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ABSTRACT

Bridges in the United States are largely in fair condition and nearing the end of their
design life. Despitéargetednitiatives to replace aging bridges, the rate of replacement remains
slow. Recent research has explored improved construction materials and methods to accelerate
the replacement and retrofitting of existing structures. Much of this work has focuseaast pre
concrete, where questions regarding sustainability and environmentally friendly construction
remain unresolved.

This researclaims to provide a sustainable alternative for rapidly replacing aging bridge
decks by utilizing a magsmber produad crosslaminated timber (CLT). However, CLT alone
is unsuitable for this application due to its inherent limitations. As a natural, hggrosc
material, it has lower stiffness and strength compared to conventional concrete. To overcome
these limitations, CLT is combined with an ultrgh-performance concrete (UHPC) overlay to
form a CLTTUHPC composite, thereby enhancing duihistrength, and stiffness.

The dissertatiofiocuses on several key aspects. First, methods for effectively combining
CLT and UHPC into a composite system are investigated, along with alternatives for controlling
moisture intrusion in timber. A preliminary study on snsallle specimens evaluates the
interface shear strength and bending strength of the composite system. Next,-sedieed
bridge decks are constructed and experimentally tested to assess performance under
serviceability and ultimate strength conditions. The fatigue performance ofgminéctions is
also examined. Finally, beyond bridge applications, the potential use 6{UEHHFC composites

in tornado shelter walls is experimentally evaluated.
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1. INTRODUCTION

Bridges arecrucialcomponents of transportation infrastructure. There are more than
623,000 bridgeacrosghe USmadeof eitherconcrete, stegbr timber. 67% of US bridges are
concrete, 30% are steel, and 2.1% are timbeHajvever, the structural condition of the bridges
is not satisfactory for any type of bridge. In total, 49.1%uwfentbridgesintheUSar e i n Af ai
conditionwhile4 4. 1% are in fAgoodo conditi[lpMhereeemd 6. 8¢
ASCE Infrastructure report card of 2025 Agaveai Co0 r at i n[g]. Theconditioniofd g e s
bridge decks, one of the important struct@lamentf bridges,is good relatively, but there is
still room for improvementNearly 23% of timber decks and 3% of concrete decks are in fair or
belowfair condition[1]. Although the condition of bridge decks is relatively favorathie,
average age of the bridgesconcerningThe average age bfidgesin theUS is 47 years old.
45% of the bridges have exceeded their planned desigtfdecause of aging, there are lot of

bridge decks in the Uthatneed to be replaced or retrofitted soon.

Bridge Deck Condition

Condition of US bridges (NBI, 2024) Age of US bridges

(ASGE Infrastructure Report Card, 2025) 100 (ASCE Infrastructure Report Card, 2021)

875 = Below
49% ) Fai
350 ar 20%
é m Above .
E 25 Fair
Fair = Good = Poor 0 Concrete Timber m >80 years = >50years m <50 years
| @ O @
Figurel-1 (a) Condition of US bridg€?], (b) Bridge deck conditiof8], and (c) Age of US
bridges[4]

Despitethe federafj o v e r nimtativésto smprove the condition of bridges through
the Infrastructurénvestment and Jobs Act (IJJAe rateof replacement dbridgesand bridge
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componentss slow. Only 4,927 bridges were replaced between 2014 and 2023. With this rate,
the bridges built today will need to last for 126 ydais

Accelerated bridge construction (ABC) with prefabricated structural elements can be one
of the potentiakolutionsfor this issueThe ABCtechnique reduces the construction time,
project cost, roadlosures, anénvironmentaimpacts andncreaseshe qualityof the structure.
Precast concrete, which is prefabricated in the yaajidessolutionsto timeefficient, durable,
and economiconstruction ang being widely used ithe bridgeconstruction industry
nowadays.

But with the use of concrete, conceragarding sustainabilityenergy savingand green
constructiorremainunansweredConcrete is not a natural material and is one of the largest
emitters of carbon dioxide. It is responsible for aro8%@of globalemissionger yeaf5].

According to the National Ready Mixed Concrete Association, each pound of concrete releases
0.93 pounds of carbaffioxide,and if the rate of concrete use is not controllethanconstruction
industry, the environment will continue to be polluted with over 4 billion tonnearbbn
dioxideannually by this industr{6]. Thus,it is high time to search for an alternatiegrecast

concrete whilst promoting ABC as well.

(@) o (b)
Figurel-2 (a) Precast deck panel installation on top of precast girder, and (b) Precast concrete
deck panel installatiof¥]
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1.1. Mass Timber: An Alternative

Timberofferssolutionsto the issues regarding sustainapiind green construction
Nearly onethird ofthe landarea of the US is covered with forg8}. The US is the second
leading producer of timber products ahd leadingconsumer of timber produci8]. The US
hasa longhistory of timber bridges, evolving from simple log spansner trusdridges. It
was used heavily durirtipe 19" century,which declined arounthe late19" and early 20th

century.

(b)
Figurel-3 (a) Slab bridge of timber over Connecticut river built in 1785, (b) Arch timber bridge
over Schuylkill river built in 1812, and (c) Burr railroad bridge over white river in Vermont built
in 1848[10]

Despitethese numbers supporting timber products and construtt®mumbepf timber
bridgesis minimal compared to concrete bridges in the Ui$: reason fothe lownumber of
timber bridges is due tihe lowstrength and durability of timber. Traditionally, only sawn
lumberwasused in timber bridges, but with the introduction of relatively new rtiadzer
materials likeglue-laminated timber (glulam) arctosslaminated timber (CLT)the timber
engineering community has become enthusiasgliss timber offers a distinctive combination of
strength, durability, and sustainability, makib@ costeffective and ecdriendly alternative to
traditional steeland concrdber i dges. They def y t lnataiong with n a |

productsprefabricated andngineered to withstand demanding applications.
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Compared to CLTiraditionalglulamand stresgaminated glulanare comparatively old
productsandhavealready been used in bridge constructibime notable bridge projects in North
America using glulam aréne MistissiniBridge,the RogeBacon Bridge irCanadaandthe
PlacerRiver pedestrian bridge in tHgS. Mistissini bridge, a 160 m (525 ft.) long bridge made of
glulam girder and glulam deck supported over concrete piles, was completed in 2014. This
bridge was 9.25 m (30.3 fyide, andthe maximumnspan was 43 m (141 fflL1]. A bituminous
coating, several sheets of waterproof membranes, and marine plywgo®dsed to protect the
bridge deck from water damagccording to the design consultants of the bridge, themass
timber option saved472 tonnes ofarbon dioxidecompared tdhe steelconcretecomposite
option[12]. Apart from that, he roger bacon bridge is 40 m (131 ft) long arch bridge which
utilizes pressuréreatedglulam, and the Placer Rivg@edestrian bridge, completed in July 2013,

is the longest cleagpan glulam timber truss bridge in North America, spanning 280 m.

(a)
Figurel-4 (a) Mistissini bridge, (b) Roger bacon bridge, and (c) Placer river bridge

1.2. Crosslaminated Timber (CLT)

Crosslaminated timber (CLT) is a factoqyroduced material like glulam and is relatively
new to the construction industry. It consists of orthogonal layers of sawn lLehbeast three
layers thick glued together under high pressure to form a massive timber elgr@grmh CLT
elements, the layers are arranged perpendicular to each other, so each adjacent layer reinforces
the entire panel. This arrangement enhances dimensional stability, providearigaag

capacity in both directions, and is one of the key advant#fgekT over glulan{14]. The cross
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laminated layers also help reduce splitting when a fastener is driven into the material. CLT
panels are manufactured in factories with varying aspect ratios and thicknesses, as required by
design specifications. Their low carbon footprint and construefifaciency are two major
advantages that enable CLT to compete economically with steel and concrete. The compressive
strength of CLT is comparable to that of conventional concrete, while its tensile strength is
superiorto that ofconventional concreté-uthermore, CLT exhibits high iplane and oubf-

plane strength and stiffness compared to sawn timber, making it suitable for use in building and

bridge components.
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Figurel-5 (a) Orientation of wood planks in a CLT panel, and(b) Compressive-strags
response of CLT specimefib]

CLT is stillin its infancy stage ithe constructiomndustry in theJS. It was introduced
in the early2000s in North Americalhe CLT handbookl6] and CLT performance standard,
PRG 32(13], werefirst published in 2013 with the intent to assist constructiomndustry. In
2015, CLT design procedures were introduced in the National Design Specification for Wood
Construction (NDS)17], and in 2021, the International Building Code (IBT3] incorporated
CLT as a building construction material for structurpg018 stories highHowever, CLT has
not yet been recognized in the American Association of State Highway and Transportation
Officials (AASHTO) load and resistance factor design (LRFD) bridge design specifications
(BDS)[19], even though glulam has been recognized by AASHTO for decades. Thus, there are

no bridges constructed using CLT in 48, butthe MistissiniBridgeand MaicasagBridgein
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CanadahavealreadyusedCLT in conjunction with other material for bridge deck construction
[20].

Despite all these advantagesemf the potential reassfor limited use of CLT omass
timberin general in bridge deck construction around the world is becauisehgfyroscopic
properties and lovilexural stiffness and strength compared to conventional conékteaugh
CLT is less hygroscopic compared to other rtameberproductsjt still absorbs and releases
moisture to the environment witthangesn temperature and humiditgome studies have
observed minor variation in CLT moisture contentraume [21i 24], while others have
observed moisture levels increased above 30% when CLT was used in roof and floor panels
oriented horizontally25i 29]. The moisture content of CLT affects its mechanical properties,
and changes in moisture content cause dimensional changes and rilistoeel stresses and
cracks[30]. The elevated moisture levels in CLT elemaraasedelamination of layerg31] and
make thensusceptible tdungalattack According to NDS, moisture content below 16% is

regarded as dry service conditidr7].

1.3. TCC as a Solution

The addition of concrete on the top of the timber, commonly known as ttoberete
composite (TCC), was identified as a potential soluttwrmoisture control and enhancemenht
flexural stiffness of the timbeaindmass timbeby numerous researchg¢82i 34]. Concrete
protectsthe timbertop layer from moisture attack, as concrete is impervious compared to timber.
In a TCC structure, the best properties of both timber and concrete are exploited: bending and
tensile forces induced by gravity loads are resisted primarily by the timber, while compression is
resisted by the concrete toppiA@-C also provides additional benefits such as increased load

carrying capacity, high #plane stiffness, enhanced durability, sound insulation, and fire



resistanceThe US has a long history of TCC bridge deck construction. The city of Seattle and
the University of Washington collaborated in order to prdateetimberdeck by utilizingthe
highwear resistance of concretethe 1920s[35]. Most of thel27 timberbridge deckshbuilt
between thd920s and earl$930swere rehabilitated with a concrete deck overlathinlate
1940s and 195(086]. The TCC bridges were more popular in earlier times bedheseosiof

steel was high durinthe 193040 1950937], and its popularity decreased when the cost of the
steelwasreducedSteel, concrete, and prestressed concrete dominated bridge consttfietion

the1950s, which was structurally sound but had issues regarding sustainability.

