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The results for thevet-cured5/80 thick strips demonstrata rupture strength surpasg
thoseobtained from thevet-curedprism testsRupture strength at cracking (first peak) was nearly
2 ksi and rupture strength pasticking (29 peak) was still well over 1 ksi, evearfthe worst
caseorientation Given that this tegs morerepresentativef thethin UHPC layeproposed in the
real wall system, the assumeesign flexural strengtlof 1000 psiis a safe and reasonable
assumptionas it is lower than both the first and second peak values observed. Thetefore,
calculatedb/80 t hi ¢ k U H Bufficient faxtlse propogedesidential wall applicatigrand

is actually highly congeative from the perspective of flexural capacity
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CHAPTER 5. STRUCTURAL TESTING PROGRAM

5.1. Overview

Thelargescaletesting program was divided into two phases: Phase 1 and Phase 2. Phase
1 involved smabscale experiments aimed at determiningcdueacities of twaypes ofconnectos
embedded in thidHPC plates Phase 2 consisted ffll-scale tests of wall panels to investigate
the flexural, racking, and axial capacities of gfneposedsystem. The results from Phase 1 were
essentiafor selecting the connectoyieanddetermining the connector layout for the panels tested
in Phase 2Details of the experimental tests are presented in this chapter with results of the

experimental tests presented in Chapter 6.

5.2. Structural Testing Phase 1 Connectors

In this phasethe connector capacity was tested to determine performance under two
loading conditions: pullouwnd punchingwhich simulate oubf-plane loading conditions such as
windward and leeward forces, as showrFigure 5.1. The pullout tests loaded connectors in
tension while the punching tests loaded connectors in compression.

Two types of connectors were proposed and tested: metal plates and wooden screws. The
metal plates, fabricated from commercially availablegh6ge wooeto-wood tie plates, were cut
and shaped into finger plates, shownFigure 5.2. The bent shapes of the finger plate were
intended to increase the bearing area of the connector within the UHPC andarnteplate

punching and pullout resistance.
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For the second connector style, commercially available structural wood screws were selected
based on publigd capacities and dimensioiiéie selected screvimd largeflat headgo provide
a larger bearing aremithin theavailable thickness of tHeHPC layer without compromising the
very limited available coveiThe benmetalplateconnectors and thecrewconnectorsverefirst

installed on wooden frames and thambedded o UHPC, as shown iRigure5.3.

3" UHPC

Figure5.3: Connector Types (a) Metal Plate Connector (b) Wooden Screw Connecto

Twelve 24x240x 5/ 80 UHPC pl ates were cast to test
for each type otonnectorln a given group of platediriee were tested for punchifgpnnector
in compressionand the other three for pullo(@onnector in tensionks detailed imable 5.1.
Each UHPC plate contained threennectors: one at thaid-point, andonemoreat each of two
edges, as shown iRigure 5.4. The UHPC plate size was selected tepresenthe maximum
envisioned woodea t ud s p a c ithe gropaséd wall4yste ensuring thastresses in the

UHPC due tdlexural distortion of the UHPC wern@cluded in the punching and pullout results
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Table5.1: 24x24x5/8 UHPC Plate Testip

Specimen IDNumber

Test Annotation Connector Type
(xx)
Punching 1, 2, or37 Comp. Wooden Screw Connectd
PL xx1 Comp.

(compression) 4,5, or 6/ Comp. Metal Plate Connector

Pullout 1,2, or 3 Tens. Wooden Screw Connecta
PL xxT Ten
(tension) 4,5, or 6 Tens. Metal Plate Conneot

7 Edge Connector

uft. :L/

\ ‘.'jr‘-*—-—‘ -

Center Connector

Figure5.4: Connectors Layout (a) Metal Plate Connectors Layout (b) Screw Connectot.Layou

¥ Edge Connector

5.2.1. Connector TestSpecimenM anufacturing

To cast the twelve UHPC plates witho of cover over the connectors, the connectors

Center Connector

were suspendetl / dway from the mold surface (the plate's finisbatersurface). A mounting

frame was installed above the mold to temporarily holch#deessargonnectors in place until the

UHPC plates hardened, as showrrigure5.5. Note that this casting technique was utilized only

for connection tests to enable testing individual connectorshe proposed wall system,

connectors are preinstalled on wooden frames prior to casting UHPC.
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Figure5.5: Connectors Tests ofa) Metal Plagé Connectotb) Wooden Screwonnecto.

A total of 0.65 cubic feet of UHPC was mixed per batch using a mesized pan mixer,
the Hobart HL600. Each batch was used to cast three UHPC glatgswith six 3x6 cylinders.