Concrete -

Shear Connector -

Glutam
Figurel-6 Slabon-girder and slalon-deck TCC syster{B8]

1.4. UHPC as a Material

This dissertation work investigates tluse CLT as the timber element of the TCC and
replacethe conventional concrete with ukhégh-performance concref@HPC) toform a CLT-
UHPC composite.UHPC is a relatively new cementitious material in the concrete industry,
offering higher compressive strength, durability, and {tergn stability than conventional
concrete[39]. UHPC cementitious material consists of an optimized gradation of granular
constituents, a watdo-cementitious material ratio of 0.25 or less, and approximately 2% by
volume of discontinuous internal fiber reinforcempttt,41] The use of powder and wajraded
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components helps achieve a high packing density of UHPC constituents. Interstitial voids between
the sand, cement, and quartz particles are filled by silica fume, which has an average size of less
t han [38]. em

Durability issues such as corrosion of reinforcement, afitidia reaction, sulfate attack,
and water penetration are unavoidable in normal concrete, which will ultimedielgethe service
life of the structurg42]. The water absorption coefficient of UHPC is 60 times lower than that of
normal concrete, and the permeability coefficient of UHPC is approximately 600 times lower than
that of normal concretf3]. The reason fothe low permeability of UHPC idue tosignificant
reduction in the size and number of pores, as well adithaation of coarse aggrega{dd]. The
chloride ion diffusion coefficient of UHPC is at least 10 times lower than that of normal concrete,
depending on the mixture proportion, curing regime, and testing age. Carbonation rarely occurs on
UHPC, either under standard curing or heat curiftgr 4 to 3 years of exposure. In addition,
newly formed carbonation products of UHPC can patrtially or entirely fill the microcracks in UHPC

to recover its lost mechanical stren{fB].
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1.5. CLT-UHPC Composite for Bridge Decks
This research analyzes the bridge deck system with @dnkel sandwiched byHPC
overlay on both sidesBecause of the UHPC topping, the resistance of CLT will be improved
against moisture intrusion. Further, UHPC has higher compressive strength than CLT, which will

aid inincreasedoad capacity

Figurel1l-8 CLT-UHPC composite deck

Modular CLTFUHPC composite decks can be fabricatedairconstructionyard and
transported tahe sitefor installation. Apart from fast installation and reducagbon emissions,
thesetypesof CLT-UHPC composite decks are ligtdmpared to traditional concrete deokasy
to transport and handle, andnreducethe cost othe substructuref the bridge system.

The modular decks will be installed on top of concrete or steel girdéns site . The joint
connection between two composite dguknelsneeds to be constructed-site in both the
longitudinal and transverslirections.A simple rectangular joint connection system is proposed
in this dissertation. Connection is provided throlaghscrewsarranged ira staggereevay. The

conceptual layout ahe CLTFUHPCcomposite deck othe steefirder is presented iRigurel1-9.



Figure1-9 Conceptual layout of CL-UHPC composite deck on steel girder

Figure1-10 Detail of a typical joint showing rebar and {agrews

In this dissertation, four distinespect®f the bridgedeck systenareanalyzed.
Understanding thesespects woultielp to understand the behavior of brglge declsystem
The effectiveness dhe UHPCUHPCinterface is analyzed throughstatisticabnd reliability
study. Therare severakxperimentatesearchn the literaturgegardinghe determinatiownf the
interfaceshear behavioof UHPCG-normal concrete and UHPQHPC interfacesthus,another
experimental study is ngerformed It is also kepin mind that, in cases whettee overlayis of
conventional concrete, the interface will now form between UHPCQancretethus, statistical
analysis is done for UHR€oncretanterfacebehavior using the existing experimental research

in the literature
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The combination of two flexurahembersij.e., CLT andUHPC,will not work if it
cannot form a composite system for resisting load. The connection, which transfers the
horizontal shear force between UHPC and CLT, affects the structural respomseahposite
systemFor combining CLT and UHPC, studies were done in two diffqpghasesA
preliminary study was conducted on snsdhlespecimensandthe finalstudy was donen
large-scalespecimensDifferent alternatives likéhe useof mechanical connectorte useof
adhesives, antthe preparationf an artificialrough surface were used to obtameffective
connection between CLT and UHPC.

The bridge deck system, then, needs to satisfy the serviceability and strength condition as
prescribed by AASHTQRFD [19]. For thata decktest anch jointconnection testveredone in
two different phases to verify its suitability.

Besides thes@ smaliscaletestsweredone to determinthe resistancef the CLT-
UHPC composite against moisture intrusion. Different moistestanbarrier alternatives

were tested in thiesearchandthe besmoistureresistanbptionwasdetermined.

Figurel-11 Area of study in this dissertation

1.6. Other Potential Application of CLUHPC Composite System

Besides bridge deckthe CLT-UHPC composite system can be used in buildiggtems.
With the introductiorof a UHPCoverlay on tomandthe enhancemenf flexural stiffness, CLT
UHPC composite can be usedlong-span floorsNaud et al. designed and experimentally

validated a fullscale TCC floor of 9n (29.5 ft)span withCLT connected t@a thinUHPC slab
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using ductile connectors (metal mesh or st#dPC studs]47]. Their findings enabled a
concrete slab thickness reduction from 120 mm (4.72 in.) (conventional concrete) to 40 mm
(1.57 in.) (UHPC), achieving a floor slenderness of around 30, while satisfying the design
criteria of the Canadian national building codamothe et al[48] designed and experimentally
tested a fullscaleCLT-UHPC composite floorspanning 9n (29.5 ft)with a slenderness of
approximately 35, twice that of conventional reinforced concrete floors. Their approach involved
the use of ductile connectors and a plastically designed method to efficiently harness the
compressive strength of UHPEBham et al[49] observed that the low creepefficient of
UHPCallows reducinghe longterm deflection of a TCC floor by a factor of 2 with respect to
normal concrete, which is of particular importance since-tenm deflection often governs the
design of TCC floorsThus, in place othe CLT-conventionatoncrete system, CLUHPC
offersa lightweightand costeffective solution fothe desigrof long-span floors.

Another application of CLAUHPC composite is in building wall€LT walls are
already in use ihigh-risebuildings There are numerous examples of CLT walls in use around
the world.Notableexamples are the i€ioryForte building in Australiand thed-story
Stadthaus building ithe UK,whereCLT walls were used as lodzkaringwalls and rested
directly on floor panels with metallmonnectionsThe addition of UHPC in CLT will enhance
its in-plane stiffness and would allow it to be usedigh-rise building walls wherénigh
stiffnessis required.

Another example wherag CLT-UHPC composite wall can be used is to resist impact
load. BothUHPC and CLThaveexcellent impact resistanpeopertiesThe CLT-UHPC
composite wall can be used to construct walls of tornado shelters and safe rooms. There are

studieshathave suggestdu/e-layered CLT is strong enough to resistERagnitude of
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tornado debri§50]. With the additionof UHPC, even thretayered CLT might betrongenough
to resist debris impact load froatornadoAn experimental study is performed in this research
to understand the impact resistancéhef CLT-UHPC composite system when subjected to high
speed debris load.

1.7. Dissertation Layout

This dissertation contains sevemaptersincluding this introductory chapter. The thesis
is written in an articlestyleformat,and the material presented in each of the chapters is either
already published or planned for submission to a-pmaewedjournal. Each of these chapters
discusseshe experimental program in detail and presents the research findings and conclusions.
Following the introductory chapter, Chapter 2 presents the reliability analysis of interface shear
capacity in UHPGnembers, an@hapter 3 presents the preliminary expemtal study
conducted o reduceescaleCLT-UHPC composite systefor bridge decks. This chapter
includes smalkcale interface shetastsand moisture intrusiotests.Chapter 4 presents the final
research conducted in determining the interface shear capacity between CLT and UHPC
composite. This chapter also includes the simplified analytical method to determine the interface
shear capacity. Chapter 5 presents the e@xgatal study conducted on ftdtale CLFUHPC
composite decks and joinbnnectionsinder fatigue loading. Chapter 6 presents the
experimental study conductéa determinempactresistancend behavioof a full-scaleCLT-
UHPC compositefor potential usage towards a modular tornado shelf@esdissertation is

completed by providing a conclusion am¢ommendationfor future research in Chapter 7.
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2. STATISTICAL EVALUATION AND RELIABILITY ANALYSIS OF INTERFACE
SHEAR CAPACITYIN UHPC MEMBERS

2.1. Introduction

Ultra-high-performance concrete (UHPC) is a novel material in the construction industry.
UHPC, reinforced with higkstrength steel fiberéeatures a dense cementitious matrix with a
disconnected pore network, exhibiting low permeability, high compressive strength, and
sustained tensile resistariédi 57]. UHPCis characterized by compressive strength greater
than 120.6 MPa (17.5 ksi) amd effectivetensilecracking strength greater than 5 MPa (0.7 ksi)
[58,59] The discontinuous arrangement of internal fibers and dhaidening effecenable
UHPC toreachsignificanty highertensile strairwhile maintainingensile strengthThe superior
durability and strength properties of UHPC over conventional concrete have garnered significant
interest from stakeholders in the bridge construction industry. In North America, UHPC is
currently being used as a repair material, overlay natamd primary structural component in
bridges However like other novel materials, UHP€hcountesd challenges in expanding its
usage irapplications due ttheabsence of structural design specificasifor a long time
Because ofhe distinct mechanical properties of UHPC compared to conventional concrete,
establishingcode specificationis imperative to ensure the design reliability and construction
quality of UHPC structure®f particular interess the interface shear transfer between UHPC
concrete surfaces, UHP@HPC surfaces, and monolithic UHPC surfaces, when UHPC is
employed as an overlay material in bridgesvhen UHPC joint is used in connection in between
two deck panelsSeveral researeisnoted the necessity for UHPEpecific design specification,

as the current AASHTO LRFD Bridge Design Specification (B8] underestimates HPC
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interface shear capacif§0,61] Addressing it;mecessity, the AASHTO specification titled,
O0Guide Specifications f [62], wi8dh focuses an bralde dd3igns i g n
with UHPC, has been published recently. Although founded on the same mechanics as the
AASHTO LRFD BDS, the AASHTO UHPC specification integrates modifications based on
behavior specific to UHPC.

The aim of this paper is threefold. Experimental data on different UHPC interfaces of
UHPC members will be collected from several experimental studies, and the statistical analysis
will be performed. The reliability index of interface shear capacity maaeided in UHPC
specification will be analyzed, and its associated probability of failure will be determined. The
interface shear capacity of monolithic UHPC can be theoretically determined using the current
capacity model of AASHTO UHPC specificatidmwever,this requires determining
parameters, which is time consuming, costly, and involves human judgment. Thus, as a final aim,
this paper also proposes a reliable alternative capacity model with readily determined parameters
for monolithic UHPC interface.

2.1.1. Interface Shear Capacity Code Provisions

Interface shear transfer capacity is based on the-ftetaon theory initially proposed by
Birkeland and Birkelanf63]. This theory postulates that the primary mechanism governing load
transfer at concret®m-concrete interfaces under shear and compression forces is friction. This
frictional resistance arises from relative slippage between two concrete segments and is
influenced by surface roughness. The slippage between the concrete segments not only generates
shear strength but also leads to normal displacement (dilatancy) and induces tensile stresses in
the shear connector passing through the interface. As a conseqtithve€dilatancy, the shear
connector develops clamping pressure, which contributes to resisting further slippage. This

development of clamping pressure enhances the overall resistance to shear.
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Mattock and Hawking64] conducted different investigations and suggested including a
cohesion term to the existing applied load term in the dhieton equation. Randb5]
proposed a significant improvement to the accuracy of design equations governing interface
shear strength between two concrete surfaces. Randl's approach considered the interface shear
strength as a composite of three distinct load transfer mechanigroshékion, encompassing
adhesion and aggregate interlock, (2) friction, influenced by surface roughness and externally
applied loads, and (3) dowel action, associated with the deformation of shear connectors, which
represents the flexural resistance @sth connectors. Over the years, several research have
concluded that interface shear capacity between two surfaces is improved with increase in
surface roughneg60,66 69].

The sheatfriction theory stands as a widely embraced framework in design standards
such as AASHTO LRFD BDS, A€318 and Eurocodg 9,70,71] ACI-318 assumes crack
across the interface between the old concrete and new concrete interface. This results in
negligible adhesion and aggregate interlock (combinedly termed as cohesion). Therefore, the
only load transfer mechanism considered is frictioe to external loads and clamping force
from shear connectors crossing the interface. AASHTO LRFD BDS, however, suggests an
eguation considering cohesion mechanism. AASHTO UHPC specification also includes a
cohesion mechanism in their capacity model tidee, ACt318, AASHTO LRFD BDS, and
AASHTO UHPC specifications, ignore dowel action mechanism in interface shear transfer. The
current provision for cohesion strength (c)

specification is summarized Table2-1.
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Table2-1 Cohesion and coefficient of friction in UHPC AASHTO UHPC specification

Condition of Interface

Cohesion () Coefficient of

MPa (psi) fri

Monolithic 9.65 (140) 1.0

Smooth, free of laitance and not intentionally roughened 06
amplitude 0f6.4 mm 0.52 (75) '

Rough, free of laitance with surface intentionally roughent 10
amplitude keys 06.4mm 0.52 (75 '

Rough, free of laitance with surface intentionally roughent 10
amplitude of 12.7 mm deep flutes 3.45 (5D) '

UHPC placed against clean conventional concrete subsi 06
free of laitance, but not intentionally roughened 0.52 (75 '

UHPC placed against clean conventional concrete subsi
free of laitance, but intentionally roughened to amplitude.4 1.65 (240) 1.0

mm.

The magnitude of cohesion strength and coefficient of friction are dependent on

concreteds unit weight in

not differentiate these parameters
coefficient of friction provided ifTable2-1 are for normakveight (i.e. 24.3 kN/(0.155 kcf)).
In both AASHTO UHPC specification and AASHTO LRFD BDS, the friction coefficient and
cohesion vary based on roughness depth, Gvitimm. (0.25 in.) roughness depth set as the
distinction between rough and smooth surfaces. The equation for nominal interface shear

capacity of UHPCVh;, specified in AASHTO UHPC specification is provideckiuation2-1

and2-2.

For UHPGconventional concrete and UHRIHPC interface

A 9 "M 0
For monolithic UHPC interface
") w 9 6 0

where:
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0 = Area of interface

Avt =Area of interface reinforcement crossing the shear plane within the area A

P.= Permanent net compressive force, normal to the shear plane if

0 0 "Q=Normal clamping force provided by steel reinforcement

60 O r "Q =Normalclamping force provided by UHPC placed monolithically

fijoc = Crack localization strength of UHPC for use in design

fs = Stress in the interface steel reinforcement at the time of UHPC crack localization
Or -5

f[v= Factor to allow for the reduction of UH

fy= Mini mum yield strength of reinforcement
placed normonolithically.

- 1 = Crack localization strain of UHPC for use in design

There are different test methods to determine interface shear capacity. Direct shear test,
including push off test, kshear test, and slant shear test are the common test methods employed
in the literature for determining interface shear capacity. Tleefate in direct shear test and bi
shear test are under shearing stress state while, in slant shear test, it is in combined compression
and shear stress state-diear test is an effective method suitable for cases where there is no
shear connector crosgj the interface, which is not always the case in real scenario. When shear
connectors are provided in direct shear test, it will give rise to the clamping pressure during
dilatation, thereby, enhancing the shear strength capacity. Due to nature of sppEmetry
and loading configuration, normal stress across the interface will always be developed in slant
shear test, resulting development of clamping pressure. In direct shear test of monolithic UHPC,

after first cracking, additional clamping pressurses during crack localizatidi@2], which has
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been incorporated in equati@® by AASHTO UHPC specification. Unless mentioned
otherwise in this paper, clamping pressure should be understood as the clamping pressure
provided by the shear connector.
AASHTO UHPC specification imposes an upper bound limit on the interface shear
capacity calculated as the produckaimes area of interfac®( ), whereK= 31.0 MPa (4.5
ksi) for monolithic UHPC, 12.4 MPa (1.8 ksi) for rough UHBREIPC interface and UHRC
conventional concrete interface, and 5.5 MPa (0.8 ksi) for smooth UHRC interface.
AASHTO UHPC specification requires a minimum area of reinforcement to cross the
interface for all UHPC involved interfaces except those casted monolithically. The minimum
area of reinforcement required is given by equa®@n

T8t 0
0
For monolithic UHPC interface, there is a provision to omit the reinforcement if the

8

2-3

clamping force provided by the fiber reinforcement exceeds the limit provided in ection

61 o 2-4

2.1.2. Structural Reliability

The current design codes are based on limit state design method. Structural reliability
analysis wutilizes the concept of o6l imit state
between desired and undesired performance of a given structig®olindary is known as
limit state function or performance functipf8]. The limit state function consists of capacity
and demand models. Demand and capacity parameters are random variables, thus deterministic
approaches usually do not reveal the actual safety of struffde3 he uncertainties associated
with variability in demand and capacity can be quantified through the application of reliability

theory.
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The probability of failurePy, is equal to the probability that an undesired performance
will occur or probability that a structure will be unsafeRIfepresents the capacity a@d
represents the demand on a given structure, the corresponding limit state function can be written
asg(R,Q) = RQ[73]. Such a structure is deemed unsafe wgrhand probability of failure is
expressed a®s = P(g(R,Q)<0).The reliability index ) is related to probability of failuré, as
defined in equatio@-5, wheree = inverse standard normal distribution function.

~

o e 2-5

If both RandQ are normally distributed independent random variables, the reliability
index can be determined by equatibf, wheremr= Mean value of capacity modehy = Mean
value of demand mode|, = Standard deviation of capacity model, gné& Standard deviation
of demand model. This reliability index is known as First O&econd Moment (FOSM)

reliability index.

2-6

In reliability analysis, a target reliability index is set with respect to limit state function
through calibration proce$g5i 78] or from cost optimization based on cost of safety measures
and failure risf79i 81]. The authors could not find recommendations for the appropriate target
reliability index of structural component of bridge mentioned in AASHTO UHPC specification.

As such, AASHTO LRFD BDSH & =0.02%)prbtidgerseuctira b i | i t

component$82] was assumed for this study.
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2.1.3. CapacityModel

The AASHTO UHPC specification refers to AASHTO LRFD specifications for bridges
using regular concrete and considers limit state factored load combination for horizontal shear
capacity of a bridge deck and bridge girder as Strehigidxd combination. Accaling to
AASHTO UHPC specification, the factored interface shear capacity except for extreme event
load combinations is determined by equa@en The values of the constants in equa2enare
taken from AASHTO UHPC specification or adopted from AASHTO LRFD BDS.

r 0061 Ow T 00 00 -w 2-7
where:

[ =Load factor oDC = 1.25

DC = Dead load from the weight of structural components and nonstructural attachments
[ =Load factor oDW= 1.5

DW = Dead load from the weight of wearing surface

[ Load factor olLL = 1.75

LL = Live load from the forces from moving vehicles on the bridge

IM = Impact load from the forces produced by moving vehicles on the bridge

* = Resistance factor = 0.9

Therefore, the nominal interface shear capadity, after rearrangement of equatid”

can be written as equati@-8.

06 Ow T 00 00

The resistance or capacify, of bridge members is function of three variatNed- and

2-8

P and can be expressed by equafieh

Y o 000 2-9
, [ 061 Ow T 00 00, . .
Y L OV 2-1C
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wherew is the nominal capacity) represents the variation in material properties,
including strength, modulus of elasticity, cracking stré&spresents the variation in fabrication
effects, mostly geometry, dimensions, section moduli;tarepresents the accuracy of capacity
prediction model and is also known as analysis factor or professional[fé@jtofrhe mean value
of capacity& , and coefficient of variation of capacity 0 ¢are given by equatior’s11 and
2-12.

a W 2-11

where_ = Material bias factor, = Fabrication bias factor, and = Professional bias

factor.

00w 00w 00w 60w 2-12
whered 0 o Coefficient of variation of capacity, 0 w= Coefficient of variation oM,
6 0 & Coefficient of variation ofQ andd 0 ¢ Coefficient of variation ob.