The mix design for each batch followed the specifications provided by the supplier, as detailed in
Table 5.2, and was consistent with the mix used in Phase 2 and the material testing phase.
Connector test specimens were-@ired, but were protected from excessive moisture loss by
immediately covering each specimen watlplastic sheet This decision on curg method was
madeprior to availability of the wetured test results, and was intendedepresent the likely

worst casdield cordition for actual wall paneldt is expected that wetured samples would
perform better than atured samples from thgerspective of connector capacity, so the tests as
performed are likely conservative if the results are applied to connectors cast into UHPC cured
with the 24 hour wet curing method.

With the molds complete, UHPC was cast into each and allowed to flowselfRd
consolidate around the connector and into the mold. Each mold was lightly agitated by hand with
a few taps and shakes to delfel the UHPC material and fill all of the corners. Care was taken to
allow the UHCP to flow naturally around each conneaad no mechanical or internal vibration

was applied. The intent of the casting process was to enable the fibers to flowtheocmahector
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undisturbedEach specimen was covered with a plastic sheet immediately after casting to limit the

moisture losaind to protect the fresh mix from any environmental contamination, as stgue

5.6.

Table5.2 : Quantities of Commercial UHPC Useal £4x24x5/8" Plates.

Mateiial Weight % of Dry Mix Quantity
Dry Premix 100% 881b (39.92kg)
Water 9.40% 8.271b (3.75kg)
Liquid Plasticizer 0.55% 0.491b (0.22kg)
Fiber 1.2% 1.061b (0.48kQ)

@ b

Figureb.6: 240x240x5/80 UHPC Plate Casting (®ouringUHPC (b)Covered Specimen




5.2.2. Punching Test

The punching capacityor both connectiontypes was evaluated withithe test setup
illustrated inFigure5.7. This setupwas constructedsafollows: A barwith threaded holes in a
pattern matching the connectoas attached to the connector and passed through a load cell and
hydraulic cylinder.The bar was eccentric to one face of the connector to the same extent that the
centroid of a woodestud would be eccentric with the typical connection déthik barattached
to the connectoieatured a nut positiondzelow the load cell tenable loading the bd&and thus
the connectionin compressiomvith the hydraulic cylinderThe hydraulic cyhder acted against
a steelreaction frame fixed to agid steeltableand connected to a manual hydraylionp that
wasused to control cylinder extension

The UHPC plate was supportatl two opposing edgemn steel tubes that were free to
rotate,in a simply supported conditiorepresentative of two adjacent wooden st#d220 span
was used, which is near t he mddiionally athinrubber si one
strip was includedetween the UHPC plate amdl steel supports to cushiomyalocal stress
concentrationsWhile unnecessary for the compression loads of the punching tesbptlaed
bottom supporting tubegere anchored together wittroughbolts to have a consistent supporting
condition for the punching tests and tigcomirg pull-out tests discussed in the next section.

Each connector was loadeawly to failure in compressiorthe load cell measured the
force applied by the hydraulic cylinder and two linear potentiometers were affixed to the connector

to measure the rela® movement between the UHPC plate and the connectors.
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Figure5.7: Punching Shear Connector Test Sedatipidpoint Connecto

After testing the first metal plat®nnectoy it was found that the punchirgpacity of the
connection exceeded the flexural capacity of the UHPC atatspan of 2@and theUHPCplate
failed in flexural prior to a connectio punching failure developindpetails of this result W be
presented in Chapter Bhus,to determinghe capacity of the connectidgtself, the sparof the
UHPC platewa s r e d ufar tha remaimingdedtsf the metal connection platas shown in

Figure5.8. All connection tests involving screws were conducted at the origitedpan.
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Figure5.8: Punching Shear Test Modification for Metal Plate ConnectdZ@¥pan (b)Yospan.

5.2.3. Pullout Test

To evaluate the pullout capacity for both metal plate and screw connection types, the test
setup illustrated irFigure 5.9 was constructedA threadedbar was attached tan individual
connector and passed througload cell and hydraulic cylindeAs with the punching tests, the
applied load was eccentric to the side face of the metal plate connectors and concentric to the screw
connectors, as would be the case in a real pAnalt was positioned at the top of tlead cell to
load the threaded rod in tension ashigdraulic cylinder acted against a sedficting frame fixed
and connected to a manual hydraulic pump used to control the cylinder exteXzdying
tension to the bar subsequently trangféthis force to the connectoiThe UHPC plate was
supported othe samesteeltubesi s ed i n the punching tests, on

the same thin sheets of rubber between all steel and UHPC bearing interfaces.
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Figure5.9: Pullout Test Sefu

The connectors were tested under static loading conditions until failure. A load cell
attached to the hydraulic cylinder recorded the applied load on the connector, and two linear
potentiometers were affixed the connector to measure the relative movement between the
UHPC plate and the connectors.