The bias factor is defined as the ratio
knowledge, there are currently no research in the literature on bias factors for UHPC interface
shear strengtilhe determination of material bias factor and coefficient of variation for UHPC
was beyond the scope of this pagérus, the values for these parameters are adopted from
previous research on conventional concrete. The value of bias factor adopted for matesial,
1.22 and coefficient of variation is 0.1@3,84] These values are expected to be lower for UHPC
since it is a more controlled product, consistent with Nowak and Szg¢&&emho reported
lower bias factor for higistrength concrete with coefficient of variation ranging from 0.105
0.115. Lower material bias factor will decrease the reliability index if coefficient of variation is
constant while lower coefficient of variatiorllWncrease the reliability index if bias factor is

kept constant.
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The value of bias factor adopted for fabrication, is 1.01 and coefficient of variation is
0.04, also adopted from conventional conc[8884] For professional factor, bias factor,, is
calculated as the ratio of experimental interface shear capacity to nominal interface shear
capacity determined from equatig® depending on the type of interface.

2.1.4. Demand Model

The demamd medgli v éRl13ble meanuoaand coefficient of
variation,COVg, value of demand model is given by equaet¥ and2-15 respectively.

0 06 Ow 00 0D 2-13
whereO 6= Dead load from the weight of structural components and nonstructural

attachmentsQ w = Dead load from the weight of wearing surfacdfF Live load from the
forces from moving vehicles on the bridg@D = Impact load from the forces produced by

moving vehicles on the bridge.

a (6)oR Ow_ 00 "00_ 2-14
where_ = Bias factor oDC, _ = Bias factor oDW, and_ = Bias factor of
LL+IM .
00w O00w 00w 00w 2-15

whered U «F Coefficient of variation of demand, 0 w= Coefficient of variation of
DC, 6 U w = Coefficient of variation obW, andd 0 w = Coefficient of variation oEL+IM.

The bias factor and coefficient of variation@® ‘O w, andd 0 "O0were adopted from
Nowak[86] for bridge design. The adopted bias factor and coefficient of variation is summarized
in Table2-2.

Table2-2 Adopted bias factor and coefficient of variation for different load {§pé

Load type Bias factor Coefficient of variation
DC 1.05 0.1
DW 1.05 0.25
LL+IM 1.28 0.18
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2.2. Data Collection, Filtration, and Assumptions

Data from experimental tests involving UHPC specimens with various interfaces were
gathered through literature review. The database was broadly divided into thdstatdses,
namely UHPCConcrete, UHPA@JHPC, and monolithic UHPC interface database. Altot 670
speci mens6 data from 35 different research pa
filtered for statistical evaluation of interface shear capacity.

The filtering process used to identify applicable data for analysis is discussed in this
section. The primary filtering process began during data collection, where experimental data
irrelevant to interface shear transfer and involvinggeeked specimensgere excluded. Test
data from test methods like splitting tension method, direct tension method, aoff method
were not included, as shear force is not created along the interface in these tests. The collected
data after primary filtering process svihen subjected to secondary filtering. Despite bishear
tests being popular among researchers due to easy specimen fabrication feUHREC
interface shear test, data from these tests were excluded from the analysis. These tests experience
normal stresat the interface due to specimen geometry and load configuration, which ultimately
result in higher shear strend8v]. A significant discrepancy was observed by Semendary and
Svecovd61,88]when bishear test data was used to determine bond strength for UHPC.
Experiments involving specimens with drilled holes were ignored because AASHTO UHPC
specification does not have any provisions related to drilled holes.

Direct shear test included tests conducted -ahdaped specimens, commonly termed as
pushoff tests, as they involve shear force acting on a single shear plane. The angle of inclination
of slant shear specimens ranged from-28° with respect to verticébr the filtered data. The
minimum interfacial reinforcement requirement criteria set by AASHTO UHPC specification

was ignored in this paper due to inadequate experimental data fulfilling the requirement.
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Furthermore, the upper limiting strength criteria was also ignored. AASHTO UHPC
specification does not provide any criteria for differentiation based on the moisture state, age,
and unit weight of the substrate. Hence, they were not considered as vamidideanalyses
herein, and their influence on interface shear was ignored.

The interface shear capacity of monolithic UHPC interface depends on clamping pressure
provided by shear connector and clamping pressure provided by UHPC, which eventually
depends on corresponding strain in shear connectors and the localization stieBECof U
respectivelyas shown in equatia®2 [72,89] During data collection, it was observed that only
two research groups presented data regarding localization stress of UHPC and the corresponding
strain in shear connectors. Thus, for other collected data, localization stress was approximately
assumed foperforming statistical analysis of monolithic UHPC interface. Localization stress
can be obtained from tensile testing through direct tension or splitting tension tests. The tensile
strength reported from splitting tension tests or direct tension tetgensed as localization
stress, if reported; else, it is calculated from the empirical relationship of cracking tensile
strength suggested by Graybgg8]. This assumption is valid for UHPC with less than 2% fiber
volume but is not true for higher fiber volurf&9]. Higher fiber volume percentage results in
higher localization stress than cracking tensile strength. However, it is still used in this paper as it
is more conservative and yields better reliability index. As per Graj@@alcracking tensile

strength of UHPC for untreated curing condition is given by equatit

M ™MuQ 2-16
wherefe = Cracking tensile strength of UHPC in MPa, &d 28-day compressive

strength of UHPC in MPa.
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Localization stress of UHPC was limited to 12.1 MPa (1.75 ksi) as per AASHTO UHPC
specification. Localization stress was reduced by tensile strength reduction pafamateper
UHPC code. The value pf, is kept as 0.85 based on the work eHglou et a[58].

Different research groups used either cube or cylinder specimens for measuring the
substrate compressive strength. To maintain uniformity in the analysis in this paper, the concrete
strength of cube speci mens was srength.€ubced t o
strength of UHPC was converted to cylinder strength as per recommendations of G&8}beal
For converting compressive strength from cube specimens of UHPC to cylinder strength, it was
multiplied by factor of 0.96 when testing was conducted on 50 mm. cubes and by factor of 1.0
when testing was conducted larger cubes.

Some of the experiments failed to provide the roughness texture depth but provided the
method through which roughness was introduced in the substrate. Approximate roughness values
based on other similar experiments and experience of the authors werecefsusueh cases.
Wire-brushed substrate, sandblasted substrate and peagbed substrate were assumed to have
roughness texture of 0.8 mm, 1.0 mm and 2.0 mm, respectively based on past research
[67,90,91] Average roughness depth was used when roughness was provided in-rateyeal
[90,91] No assumption in roughness depth was made when roughness introducing method was
not reported by the research study.

For experiments that did not provide stress in the shear connectors corresponding to
localization strain of UHPC, yield strength was deemed as localization stress. Experimental data
from Cran€g92] used rebar as shear connectors but failed to provide information regarding yield

strength of rebar, thus yield strength of 413.7 MPa (60 ksi) was assumed. This assumption was

26



also used by Muzenski etfa2]as wel |
summary of the collected data for all interface types is providédhie2-3.

Table2-3 Summary of number of specimens used for statistical analysis

Test methoc Number of Number of Number of Number of
research  specimen rejected specimens

Interface typ groups data collecte specimen adopted for Total
analysis
UHPC Direct sheal 16 150 15 135
concrete  Slant shear 13 215 0 215 350
UHPG  Direct sheal 10 40 10 30 206
UHPC Slant shear 8 176 0 176
UHPC  Direct sheal 10 96 9 87 91
monolithic  Slant shear 1 4 0 4

2.3. Statistical Analysis

The bin analysis technique was used to statistically analyze the final database. To
perform bin analysis, the dependence of a parameter on different variables was initially
determined. Variables were classified into certain ranges, referred to as beukspbadbkeir
magnitude. The final database was then placed in appropriate bins, and statistical analysis was
performed. Soltani and Rof&3] previously used this method to assess the relationship between
the interface shear capacity of reinforced concrete elements and various considered variables.

Bin analysis was carried out on all three UHPC interface types evaluated in this study.
Separate bin analysis was done for different test methods whenever data was adequate. This was
because specimens were under different stress states in direct sh&dangsigear tests. In the
direct shear test, specimens were predominantly in pure shear, while they were under a relatively
uniform combined compression and shear stress state in the slant she8otestsesearch have
shown that slant shear test exhibit higher bond strength than oth¢61e8% which support

separating the bins according to test type. Only the UEBtCrete interface data category had
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adequate sample size for separate bin analysis based on test method. Thus, separate bin analysis
was not conducted for UHRGQHPC interface and monolithic UHPC interface. Only 17% of the

data was from direct shear test in the UHBIEBPC interface category,hereas less than 5% was

from slant shear test in the monolithic UHPC interface catedalyl¢2-3). Thus, combined bin
analysis using test data of direct shear and slant shear tests was performed for tHeHR{PC
interface and monolithic UHPC interface, respectively.

Two primary failure modes were observed in interface shear experiments, including
substrate failure and interface bond failure. Substrate failure occurs when compressive strength
of substrate is less than interface bond strength. Interface bond failereddgpimarily upon
roughness depth and clamping pressure. Thus, variables considered for bin analysis included
substrate compressive strength, roughness depth, and clamping pressure.

As shown inTable2-4, bin size of 10.4 MPa (1.5 ksi) was used for concrete strength
ranging between 17-28.6 MPa (2.8.5 ksi). Substrate strengths higher than 58.6 MPa (8.5 ksi)
were kept in a single bin. A€318 specifies minimum compressive strength of structural
concreteas 17.2 MPa (2.5 ksi) and minimum limit of high strength concrete as 55 MPa (8 ksi).
The minimum limit of high strength concrete was slightly adjusted to 58.6 MPa (8.5 ksi) to
maintain uniform bin size.

Bin size of 1 mm was used for roughness depth ranging between 0 and 3 mm, whereas
roughness depth ranging betwee6.8 mm were combined into single bin. Combining
roughness depths ranging from 3td mm into a single bin was supported by research
indicating that there is an improvement in cohesion up to a roughness of 2 mm, after which
variation in cohesive strength becomes unpredictable [40]. Eurptollédnowever, specifies 3

mm as lower limit for classifying surface as rough. Thus, a single bin was allocated for
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roughness depth of® mm and 3.5 mm. Finally, roughness depths higher thaimm. were
kept in one bin because it is the-aidit point for categorizing a surface as smooth or rough
according to AASHTO UHPC specificati¢h9].

Uniform bin size could not be maintained for clamping pressure for all interface types
because clamping pressure is of higher magnitude when slant shear test is used than direct shear
test. The bins of clamping pressure were suitably divided based oagtstude range.

Clamping pressure was provided by shear connectors passing through the interface which were
rebars (or reinforcement) in all the considered data.

While analyzing the final database of UHRIEIPC interface type in direct shear test,
substrate failure mode was not observed due to higher compressive strength of the UHPC. By
definition, monolithic UHPC interface experiment excluded the involvementexrface surface
roughness and substrate. Hence, only clamping pressure was considered as a variable for
monolithic UHPC interface. But it is important to note that, there will be additional clamping
pressure due to fiber bridging and fiber pulit during cack localization in monolithic UHPC
interface, which is termed as clamping pressure from UHPC.

The summary of bin analysis conducted for all UHPC interface type is preseiitsulén

2-4.
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Table2-4 Bin evaluation of experimental variables

Direct shear test results of UHR®GNcrete interface
Substrate compressive Roughness depth (mm.) Clamping pressure

strength (MPa) (MPa)
17.227.637.948.3>58.€ 0 0-1 1-2 2-33-64>6.4 0 0- 1.4 2.7 4.1
27.637.948.358.6 14 27 41 55

Average 1.483.192.883.09 2.432.1£3.403.714.724.08 1.633.1€2.241.922.09 1.76
strength ratio
Ccov 0.610.590.65 0.2 0.460.6(0.360.040.3€0.67 0.510.650.540.250.36 0.32
No.oftests 20 18 71 6 20 58 25 2 9 13 28 72 24 23 10 6
Unconservatv 4 0 O O O O O O O O 4 4 O O O O
tests

Slant shear test results of UHRGNcrete interface
Substrate compressive Roughness depth (mm.)  Clamping pressure

strength (MPa) (MPa)
17.227.637.948.3>58.€ 0 0-1 1-2 2-33-6.4>6.4 0- 6.913.820.7->27.6
27.637.948.358.6 6.913.620.727.6

Average 2.792.492.602.35 NA 2.4£2.592.532.5£2.44 1.492.712.512.252.07 NA
strength ratio
Ccov 0.190.180.200.15 NA 0.0€0.170.160.240.16 0.050.250.110.110.11 NA
No.oftests 7 104 61 38 NA 30 40 64 27 46 4 61109 36 9 NA
Unconservatv O 0 O O NA O O O O O 0O O O O O NA

tests
Test results of UHP@WHPC interface
Roughness depth (mm.) Clamping pressure (MPa
0 0-1 1-2 23 364 >6.406.96.9 13.8 20.7->27.€
13.8 20.7 27.6

Average 3.41 3.44 344 NA 284 1.80 3.443.44 NA 2.84 2.22
strength ratio

Ccov 0.57 0.18 0.20 NA 0.01 0.18 0.180.20 NA 0.01 0.27
No. of tests 33 21 15 NA 22 20 21 15 NA 12 24
uUnconservativ 0 0 0 NA 0 0 O O NA O 0
tests
Test results of monolithic UHPC interface
Clamping pressure from UHPC Clamping pressure (MPa)
(MPa)
0-3.5 3569 6.9 >10.3 0 0-6.9 >6.9
10.3
Average strength  NA 0.99 131 0.9 1.19 1.10 0.93
ratio
Ccov NA 0.27 0.19 0.37 0.27 0.33 0.32
No. of tests NA 17 49 25 63 12 16
Unconservative tes  NA 7 9 12 15 4 9
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The experimentalo-nominal interface shear capacity rati@/Vn) was computed for
each specimen in the final database. The nominal interface shear capacity was calculated from
AASHTO UHPC specification from equati@l and2-2. A higher ratio indicates higher
conservatism of AASHTO UHPC specification. When the ratio falls below 1.0, the data is
unconservativek-igure2-1 to Figure2-4 shows the final database plotted with respect to the
considered variables for each interface type. Moving average is plotted as dashed a black line in

these figures and the solid red line represents the average strength ratio of 1.
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Figure2-1 Variation of interface shear capacity ratio for UHB@hcrete interface from direct
shear test
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Figure2-2 Variation of interface shear capacity ratio for UHB@hcrete interface from slant
shear test
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Figure2-4 Variation of interface shear capacity ratio for monolithic UHPC interface
2.3.1. Discussion

Four unconservative tests (<2.5% of total test) were detected during the investigation of
direct shear specimens in the UHB@nhcrete interface data categofjgure2-1 andTable2-4).
These test specimens had lower substrate compressive strength, higher roughness depth, and no
shear connection between the interfaces. Higher roughness is associated with higher frictional
force and increase in the shear capacity. However, when nocsimeeactor (or reinforcement) is
present across the interface, concrete substrate strength becomes more important than surface
roughness in determining shear capacity. Unsurprisingly, these specimens had substrate failure.
However, no specimens with lowsubstrate strength failed in the slant shear test.

The average strength ratio increased when substrate strength was greater than 27.6 MPa

for UHPG-concrete direct shear te3iaple2-4). Roughly constant average strength ratio was

32



observed for the slant shear test, despite few jupgpwhile varying substrate strengkigure

2-2 andFigure2-4). Significant variation in average strength ratio was observed while varying
roughness depth for the direct shear test. Higher average strength ratio was observed till
roughness depth &4 mm after which it decreased. Similar trend was observed in slant shear
test as wellFigure2-1 andFigure2-2). This is because AASHTO UHPC specification specifies
same cohesion strength and coefficient of friction for specimens v@thm roughness depth.

But changes in roughness depth can increase cohesion strength, and friction coefficient. This
results higher experimental shear capacity for specimerbwitinm roughness than zero

roughness, while the predicted capacity from AASHTO UHPC specification will be same, thus,
making average strength ratio higher@&i#t mm roughness. Large coefficient of variation of
average strength ratio can be observed in direct shear test compared to slant shear test for varying
roughness deptiTable2-4). One of the potential reasons for this might be because of
unpredictable nature of cohesion strength. Yuan [@6hlcompiled results of dependance of
cohesion strength on interface roughness, for UldBx@rete interface, from experiments

conducted by various researchf@s,91,97 99] and concluded that cohesion strength improves

till 2 mm roughness depth, after which it becomes unpredictable. Despite high variation of
average strength ratio at low clamping pressure, average strength ratio was roughly constant for
both direct shear teand slant shear test for varying clamping presstigu(e2-1 andFigure

2-2). Overall, higher coefficient of variation was observed when direct shear test was used rather
than slant shear testgble2-4). This is supported by findings of existing research that also
concluded that slant shear tests are inexpensive, have a wide range of applications, and offers

higher reliability of result$95,100 102].

33



Despite high variation of average strength at zero roughness, almost constant trend of
average strength ratio was noted while observing moving average line for-UHPC
interface until a roughness depth of 6.5 mm, after which it decreggag2-3). This is
consistent with the earlier result observed in UKi®@crete interface where average strength
ratio decreased aftér4 mm. However, coefficient of variation of average strength ratio was not
as significantly high as in UHRE€oncrete interface in direct shed@able2-4). Apart from the
results at zero clamping pressure, the average strength ratio variation with clamping pressure was
around the ratio 3.0r@ble2-3). Significant conservatism of code was observed in UMIHPC
interface for specimen with zero clamping pressure. However, this conclusion needs to be
verified by more experimental data.

High variation in result was obtained while plotting variation of average strength with
clamping pressure for monolithic UHPC interfaBgy(re2-4). Nearly 31% of specimens were
unconservative. Coefficient of variation was also around 30% for most of theThivlig2-4).

The average strength ratio was around 1.0 for all the bins considered in the monolithic UHPC
interface.

2.4. Reliability Analysis

Before conducting reliability analyses, it was essential to determine the statistical
parameters of the probability distribution for all variables involved in the demand and capacity
models. Nowak et a]83] have demonstrated that all parameters associated with the demand
model can be characterized by normal distributions. In the capacity model, the material and
fabrication factors are normally distributg$,103] Nevertheless, it was necessary to confirm
the normality of the professional factor in the capacity model.

The professional factoP, is the ratio of experimental value to theoretical value of

interface shear capacity. To assess the normali®y thle mean and standard deviation were
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required. The professional factor was determined for every filtered data, and statistical
parameters were computed from the cumulative distribution functions (CDPsYbé CDF
curves ofP were plotted against the standard normal variatéhe horizontal axis in these plots
denotes the professional bias facirwhile the vertical axis represents the distance from the
mean value in terms of standard deviation. The distance from the mean value in terms of
standard deviation is represented by the stahadarmal variateZ.

The plot of standard normal varia#,against Professional bias factBr,for all the
interface is presented Figure2-5(a). It was observed that, except UHBEIPC interface and
UHPGC-concrete Direct Shear (DS) interface, all other interface type displayed fairly linear
relationships. A straigHtne plot of CDF represents a normal CDF. UHE@crete Slant Shear
(SS) interfae displayed irregular shape at the higher end, which was ignored because lower tail
of the distribution is primarily important in reliability analy$sé5]. However, for UHPE
concrete interface in direct shear, even though its distribution is linear at the lower tail of the
CDF, the entire dataset was better correlated with lognormal distribbtgure 2-5(b)
demonstrates the linear relationship of standard normal variate with the logarithm of the
professional bias factor for UHP&ncrete Direct Shear (DS) and UHREIPC interface. Thus,
except for UHP&oncrete interface in direct shear and UHBIGPC inteface, the normal

distribution was used for other interface types.
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Figure2-5 (a) CDF of professional bias factor for considered interface types, and (b) CDF of
professional bias factor for UHP&ncrete Direct Shear (DS) and UHREIPC interface in
logarithmic scale

When the distribution is normal, the intersection of the CDF plot with the horizontal axis
passing through zero, approximately corresponds to the mean value. The slope of the CDF will
be equal to inverse of standard deviation. For lognormal distributeomjard deviation and
mean will be as according to equat®i7 and2-18, whereX is lognormal random variablg,=

Standard deviation arid= Mean.

” 11p =— 2-17
: I T ™, 2-18

The statistical parameters determined from the CDFs are summarizablé2-5.

Table2-5 Statistical parameters for interface types considered

Interface type Distribution type Mean Standard deviation
UHPG-concrete (DS) Lognormal 0.81 0.57
UHPGC-concrete (SS) Normal 2.55 0.39

UHPGUHPC Lognormal 1.02 0.41

UHPC monolithic Normal 1.15 0.39
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If Rrepresents the capacity aQdepresents the demand on the structure, the
corresponding limit state function can be writtegé®,Q) = RQ [73]. From equatior2-10 and
2-13, limit state function can be expressed as equ&tb®

5 08 I O 00 o0 . ]
ovip J J 000 06 06 o0 o 21°

Expressing equatio®-19in terms of mean capacity and mean demand as defined in
equatior2-11 and2-14; we get equatio-20.