Similar to the punching testafter the first pullout test of thenetal plateconnection
exceeded the flexural capacity of the UHPC pdaiespan of 2@ Thus, todetermine the capacity
of themetal plateconnectionin pull-out, the sparof the UHPC platava s r e d uforé¢hd t o 9 «
remaining tests involving the metal plages shown irFigure5.10. All tests involving the screw

connectonppceeded with the UHPC plate on its origi
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Figure5.10: Pullout Shear Test Modification for Metal Plate Connectoga)pan (b fispan

5.3. Structural Testing Phase 2 Full-Scale Walls

The phase of testingrograminvestigating fultlscale walls was designed aroutiee
standardizedestsmethods forcharacterimg the structural capacity of wall paselThe ASTM
E72 Standard includes guidance for testing panels iacking shear, axial, and flexural
configurationsRacking shear simulates wind and seismic loads resisted by the wall panel, with
the load applied in the plane of the wall. Axial ldedting checks the ability of a panel to resist
vertical forces applied to the top of the waith the wall supported at its basend, lastly,the
flexural test replicates owf-plane loadstypically wind, appliedon the cladding in a direction
perpendicular to the wall

In order to test theackingshear,axial, andflexuralcapacitieof theproposed systenpur

panelsverefabricatedor each testincludingone controbpecimerand threedentical thin UHPC
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wooden frame wallss listed inTable5.3. The controlspecimensvere constructettom wooden
frames and OSB sheathifglowing the common nailing patterro@ttheedges and X#in field

with anail size of 0.13&x 30. Themaximumcodelisted OSBsheathing thickness of 19/82 w a s
used forall control specimensper NDS2018Table 4.3A. As such, control specimens were
configured to be a beshse representation of traditional construction technigMesden frames

were identical between control specimens and UHPC specimens.

Table5.3: Test Specimen

Specimen ID Prefix| Wall Specimen Size
Test
for Test Series (Width x Height)
Racking Shear RKPT xx 86x 80
Axial AXP Txx 46x 80
Flexural FLP T xx 46x 100

5.3.1. Specimen Manufacturing
5.3.1.1. Wooden Framéssembly

The construction of the wooden frasredheré to the recommendations outlined in the
IRC-2018 Building Code for all specimensxcept for nmor adjustments made for testing
purposes in the flexural testas will be discussed latén all cases2x6 SPF(sprucepine-fur)
was utilized for top plates, studs, and bottom @atde fastening schedule, as depicteBigure
5.11 and specified in Table R602.3 of the RG18 code, is followed according®ther types of
fastenerghat might be required in a finished wall systesuch as hurricane straps, were not

included in this research.
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3x 10d End Nail T 3x 10d End Nail
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2x6 Double Top Plate
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2%6 Stud @24" 2x6 Stud @24
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Figure5.11: Wooden Frame Details (a) Racking Shear PEREIPO (b) Axial PaneRAXPO (c)

FIl exur al Panel AnFLPO.

5.3.1.2. Installing ScrewConnectors

The smalscale connection testiemonstrated the screw connector was a superiacecho

to the metal plate connector, as will be discddsemore detail in Chapter s such, all ful
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scale panels were testwith screw connectors onRrior to casting UHPC csews were installed
in the assembled wooden frame so that the pentatibie waodwas 2 andthe head of the screw
was stickingoutby 7/8), as illustrated irfFigure5.12. This arrangement allosdfor a1/20 air gap

between woo@nd UHPCand a 3/8 embedment in the UHPC layer.

(a)
—1'— —1'— —1'— —'— (d) * \ ""‘ ’
E;12" ﬁ \‘\\g / 7/8"
. /\
HeadlOK Screw I f o - i A\
278" @12" ' // \
- 5/8" UHPC
= L
v/ Air
10%" A Gap
(b) ©
o 1
i 11.25"
| B
HeadlOK Screw i I
2718 @12 ) Head oK Scren, j
| !
1 :
1 I
! B!
# 5
1' ot
| j
{ .11. 5"
10.50" 't
- | 0

Figure5.12: Screw Installation Layout and Sect{ahRacking ShedPaneliRKPO (b) Axial
Panel AAXPO (c) Flexural Pahel AFLPO (d)
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5.3.1.3. Installation of Wooden Frania Casting Bed:

A casting bed was created to facilitate applying UHPC to the wooden frahresasting
bed consisted of a level andidd@d square wooden table with smooth surf@cip was installed
around the outer edge of the tabThetallleaBddtheabov e
lip were then coated with concrete release agent and allowed. tArdifhe assembled woode
framewas then placed on the casting table, screw heads down, and the framespasdedh
placeso that the screw heads were fiXigdo away from thesmooth face of the casting talfthe
finishedoutersurfaceof the panél as shown irfFigure5.13. Due to the inherenimperfections of
wood, maintaining a consistent gdyetween all screw heads and the casting table surfage wa
challenging because of the crown present in the studs. To mitigate this issue, two measures were
implemented: first,ite studs were assembled with their croathsriented in the same direction.
Second, the panel was mounted above the frame with the crown directed toward the mold face,
allowing reversal of the crowiy a steel channel positioned across the base of the: @mwn
wasadjustedto enable the correct gap between all screw hbagnilling eachwooden studip

from its centewith the steel channel with a wood screw

Figure5.13: (a) Wooden Frame with Connectors (b) Casting Bed (c) Installation of Wooden
frame on Casting Bed
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Figure5.13: (a) Wooden Frame with Connectors (b) Casting Bed (c) Installation of Wooden

frame on Casting BedContinued)

5.3.1.4. Mixing UHPC Material

Materials were measured to produce 3.5 cubic feet of UHPC according to the mix design
provided by the supplier, as detailedTiable 5.4 and asis consistent witltthe mixtureused in
Phase 1. The mixing process was conducted tisengorizontakhaftpaddle mixer equipped with
ahydraulically actuatetliting drum shownn Figure5.14. This mixerfacilitatedcasting the large

panelsas depictedrigure5.16.
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Table5.4: Quantities of Commercial UHPC Uséat Large Panel

Material Weight % of Dry Mix Quantity
Dry Premix 100% 604 Ib (274kg)
Water 9.40% 56.8 Ib (25.764 kQ)
Liquid Plasticizer 0.55% 3.32 Ib (1.507kg)
Fiber 1.2% 7.25 Ib (3.288 kg)

Figureb.14: Utilized Paddle Mixer (aMixing Position p) Casting Positia.

During the mixing stagecritical step was fiber addition, which requiadkfiber be added
to the mixewithin 4 minutes and without clumping. To achieve tthg, modified dust collection
vacuumdiscussed previousiyas utilized tdolow fibersdirectly intoduring themixing drum with

great successs showrin Figure5.15.
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Figureb.15: Fiber Feeding Using Vacuu

5.3.1.5. CastingUHPC into Large Panels

UHPC was cast into the mold by elevating the mixer with a forklift and using the tilting
functionto pour the materialirectly into the casting bed from the mixing driivhibrators attached
to the casting bed were then used to levehthaterial to the desired thickness, as showFigire

5.16.

Figure5.16: UHPC Pourig.

77



After the UHPC was cast, a plastic cover was added to prevent moisture loss and protect
the fresh mix from weather contaminants, as shovgare5.17(a). After six hourswet burlap
submerged in watdor the prior24 hourswas placed on top of the UHPC for curing purposes,
and was left in place under the plagtic 24 hours, as shown Figure5.17(b). Moisture in the
burlap was checked every so often, and water was added if the burlap begariftedi34 hours,
the plastic and burlap were removehdthe wallpanel was stripped from the mad shown in

Figure5.17(c). The panel s allowed to air cure from this point forwandtil the testing day.

—

Figure5.17: (a) Plastic cover applied directly after casting fresh UHPC (b) Wet burlap applied

six hours after casting (Qtripped panel 24hiafter casting.
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5.3.2. Axial Force Test

To assess the axial capacity of greposed wall systenthe test setup was assembled as
follows: A base fixture waattachedo thelaboratorystrong floor using pogensioned bars. The
wall panel wa then anchored to this base using two hbhsugh the bottom platétop the panel,
a loading fixture was boltethrough the top plate of the wadl apply the load. This fixturesas
also configurd to serve asateral bracing, incorporatingddiameter roundvertical bars welded
to its top surfaceThese bars passed throughl/46 oversized holes in a bracing tube, fixed to a
separatesteelloadingframethat was in turrsecured to théoor. Three hydraulic cylinders were
connected to thiwadingframevia a cross tubend were used to applyads with a 1o eccentricity
from the centerline of the studs per ASTM E72 (towards the inside face of the wall sy&iem).
hydrauliccylinders applied load to the loading fixture through spherical bespiogjtioned on
top. Additionally,aload cellwasintegratednto a parallel component of the hydraulic sysfem

measuring the applied load, as depicteBigure5.18.