. 061 Ow T 00 00 04 o
--- . - Y0 = P9 29

00 00

If the demandQ), defined by equatio®-13is normalized as 1.0, then the limit state

function can be expressed as equaB@i, whereLR s live load ratio andDRis dead load ratio
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LRandDRIis defined agquation2-22 and2-23.
0'Y by ©v 00 00 2-22

006 Ow 00 00

Ow

oY ————— 2-23

00 Ow

For the limit state function defined by equat®@1, reliability indices were calculated
using equatior2-6 by varying theDR andLR from 0.1 to 1 at 0.1 interval. This was done for all
considered interface types. Equatibf is a closeeform solution only applicable to normally

distributed demand and capacity. However, the professional factor for the-tihifetzte
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interface in direct shear and UHREHPC interface was lognormally distributed. Hence, the
lognormally distributed professional factor was converted to equivalent normal distribution
before using equatio?6. The equivalent normal statistical parameters for lognormal random

variable,X, can be determined as given in equaeéty and2-25.

S O 2-24
Cowp o 2-25
where, = Equivalent normal standard deviation of lognormal random variable,

design point, = Standard deviation, = Mean, and = Equivalent mean of lognormal random
variable. So, for calculating reliability index from lognormally distributed data, a design point
needs to be iterated till reliability index converges. This procedure of calculating reliability index
is popularly knavn as the RackwitFiessler methofl73]. The summary of reliability indices

calculated for all possible combinations of dead load and live load is proviéeglire2-6 and

Figure2-7.
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Figure2-6 Reliability indices of UHP&oncrete interface shear capacity using (a) Direct shear
test, and (b) Slant shear test
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Figure2-7 Reliability indices of interface shear capacity (a) UHBEBPC interface, and (b)
UHPC monolithic interface

From the calculated reliability indices showrFigure2-6, the probability of failure was
determined using equatidiigure2-5. The probability of failure from the direct shear test in the
UHPGC-concrete interface was 1.5% on average, corresponding to average reliability index of
2.17. The average reliability index was obtained as the mean of reliability indices for all possible
ratio ofDRandLR at 0.1 interval. For the slant shear test, the reliability indices met the target
reliability index for all possible combinations of dead load and live load ratios. The average
reliability index obtained for slant shear test was 3.77, which correspod¥&9o probability
of failure. This indicated better reliability of slant shear test method than direct shear for UHPC
concrete interface.

The average reliability index of the interface shear capacity for the LBHHHREC
interface was computed as 3.82gure2-7), which was also below target reliability index. The
probability of failure associated with the reliability index of 3.32 is 0.045%. It is important to
note that this calculation includes experimental results from both slant shear test and direct shear
test. Data from direct shear test had more variability than slant shear test in UHIPC

interface type and was responsible for reducing the reliability index.
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The average reliability index of 1.37 was observed for monolithic UHPC interface
(Figure2-7), which corresponds to probability of failure of 8.5%. In the monolithic UHPC
interface, more than 95% of data were from direct shear test.

2.5. Validation with Monte Carlo Simulation

Monte Carlo simulation (MCS) was performed to determine the probability of failure and
corresponding reliability index associated with predicting the interface shear capacity of the four
different types of interfaces considered, and validate the restdimeth from the First Order
Second Moment (FOSM) reliability method clodedn solution (Equatio2-6). MCS is a
special simulation technique where synthetic data is generated without doing any physical
testing. Statistical parameters of all the random variables in Eq@ati®mwere utilized to
randomly generaté = 100,000,000 occurrences of each random variable and evaluate the

performance functionQ'YR , for each set of the generated synthetic data. The probability of

failure was calculated ap

. The reliability indices corresponding to the obtained

probability of failure are compared withsultsfrom FOSM and shown iRigure2-8 andFigure

2-9.
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Figure2-8 Comparison of reliability indices from FOSM and MCS for UHPEbncrete
interface (Direct shear test)
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Figure2-9 Comparison of reliability indices from FOSM and MCS for (a) UHBPEPC
interface, (b) UHPC monolithic interface

Reliability indices were not compared for UHRGNcrete (Slant shear test) because the
probabilities of failure obtained from MCS were nearly equal to zero. The computation of
reliability index for zero probability of failure is numerically not a finiterroer.

FromFigure2-8 andFigure2-9, it can be observed that the reliability indices obtained
from both methods are almost comparable with each other. The MCS generally resulted in
slightly higher reliability indices compared to the FOSM reliability method for all considered
cases. Thus, hFOSM method is used to calculate reliability indices in Se2ti@ras it is more
conservative.

2.6. ProposednterfaceShearCapacityModel forMonolithic UHPClinterface

The theoretical computation of monolithic UHPC interface shear capacity from equation
2-2 requires determining the localization stress of UHPC and stress in the shear connector
corresponding to the localization strain. This requires performing tensile testing of UHPC and
placing of strain gauges in shear connectors during experiment, whagls edditional effort,
time, and cost. Since low reliability index was computed for monolithic UHPC interface in the

previous section, an attempt is made in this paper to propose a shear capacity model for the
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monolithic UHPC interface with readily determined parameters. The proposed shear capacity
model is then fitted to meet the target reliability index of 3.5.

The current equation in AASHTO UHPC specification is based on the research of
Muzenski et al[72]. As per Muzenski et al., after apparent first cracking, the strain in shear
connector will increase more rapidly as the UHPC segments on either side of the crack move
relative to each other, leading to a tendency for separating along the directiontodireal
interface. Furthermore, they also observed increase in strain in UHPC because of crack
widening. Due to fiber reinforcement, UHPC provided tensile resistance and contributed to
clamping pressure along with the shear connector. This tensile resisaapresented by
localization stress of UHPC in the capacity model defined by equafon

This paper proposes an alternative interface shear capacity model for monolithic UHPC
interface in terms of fiber characteristics rather than the localization stress of UHPC. Past
research have indicated the dependance of both interface shear capdotgalération stress of
UHPC on fiber characteristi¢96i 98,104 107]. Park et al[108] observed that only first
cracking load in UHPC was determined by UHPC matrix, and Qiu[£08].noted that the first
cracking load of UHPC specimens with or without steel fibers was similar while performing
direct tension tests. After first cracking, however, it was the fibers that provided the tensile
resistance rather than UHPC mafti®v7,110,111]Le Hoang and Fehling.12] presented a
schematic showing the fiber activation range from the experiment conducted by Leutbecher
[107], where, it can be observed that fibers will get activated in tensile resistance after first crack

(Figure2-10).
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Figure2-10 (a) Schematic view of normalized tensile streissck opening relationship of UHPC
[112]; (b) Fiber efficiency relationship with fiber factdrl 2]

The relation between fiber characteristicgllocalizationstress established by previous
researchers is adopted in this paper to propose a more reliable alternative shear capacity model.
Fiber characteristics is expressed as fiber fastowhich is function of fiber volume and fiber

aspect ratig113]. Fiber factor is defined as equati®#26 by Tue et al[113], whereK is fiber

factor,” is fiber volume ratiod is length of fiberQ is diameter of fiber, and- is aspect ratio

of fibers.

K=——o 2-26

Le Hoang and Fehlinfl12] established a relation between the fiber efficiency and the
fiber factor,K, from a database of direct tension tests conducted by several researchers. They
found a lognormal relationship between fiber efficiency and fiber factor. Fiber efficiency
actually corresponds to the localization stress of UHPC.

Based on these findings, the proposed interface shear capacity model for monolithic
UHPC interface is provided in equatigf27, wherej is a dimensionless constant, whose value

is determined from reliability analysis, affelis the minimum yield strength of reinforcement
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and is assumed to be limited to 413.7 MPa (6Q Khesion strengtle, and coefficient of
friction, * hneeds to be referred from the AASHTO UHPC specificdGOh

» W “H Q|10 2-27

[ is the localization stress and is defined as equati@®based on the regression
analysis done by Le Hoang and Fehljpg2]i n MPa units and O 0 . The
(* is keptas 1.0, same as AASHTO UHPC specification.

root@d v uBy 2-28

In equatior2-28, the localization stress of UHPC is expressed in terms of fiber factor.
Typically, the aspect ratio of fibers used in UHPC mixes is varied betwe28GFrom
equation2-26, fiber factor K, should be at least 0.152 to get the contribution of clamping from
UHPC in interface shear capacity glswill be negative, causing a reduction in interface shear
capacity which is not physically possible. A fiber factor of 0.152 corresponds to 0.25% and
0.15% of fiber volume for fiber aspect ratio of 60 and 100, respectively. If the fiber aspect ratio
is inaeased, fiber volume requirement will decrease to get contribution of clamping pressure
from UHPC, which is not unexpected. The minimum yield strength of reinforcement is capped at
413.7 MPa (60 ksi) because UHPC tensile stress is likely to localize beiioi@cement with
higher strength yields, as supported by experimental data from MuzensKi’é{.al.

The dimensionless constantincludes the variability arising from fiber orientation
angle and UHPC tensile characteristics. Minimal effect of fiber texture on tensile strength was
observed by Qiu et gl109] while performing direct tension test; therefore, fiber texture
parameter was not included in the model. Determining fiber orientation requires section cutting

and orientation angle computation using modern software and equipment, which diverges from
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the proposed model's objective. The proposed model aims to simplify the current interface shear
capacity model by utilizing readily available parameters.

The normality of professional factd?, was checked as explained in previous sections.
The distribution oP was lognormal, which made resistance model also lognormal. Demand
model, as described in previous section, was considered as normal distribution.

The localization stress provided by equa®8 was calibrated for smooth and hooked
end steel fibers with aspect ratio ranging from 60 to 133.3 and fiber factor ranging from 0.24 to
2.4. Since the same equation was adopted in the proposed shear capacity model, reliability
analyses were conducted foetdataset complying with the aforementioned range. A total of 64
data points were found to meet these conditions. The mean and standard deviafantlod
proposed model was calculated as 0.115 and 0.171, respectively and distribution was lognormal.

Iteration of dimensionless constant,was done to achieve a reliability index of 3.5.

During this process, care was taken to avoid making the producrad; unrealistically low,

as this product represents the factored localization stress of UHPC, which cannot be
unrealistically low. Although the initial target was to achieve reliability index of 3.5 for all
possible combination of load ratios, an averagabéity index of only 2.22 was achieved while
keeping as 0.75. A higher reliability index could have been achieved by lowering the value of
| , which was not done to avoid unrealistically low factored localization stress of UHPC.

For the considered dataset in this paper, the localization stress obtained from equation
2-26ranged from 8L.3.5 MPa (1.16..96 ksi) for fiber volume between4Ps and fiber aspect
ratio between 6A.25. The reliability index computed for all possible load ratios using the

proposed capacity model of equat®@5is presented ifrigure2-11. The minimum and
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maximum reliability indices obtained were 1.76 and 2.51, respectively. The average reliability
index was 2.22 which corresponds to a probability of failure of 1.3%.

The factor, , presented in the proposed capacity model is similar to the tensile strength
reduction factor, , in equatior2-2. Given that AASHTO UHPC specification does not specify
any fixed value fof , a value of 0.85 was adoptf8] while calculating reliability index of
monolithic UHPC interface from AASHTO UHPC specification shear capacity model. Thus,
average reliability index was checked by settingzqual to 0.85 as well. Whénwas equal to
0.85, the average reliability index obtained was 2.04 which corresponds to a probability of
failure of 2.06%. This is still a significant improvement compared to the 8.5% probability of

failure obtained by using the capacity model of AASHTBRC specification.
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Figure2-11 For proposed capacity model of UHPC monolithic interface (a) CDF of professional
bias factorpP, in logarithmic scale, and (b) Reliability index of interface shear capacity jwhen
0.75
2.7. Conclusion and Recommendation

In this paper, a database of experimental data for the interface shear capacity of UHPC

members was compiled, and a statistical evaluation was conducted. Reliability analysis was then
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performed to determine the probability of failure for each interface type. The following are the

main conclusions drawn:

1.

3.

4.

A higher coefficient of variation was observed when determining the interface shear
capacity from direct shear tests compared to slant shear tests for-tdie@te
interface. A similar assessment could not be performed for the LRI

interface and UHP@onolithic interface because of inadequate data sample size.
Lower reliability index was observed when direct shear test method was utilized for
determining interface shear capacity of UHE®crete interface and monolithic

UHPC interface.

A simpler alternative model for the interface shear capacity of monolithic UHPC was
proposed, which incorporates readily available parameters. The proposed model is
expected to help designers for quick and reliable calculation of interface shear
capacity.

The proposed alternative model of interface shear capacity for monolithic UHPC
includes a dimensionless constant determined from reliability analysis. A larger
sample size of experimental result is required to further validate and improve the

reliability of the proposed model.
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3. EXPERIMENTAL INVESTIGATION OF STRUCTURAL PERFORMANCE OF CLT
UHPC COMPOSITE STRUCTURE FOR BRIDGE DECKS

3.1. Introduction

Timberis a naturahndhygroscopic materialts low durabilityand strength are a major
concern for timber bridgdeckdesignersAccording to the 2022 National Bridge Inventory
(NBI) databas¢3], there are 16,600 timber bridges, with nearly 25% of timber bridge decks
categorizedhs infair or belowfair condition and7% in poor or worse conditioThe potential
solution to address the durability and strength issue of timber decks is by pr@andingrlayof
relatively impervious and stiff material. When concrete is used as an overlay material in timber,
it is known as timbeconcrete composite (TCC).

The concept of timbeconcrete composite (TCC) solutions for bridge construction dates
back to 1924A.D., when the University of Washington initiated investigatifiiisd]. Theirstudy
highlighted the cosgffectiveness of combining timber and concrete for bridge decks, asserting
longer service life compared to timber bridges, and emphasizing the absence of the need for
specialized construction equipment. Remarkably, it has been aycsimice thenitiation of
TCC bridgesn the U.S.

In 2020, a comprehensive inspectionf@C bridges in the U.S. was conducted, marking
the completion of 100 years since the development of TCC solutions. The inspection covered
132 timber bridges, including IBCC bridges built between 1935 A.D. and 199D. [35].

Despite the general decent conditainT CC bridgesseveral researchers and agenf38s115]
identified various problems during TCC bridge inspection. The common issues identified were

cracks in the concrete, timber degradation, steel corrosion, mechanical damage in timber and/or
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concrete, and undesirable plant growth due to moisture accumulation. Perhaps these challenges
are the reason for the declining rate of TCC construction, with only seven TCC bridges
constructed in the decade of 2eA@20 A.D. in the U.§35].

This study is motivated by the belief that advanced timber and concrete construction
materials can reduce shortcomings in TCC bridges. The findings are expected to apply to
constructing new TCC bridges or rehabilitating degraded timber bridge deckshigita
performance concrete (UHPC) acrdsslaminatedTimber (CLT) areadvanced materials in the
concrete and timber industridstegrating these modern construction materials is a way to
revitalize the TCC construction industry whigeomoting green infrastructure and the use of
local resources.

UHPC, a relatively new cementitious material, exhibits higher compressive strength,
durability, and longerm stability than conventional concrete. Its tensile strength, both before
and after cracking, is significanthigherthan normal concret@9]. UHPC consists of an
optimized gradation of granular constituents, a low wiate@ementitious material ratio (0.25 or
less), and approximately 2% by volume of discontinuous internal fiber reinforcgteti]

The use of powder and wajtaded components helps in achieving a high packing density of the
UHPC constituents, with interstitial voids between the sand, cement, and quartz particles filled

by silica fume, with a[f9] ahisenhancee mesharical propertyl e s s
of UHPC allows for the selection of smaller dimensions for members, reducing the dead load and
improving structural efficiency compared to conventional concrete

A key characteristic of UHPC is its enhanced durability compared to normal concrete.
Issues such as corrosion of reinforcement, alldia reaction, sulfate attack, and water

penetration are mitigated in UHP&t the same time, they ab@avoidable in normal concrete
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andwill ultimately shorten thetructure's service lifgl2]. The water absorption coefficient of
UHPC is 60 times lower than normal concrete, and its permeability coefficient is approximately
600 times lowef43]. The low permeability is attributed to a significant reduction in the size and
number of poreandthe elimination of coarse aggregafé4]. The chloride ion diffusion
coefficient of UHPC is at leagtntimes lower than that of normal concrete, depending on the
mixture proportion, curing regime, and testing agarbonation rarely occurs in UHHCL6]. In
addition, newly formed carbonation products of UHPC can patrtially or entirely fill the
microcracks in UHPC to recover its lost mechanical strefigti]. Thereforeusing UHPC
insteadof conventional concrete is expected to enhance the durability of TCC structures.
Crosslaminatedtimber (CLT) is a modern construction material in the wood industry. It
consists of orthogonal layers of sawn lumber, at least three layers thick, glued together to form a
massive timber element suitable for structural floor, roof, and wall asselfifdjeBecause the
layers of CLT elements are built orthogonal to each other, each adjacent layeacts as
reinforcement of the whole panel, which adds dimensional stability and loideksarrying
capacity in both directiorfd4]. The advantages of CLT construction include fastesitin
construction, lighteweight materials, use of sustainable resources, improved insulation
properties, carbon sequestration, and lower greenhouse gas emissions compared to typical
concrete constructiofdi18]. The compressive strength of CLT is higher than thgtues
laminatedtimber(GLT), commonly known as glulam, baretimber of the same species.
Hossain 2019 eported thathe compressive strength of fleyered CLT made of Sprudéine
Fir (SPF) is nearly equal to 27.6 MPa (4 ksi)¥arying moisture contenCLT also displays

enhanced ductility and energy absorption properties compared to regular timber afidlGLT
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In addition to its mechanical properties, CLT has proven efficacy in handling lateral loading
conditions, even under extreme earthquake |fBE2(%,121]

3.2. Objectives and Motivation

The primary objective of this research is to propose a superior alternali@tm the
form of aCLT-UHPCcompositeThis study aims$o ensure effective composite action between
CLT and UHPC and evaluate its flexural capacity for potential applications in rural bridge decks.
While previousresearch48,122]has explored TCC and CLEUHPC composites using discrete
and continuous mechanical connections or notches, this study introduces a novel approach
incorporatingartificial texture as an interface between CLT and UHPC.

The concept of artificial texture in CEOHPC composites is inspired by similar
practices in the concrete industAfter the introduction of artificial textures, an increase in bond
strength between UHPC and normal concrete has been obf&dy&@] If successfully applied
to CLT-UHPC composite systems, this technique could reduce construction time and costs

Addressing the durability challenges associated with tinstarotherfocus of this
researchLike all timbers, CLT's mechanical propertesgrade withncreasednoisture content.
There are two main philosophies in moisture management for timber: one is to prevent moisture
from entering the structure, and the other is to use materials and constructicasigith
moisture endurance mardih?3]. This research adopts the philosophy of preventing moisture
from entering the structure to maintain the dry service condition of CLT. UHPC, with its lower
permeability, contributes to this objective. Additionally, a moisture barrier layer will be
introduced irthis study, and its potential as an interface will be analyzed.

This research will comprehensively analyze the durability and interface shear
performance of the CLLUHPC composite systemsing various interface optioriReduced

scale specimens bhlf-bridge decks, each with a length of 2.44 m (8 ft.), will be constructed
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using these interface options. Experimental testing will be conducted to determine the flexural
capacity of the specimens, simulatimgjf-bridge decks laid transversely between longitudinal
girders to carry a singlaxle wheel load of 71.2 kN (18ps). The dimensions of the specimens
align with typical singldane timber bridges, which have roadway widths ranging from 3.66 m
(12 ft.) to 4.87 m (16 ft.)124]. The experimental results will be compared with theoretical
results obtained frorthe EulerBernoulli beam theory to assess the performance of the CLT
UHPC composite system.

3.3. Materials and Methods

In this study, V2gradel crosslaminatediimber (CLT) panels were utilized. These panels
werefactorymanufactured from No. 2 grad&PF2x6 lumber, following the guidelines outlined
in ANSI/APA PRG320[13]. Two configurations of CLT panels were employed: a thager
CLT panel and a fivdayer CLT panel, each with thicknesses of 101.6 mm (4 in.) and 174.6 mm
(6.9 in.), respectivelyThe lumbemaking each layevasfaceglued but not edgglued

SmartUP®, a proprietaty HPC materialwas usedn this research. The fiber volume
concentration was set at 2.5% by volume, as suggested by the producersfanddher s 6
dimensionsvere 0.2 x 13 mmA standarcdhorizontal shear mixewas used to mix UHPC and
ensure a uniform distribution of the steel fibers throughbiug. mix design employed for UHPC
is summarized ifTable3-1.

Table3-1 Proprietary mix proportions for-dubic meter volume (Vicat)

Components Weight kg (Ib) Percentage Contribution (%)
Premix 59.04 (130.2) 83.62
Superplasticizer (Tempo 10) 0.65 (1.5) 0.92
Accelerator (Setl) 0.23 (0.6) 0.32
Water 5.1(11.3) 7.22
Fibers (Hiper Fiber) 5.59 (12.4) 7.92
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3.4. Interface Shear Test

The dimensions dhetest specimefor the interface shear tesere finalized based am
pushoff test conducted omMCCs by previous research¢dd,125] The CLT used for the

interface shear test was thilegered. The dimension of CLT and UHPC thickness is as provided

in Figure3-1.
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Figure3-1 Interface shear specimen (a) crssstion, and (b) plan

The test matrix considered variables suchrasiding a moisture barrier interlayer,
interface preparation, and usislgear connectors between CLT and UHPQlyguard 650 LT
was employed as the moisture barrier interlayer in this study. This material is conuseanifor
concrete waterproofing applicatigraich asoundation waterproofing, mud slabs, parking
garages, and other critical waterproofing requirements. The application process involved initially
applying a wateresistant liquidubberadhesivePolyguard 650to the interface surface. After
allowing the adhesive to dry for 24 houttse Polyguardayerwas affixed to the surface.