Figure5.18: Axial Test Setp.
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Axial TestInstrumentation

To capture the axial performance of the wall panel, two string potentiometesraithe
of 40were used to measure the overall vertical deflection of the wall. These were attached between
the loading fixture and the base fixture, and were labeled Delta 1 and Delta 2. To measure the
relative displacement between the wooden frame and the UHPC layer, four linear potentiometers
with a range of dwere installed, as shown kigure5.19 (a) . Two were positioned at the top and
two at the bottom, labeled as TL (Top Left), TR (Top Right), BL (Bottom Left), and BR (Bottom
Right). Additionally, a Digital Image Correlation (DIC) system was installed to monitr th
tendency of the stisdko buckle,and capturethe relative moment between wooden frame and
UHPC layer. For the first two wall panels, the DIC system focused on the middle area, as
highlighted inFigure5.19 (b). Based on the failure modes observed in initial tests, the DIC area
of interest was adjusted to the top portminthe wall in later tests, anan additional linear
potentiometer was added at the top of meddud, as showm Figure5.19, since this area was

found to be more critical in terms of failure.

(@)

Figure5.19: Axial Testinstrumentation fofa) AXP-01and AXR02 (b) AXP-03.

80



Axial Loading Procedure

Theaxial specimensvere subjected to a static loati6000 Ibf werethen unloadedand
werethenreloadedto failure, he panel were checked at each 6000 lbfamentof load,which

was equivalento 2000 Ibf pehydrauliccylinder.

5.3.3. Flexural Tests

To assess the flexurahpacity of thgproposedvall system a fourpoint bending test was
conducted with a span of 9 feet and a spacing of 3 feet between load application points. The UHPC
layer was tested on the tension side, representing the most critical scenario finelditiPC
resistingmechanismand the most seveleadingcondition whichsimulatesvind suction on the
leeward sidef a wall The test setup consisted of a base fixture attached to the strong floor, with
a roller support and a pin support mounted on togctoeve a simply supported condition. The
load was applied via a wooden frame using loading fixture tubes positioned above the wall panel.
Four hydraulic cylinders, two at each load application point, applied the load. These cylinders were
anchored againghe strong floor by a through bar secured by nuts and plates at each end as shown
in Figure5.20. To avoidclamping theconnectios between UHPC layer and wood studs at the
concentrategupportreactions, the UH® layer was castdshort of eactsupport, allowingor
direct contact between the support and the wooden filarttés manner, all connections between
UHPC and wood studs were subjected to at least some moment, and no connections benefited from

clampingaction at the supports.
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Loading
Cylinders

UHPC Layer Stopped
Before the Support

Figure5.20: Flexural Test Sefu

Flexurallnstrumentation

To characterize the overall behavior of thexural specimes, two load cels were
installed one at each loading fixturéo measure the applieddd Two string potentimeters,
labeled Delta 1 and Delta 2 with a range od, Mere positioned at migdpan on each edge of the
wall and measured vertical deflectistom the middle of the wooden stud. To capture the relative
verticalmovement between the UHPC and the woodamé, three linear potentiometers, labeled
as V1, V2, and V3egachwith a range of d, were installed at the center of each stud. Additionally,
two linear potentiometers, labeled as SL and SR, with a rang& wfede placed horizontally at
the left and rigt ends of the panel to measure the relative horizontal movement (slipping) between
the UHPC layer and the wooden frame. To further capture the strain action in both the wooden
frame and the UHPC layer, a Digital Image Correlation (DIC) device was imstatiéllustrated

in Figure5.21.
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Figure5.21: Flexural Test Instrumentatio

FlexureLoading Procedure

Theflexurespecimens were subjected to a static load of 400 Ibf per loadps@at them
into the test setuf hey were henunloaded and thereloadedslowly to failure. The specimens

wereinvestigatedoutinely during the loading process prior to and after failure

5.3.4. Racking Shear Test
To conduct the racking shear testeathwall panelatest setup was constructed foliog
the recommendations outlined in ASTlB¥2, as depicted iRigure5.22. The setup comprises a
loading fixture connected to a hydraulic cylinder, which, in turn, is affixed to the top plates of the
wall panel to transfer applied load ig20b ol t s spaced at 240. The wal
the base fixture usinl/20b ol t s s p,ard a stop arigle & thé end of the walhcluded

to prevent sliding, simulating connectianth afoundation. The base fixture is anchoredhe
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strong floor througiposttensionedbars to ensuréxity of the wall base. Addonally, a lateral
guide is installed at the top of the wall to restrain anyofytlane movement, mimicking
diaphragm action iatypicalfield application. Furthermore, holdlbwn rods are positioned at the
loadededge of the wall to counteract upfiércescreated by the overturning moment of the applied
loadT as would normally be aeffectprovided by thegravity loadsat the top othe wall. These
hold-down rodsweretightened with a maximum force of 20 élach prior to the start of the test,
and d@tached to a cross tube resting on the loading fixture. To confine the action of tuwold
rods solely to the vertical directioaroller conditionwasimplementecdht the top of the radrhis
was completed by insertirgTeflonpad and golished andjreasedtainless steel plate between

the cross tube and the loading fixture, as illustratdegare5.22.

4) Lateral Guide 2) Loading Fixture

3 'E’-— X IR 1
- 7) Cross Tube Lok

Figure5.22: Racking Shear Test Setu
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\
L 8) 172" Blot through
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5) Hold down rod 4
|

i

E 9) stainless steel Plate
= 10) Teflon pad

A

Figure5.22: Racking Shear Test SetContinued)

Rackinglnstrumentation:

To comprehensively evaluate the overall behavior of the wall under racking shear force,
both the total horizontal movement of the wall and the movement atgports were measured,
alongwith the applied load. As shown Figure5.23, Delta 2, 3, and 4 represesaty measured
support movemest while Delta 1representshetotal horizontal movemenf the wall For this
purpose, three string potentiometezachwi t h a r a n gveere pdsitionep at toaatiolis2 0
where significant displacements were eiptited, two dedicated toela 1 and one to Bita 2.
Furthermore, two linear potentiometers with a range of up ®a2hwere installed at locations
where minor displacements were anticipated, one for Batta 2 andDelta 4, to capturany

support movemesthat developedccurately.
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Moreover, to capture the relative movement between the wooden frame and the UHPC
layer, an additional four linear potentiometezachwith a range of 8, were installed a¢ach

corner: top right, top left, bottom right, and bottom left.

Figure5.23. Racking Sheamstrumentatio.

Loading Proceduréor Racking Test

The three wall panels underwent testing under static loading condibidaiture. Loads
were applieglowly to minimize any dynamieffects.Loads were appliet failure after aninitial
load cycle withcomplete unloadig to assess the relative recovafter a service level loading
The loading procedure, outlined belangluded aradditional cycle administered to the first panel.
Loading Procedure for the First Panel:

A Load to 3000 Ibs, Hold Load to investigate the hadeload
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A Load to 6000 Ibs, Hold Load to investigate the panel, Unload
A Reload to Failure

Loading Procedure for the Secoiithird, and ControPanels:
A Load to 3000 Ibs, Hold Load to investigate the panel, Unload

A Reload to Failure
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CHAPTER 6. STRUCTURAL TEST RESULTS AND DISCUSSIONS

6.1. Phase 1 Test Results

The behavior ofndividual connectorembedded in thin UHPC plategs testedn this
phasdo determineonnectorcapacity under both punching and pullout actions. Since all the plates
were tested over the course wiotdays andill werecast from the same batdi UHPC three
companiorcylinders were sufficient to determine the compressive strength of the testedfplates

average compressive strength of 16.15 ksi was meaasgetiown imable6.1.

Table6.1: Material Compressive Strength at Testing Day of Phdlates Specimens

Average Compressive
Compressive Strength

PlatelD Strength
(ksi)
(ksi)
All = PLO1i Comp. through 15.74
PLO6T Comp. and
16.08 1615
PLOI" Ten. through PLO®
16.64

Ten.

6.1.1. Wooden Screw Connector(PLO1 to PLO3)

The punching and pullout tests on screw connectors were performed ovspa2vhere
the plates were sufficiently strong to resist flexural stresseshliag cone failure to develop
accompanied by global plate bending and cracking with cracks distributed on plate tension surface

asshown inFigure6.1. The cone angle for punching forces ranged between 34 and 58 degrees for
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both central and edge connectors. In contrast, for pullout forces, the cone angle ranged from 36 to
76 degrees for edge connectors and 46 to 60 degrees for central connéetatétefences in
behavior between pullout and punching forces is attributed to the fiber distribution throughout the
section as discussed in section 4.3. The acute failure angle is due to the limited thickness of the

UHPC and the small bearing area of slkeew head.

Figure6.1: Wooden Screw Connector Failure Mode under PunéRurdputForce (a) PLOL

Comp.(b) PLO2Comp.(c) PLO3Comp. (d) PLO1Ten. (e) PLOZTen. (f) PLO3Ten.
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Figure6.1: Wooden Screw Connector Failure Mode under PunéRurtputForce (a) PLOL
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Comp.(b) PLO2Comp.(c) PLO3Comp. (d) PLO1Ten. (e) PLOZTen. (f) PLO3Ten.

(Continued)

In addition to full cones developing at the midpoint test locations, full cones aldoukxve
at all edge locations with the screw connecémshown irFigure6.2. However, @spite the edge
connectors developing full condsat were not visually alterdaly the edge conditions, their load

capacities at failure were lower than comparable midpoint tests

Figure6.2: Concrete Cone (a) Pullout Edge Cone (b) Pullout Center Cone (c) Punching Edge
Cone (d) Punching Center Cone.
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(d)

Figure6.2: Concrete Cone (a) Pullout Edge Cone (b) Pullout Center Cone (c) Punching

Edge Cone (d) Punching Center Cof@ontinued)

In viewing the first crackng loadslisted in Table6.2 for both the punching and pullout
tests, center connectors consistently show higher average performance.pinting tests,
center connectors Haan average first craokg load of 230 Ibf, while edge connectorsdhen
average of 145 Ibf, reflecting a 37% reduction for edge connectors compared to center ones.
Similarly, in pullout tests, enter connectors hawn average first crack load of 333 Ibf, whereas
edge connectors average 267 Ibf, representing a 20% decrease in performance for edge connectors.
This difference can be attributed to the edge discontinuity, which reduces the effedtivef
the resistingsection While this reduced resisting section may not directly intersect with the
punching cone immediately surrounding the screw head, it likely enables higher global stresses
from UHPC plate bending to develop around the cone, potentially lowering capaeity.
Additionally, the center connectat the midpoint of each plate wiasted firstwhen the specimen
was still freshand uncracked. This first testitiated cracks thatould haveimpacted the
performance of theubsequently testemtige connects. Figure6.3 showsa sample the specimen

status after testing the center connector
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Figure6.3: Cracks Generatedlring the Central Connector Test.

To furtherthis point,Table6.2 highlights thathe first edge tested in a given plaieige)
consistently exhibéd better resistance to initial crackitigan did the second edge tested on the
same plateEdged in boththe pullout and punchingonfigurationsThis difference is likely due
to damageaccumulatingin the plate during testing, as Edgel was tested before EdgeZ2. In the
pullout tests, connectoad the Edgel locatiortsad a notably higher average first criagdoad of
307 Ibf, compared to 238 Ibf faronnectors aEdge2locations a 29%drop. Similarly, in the
punching tests;onnectors aEdgel recorded an average first ciagkoad of 154 Ibf, compared

to connectors aEdge2cracking at an averade1 Ibf, al5%drop.
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Table6.2: Individual Screw Connector Force Capacitybi8o Thick UHPC.

Plate ID- Connector

First Crack Load

Ultimate Load

Test Type
Location (Ibf) (Ibf)
PLO1-Comp.-Center 212 325
PLO3Comp.-Center 248 387
PLO1-Comp.-Edgel Punching 140 277
PLO2Comp.-Edgel (Screw in 135 322
PLO2Comp.-Edge2 Compression) 112 327
PLO3-Comp.-Edgel 187 304
PLO3-Comp.-Edge2 150 337
PLO1-Ten.-Center 327 490
PLO2Ten.-Center 371 407
PLO3Ten.-Center 300 388
PLO1-Ten.-Edgel Pullout 323 409
PLOlX-Ten.-Edge2 | (Screw in Tension) 274 343
PLO2Ten.-Edgel 294 410
PLO2Ten.-Edge2 203 299
PLO3Ten.-Edge2 237 326

* PLO2-Comp-Center, PLOIComp-Edge 2, and PLG3eni Edge 1 data were lodue to

an issue with the data recording system.
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Loaddeflection plots of each individual screw connector testsamvn inFigure 6.4
throughFigure6.7. Theextensivepostcracking behavioin each test confirms that the PViBers
effectively engaged in resisting the punchengd pulloutaction. This engagement shifted the
failure mode from brittle to duite, and enabled the observiedrease in capacity from thmint
of first crackng to the ultimate loadA defined point of first cracking corresponding to a distinct
change in loadleflection curve slope is more pronounced for the center locationthestshe
edge location testsack of clearly defined crackingopt in the edge location tests is attributed to
the cracks from prior center location tests that wereegigting for edge tests, as was discussed

earlier.
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Expected Flexural Capacity Limit (22" Speny = Expected Screw Capacity in Wood

Figure6.4: Behavior ofCenter LocatiorscrewConnectorsn Punching.
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Figure6.5: Behavior ofEdge LocatiorScrew Connectoris Punching
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Figure6.6: Behavior of Center LocatioBicrew Connectors inuHout.
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Figure6.7: Behavior ofEdge LocatiorScrew Connectoris Pullout.

The test data above relate to the capacity of the screw connector head embedded in the thin

of 3/16),

UHPC.As the threaded end of eachesgrconnector will be installed in the wooden studs in the
real panel, it is possible that the capacity of each connector could be controlled by the capacity of
the threads in gnwooden studlo check this, the connection capacity of the screw threadsad w

was calculated determined NE2B18 guidelines, with adjustment factors applied aBnaat in
Chapter 11 of the NDSt is proposed that the tension or compression force on any individual
screw should not exceed to the rated withdrawal capacity obdrew per the NDS code.

Calculations were based on SPF No. 2 wood studs with a specific gravity of 0.42, a screw diameter

a moisture content below 19%, and temperatures under 100°F. The screws were assumed

installed perpendicular to the graindaanload duration factor of 1.6 for wind was applied.
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7 TH#HHH H (Eq.6.1.11)
7 pynms”’ (EQ.6.1.12)
7 dWithdrawal load per inch of threaded penetration (139.6 Ibf/in)
# : Load duration factor = 1.6
# : Wet service factor = 1.0
# : Temperature factor = 1.0
# :End grain factor = 1.0
# :Toe nail factor = 1.0
' . Specific gravity = 0.42
D: Lag screw diameter = 3/160
The chosen structural scrdleadLOKHLGM334) has a effectivethreaded length of
1.60, yielding amodified withdrawal capacity of 357 Ibf. Thisfe workingcapacityof the screw
threads in the wooden staceeds the averadailure capacity of the screw head in tihethe
UHPC layerfor both central and edge connectdrsus, the capacity of the sev connector heads

in UHPC will control the overall behavior

6.1.2. Metal Plate Connector (PL0O4 to PL0O6)

Metal Plate Connection Punching Results:

For the met al Afinger plated style connect
a clear span of Zbetween supports, but the observed failure mode was primarily dlekate
failure of the UHPC plate rather than a local failure of the connectioriF{gaee6.8). To assess
the punching capacity of the finger plate connector, the span was reduoéa éod®r to increase
the flexural capacity. However, even at this reduced span, the connection proved stronger than the

flexural capacity of the UHPC platessulting in another global flexure failure of the UHPC plate.
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Both UHPC plates were damaged following these t&ggsi{e6.8), so their edge connectors could
not be evaluated for punching she&n important deti to note is the orientation of the metal
connector plates relatiwe the span of the UHPC plafehe midpoint connector was intentionally
oriented in the expected woishdse orientation (parallel to the flexure cracks), and still have
sufficient capacit to fail the UHPC plate in flexure.

While the finger plates did not fail locally, the global flexure failures in the UHPC plates
they triggered developed fdrces lower than anticipateds judged from calculationsié prior
materialscale testsThese éw capacity global flexure failures agimarily due to stress
concentration createdthe interface between the metdinger plate andhe surroundindJHPC,
where the metatonnectionplate disrupted fiber distribution anadctedto initiate crackingThe
UHPCplateexhibitedits first flexurecrack atan appliedoad of approximately 170 Ibf for the @2
span. Based om designflexural strength othe UHPC 0f1000 psi, thdJHPC plate wasnot
expected tarack until the load at itsentral point exceextl 260 Ibf (for 220 span) The effect of
the stress concentration was more pronouncetienest withthe larger spanlikely because the
relative moment demand was highern t h e sphnotwd separat® tests of a finger plate
connection at the midpdinf a UHPC plate performed better, crackingratund 630 Ibbf applied
load, which is close to the predictiobltimate capacity of the metal connection plate at the
midpo i n't ospan BHPQ@ plate significantly exceeded the cracking load in both. cases
However, with the real wal | system requiring
adjacent studghe stress concentration effeceated by the metal finger plate would need to be

factored in, as illustrated by the leddflection behavior of atests shown ifrigure6.9.
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Figure6.8: Metal Plate Connector Failure Mode under Punching Force (a) RR6&pan (b)

PL05-90 Span (c) PLO®0 Span.
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Figure6.9: Metal PlateConnectoPunching Forc&estResults

Metal Plate Connection Pullout Results:

Similar to the punching testthe first pullout test on a metal plate connection at the
midpoint of a UHPC plate lgan withthe UHPC supported oa 22 simple spar. With the
connection subjected to a tension lodwd observed failure mode wglsbal flexure of the UHPC
platerather tharocal pullout of the metal connection, as showrFigure6.10. Consequently, the
spanof the UHPC platevas reduced to® which was sufficient to induce pullout failgref the
midpoint and edge connection plate on subsequent Td&Ppullout failures were evidenced by

the formation of corearound the comttion platewith angle ranging from24to 34 degrees for
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central connectors arg#l to 43 degrees for edge connectoas shownn Figure6.11. Unlike the
punching testhat applied compression to the connegbottlout failure was achievable with the

90 spanandtensionon the connector likely becaute failure plan®f the pullout conéntersected

with the metal platéself which interrupted fiber distributiohe tension face of the UHPC plates
were theirtop ascast surfaces, which, as previously mentioned, should exhibit exhibited higher
capacity due to the concentration of fiber on the top as castingrfaeeffect of interrupting fiber

at the metal connection plate is likelignificant

Figure6.10: Metal Plate Connectd?ulloutFailure Modewith a2206 Span
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