Artificial surface roughness was provided by applying Siké&duHigh-Modulus epoxy
to the surface of CLT. Subsequently, sand passing through a 1.18 mm sieve and retained on an
8 5 0 sievmwas manually spread onto the surface, aiming to create a 1 mm rough surface.
Based on the author's previous resefit@6], this targeted roughness was deemed sufficient to

meet the interfacial shear demand in bridges
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Due to its widespread availability and ce$tectiveness, a ring shank nail (8d) was
utilized as the shear connect®he nail had a length of 63.5 mm (2.5 iand a diameter of 3.33
mm (0.131 in). Specimen IDswith he | etter ONO6 indicate speci me
speci men OENOG represents a specimen with Epox
followed by numeric letters representing individual specimens, such as W1, B3eetest
matrix forthe interfaceshear test is provided rable3-2.

Table3-2 Test matrix for interface shear test

Number Interface

Variables Description Specimen of Area, sq.

ID : !
Specimens cm, (in2)
Surface No surface preparation (Bare CLT) W 6 426 (66)
Preparation Epoxy + sand E 6 426 (66)
Surface No surface preparation + nail N 6 426 (66)

Preparation + .

Shear Connector Epoxy + sand + nail EN 6 426 (66)
Moisture barrier Polyguard P 6 426 (66)
Moisture barrier + Polyguard + nail PN 6 426 (66)

Shear Connector

The images of the prepared presentefigure3-2.

@ (b) © (d) © ()
Figure3-2 (a) W, (b) N, (c) P, (d) PN (e) E (f) EN
UHPC, with a thickness of 31.75 mh.25 in.) was poured on either side of the CLT
block, and a clear cover of 19 m( 75 in.)was provided for the shear conneciiov facilitate
the pouring of UHPC and maintain the desired height, a styrofoam layer of 25.4 mm (1 in.) was

placed at the bottom of the CLT block. This layer was subsequently removed before testing the

specimen.
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The roughness of the prepared surface for these specimens was determined using the sand
patch tesfollowing ASTM E 965[127]. After 28 days of pouring the UHPC, specimens were
testedusing a standardosedloop MTS testing machine. The specimens were subjected to pure
shear using the setup as illustrateéigure3-3. Theloading ratevas maintainedt®.54
mm/minute(0.1 in./min), as suggested by ASTM D 17@&28]. During testing, an NDDptotrak
system, a 3D noncontact displacement measurement system, was employed to measure the
interface slip The system utilizetight-emittingdiodes (LEDs) equally spaced along the
interface, recording 3D coordinates of the LEDs at a frequency of.2@dd data was
measured using load cells with a capacity of &Rl (50 kips) and recorded using a National
Instrument (NI) data acquisition (DAQ) system at the same frequency @ptbiaksystem
Loading was appliedntil failure or25.4 mm(1 in.) of slip, whichever was earliesthe picture

of test setup is provided Figure3-3.

P

\\

N

Figure3-3 Test setup for interface shr specimen
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3.5. MoisturelntrusionTest

A moisture intrusion test was conducted to assess moisture intrusion for the provided
interface optionsA 101.6 mm (4 ir) cube Crosd.aminated Timber (CLT) block, cut from a
threelayer CLT panel, was subjected to different surface treatments on all sides. The surface
treatments included leaving the CLT block bare, coating it Retiiguard applying
epoxy+sand, and wrapping it in packaging tapiee epoxy adhesive at the interface was proved
effective in resisting moisture penetration through concrgpashresearcfi29]. In addition to
these treatments, a set of specimens was prepared wsymgfeam block of the same
dimensions wrapped in packaging tape. The assumption wakélsiyrofoam block would not
absorb moisture when wrapped in packaging.tdpes particular specimen served as the base
specimen to calculate the moistatesorbed by the CLT blockinally, a 31.75 mm (1.25 in.)
thick layer ofUHPCwas poured around five sides of the CLT culdee test matrix for the
specimens is outlined ifable3-3, summarizing the different surface treatments applied to the
CLT block for the moisture intrusion tegtpart from the test specimens mentioned able3-3,
four bare CLT specimens were also immersed in the water tub for 1000 hrs., as a minor test, to
understand the role of UHPC in resisting moisture.

Table3-3 Test matrix for moisture intrusion test

Variables Description Variable Number of

ID Specimens
UHPC layer + Bare CLT W 4
Surface Preparatior UHPC layer + CLT with Epoxy + sand E 4
Moisture Barrier UHPC layer + Polyguard P 4
** Base specimen UHPC layer + Styrofoam S 4

After stripping the formwork, the specimens were stored in an environment with a
temperature of 23°C and a relative humidity of 50%. The weight loss due to moisture

evaporation was measured daily using a balance with a sensitivity of 0.1 gm. After 11 days,
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when the weight change became negligible, the samples were considered dry, indicating the
initial dry weight. Subsequently, aluminum tape was applied to the exposed side of each
specimen to prevent moisture intrusion from the uncoveredlér@dspecimens were then

immersed in a water tub up to their height, allowing moisture to intrude from five sides. The side
without UHPC,covered by aluminum tape, was positioned facing the top of thEigire3-4).

This setup enabled the assessment of moisture intrusion into the specimens and allowed for the

evaluation of their response to prolonged water exposure.

Wood Polyguard

Fa=

Epoxy + Sand S@ofa
(a) (b) (c)
Figure3-4 (a) Moisture specimen cubes before pouringtypical specimen after UHPC pour,
and (c) specimens immersed in water tube

After immersion in the water tub, the weight of the specimens was measured every 3
hours for the initial 24 hours, and it was recorded daily after Tingtrecording of weight was
discontinued whenever the change in weight became equal to or less than twice the sensitivity of
the balancgfollowing ASTM D444220[130]. The specimens were then stored at2aid
50% relative humidityor drying. The test was concluded after three similar wetting and drying
cycles, as described above.

3.6. Flexural Test

Three CLFUHPC compositelecks of 305 mm (12 in.) widthiere cast using fivéayer
CLT for the flexuraltest The crosssection of the CLTecks was 1% x 305 mm (6.875 x 12

in.), with a length of 240 mm (96 in) and an effective span of ZB&m (92 in). Three different
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interface types were provided for eatdtk Epoxy with sandE), Epoxy with sand and nails
(EN), and Polyguard with nail®N). The nails were spaced 152 mm (§ apart.The thickness
of the UHPC layer was 38 mm (1.5 in.) at the bottom and 31.75 mm (1.25 in.) at theébar A
mesh with a diameter &4 mm (0.25 in.) was tied with nails and binding wire in the top and
bottom UHPC layers to increase strength and ductility. The dimenstbe odbamesh was 152
X 152 mm (6 x 6 in.).

Similar to the interface shear test, 50.8 mm (2 in.) nail length was embedded in CLT, and
12.7 mm (0.5 in.) nail length was embedded in UHPC. To create artificial texture, S8dadur
high-modulus epoxy was blended with sand passing through 1.18 mm, detaéé 0 andn,
spread on top and bottom of the deck. Sand patch testing was conducted to determine the
roughness of the texture at the ends and center of the deck following ASTME23§5
However, instead of spreading fine sand (<300
was sprayeth al52 x 152 mm square, and roughness depth was determined accordingly by the
sand patch teégFigure3-5). The average roughness was measured to be 0.96 mm (0.024 in.).

Figure3-5 andFigure3-6 provide images of the specimen preparation process.

Rebar @ 152 mm
c/c both ways

Nails @ 152 mm c/c
both ways

2440 mm

Sand patch \

lest squares

(a) (b) (c)
Figure3-5 Flexural specimen preparation for E and EN specimens (a) Driving nail in CLT, (b)
Sand patch testing after application of epoxy and sand, and (c) Placement ®ir&zarg

58



2440 mm Rebar (@ 152 mm
__ c/c both ways

Nails @ 152 mm c¢/c
both ways

(@) (b) (€)

Figure3-6 Flexural specimen preparation for PN specimen (a) Application of adhesive, (b)
Placement oPolyguardayer and insertion of nails, and (c) Placement of rebars

A four-point bending test was conducted on all specimens with simply supported end
conditions. The load was applied using a hydraulic jack, with a 222.5 kipg§doad cell
beneath the loading jack to measure the applied load. A 445 kNi@)0oad cell was placed
on the support to measure the reaction force. Rebar strain gauges were installesbiarthesh
at thequarterand midspan of the specimen. Concrete strain gauges were provided at the top and
bottom centers of theebarmesh. The NDDptarak system continuously recorded the
specimen's position using LEDs. String potentiometers were attachedspetimens' quarter
span, loading points, and midsgammeasure deflection. Direct Current Linear Variable
Displacement Transducers (DCDTSs) were attached to the ends of the specimeasure the
slip. Small black dots painted at the ends on a white background were continuously monitored by
cameras at-second intervals, serving as additional instrumentation for measuring slip at the

ends.Spedmens were subjected to three cycles of loading at 44.5 kKig$pand 89 kN (20

59



kips), andone cycle at 111.2 kN (26ps), followed by monotonic loading until failur€igure

3-7 depicts the setup for a fepoint bending testf flexural specimens

Figure3-7 Experimental test setup for fepoint bending test dfa) EN specimen, and (b) E
specimen

3.7. Material Tests

The average 28ay compressive strength of UHPC was determined through testing 101.6
x 152.4 mm (4 x 6 in.) cylinders. The average compressive strebgtimed from testing six
specimensvas 137.9 MPa (20 ksi). The modulus of elasticity of UHPC was calculated to be 44.8
GPa (6500 ksi)Tensile testing of rebar was carried @ltowing the ASTM E8/E&M
procedurdg131]. The yield stress and yield strain values obtained from the tensile testing of
three specimens were 455 MPa (66 ksi) and GO®2m/mm (in/in.), respectively.

For determininghe tensile stresstrain relation of UHPC, nine smaltale UHPC slab
specimens, 558.8 x 304.8 x 50.8 mm (22 x 12 x 2 in.), were made and subjected {paanfour
bending test in th®ITS machine. Thelab's position during the loading application was
recorded using the LED targets throughMi2l Optotraksystem, and the load was measured
using the buikin load cell of the MTS machin&he strain was calculated from the respective

changes in the position of LED targets, and ultimaghexperimental mmentcurvature
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relation was obtained. Inverse analysis was performed to match the theoneticahtcurvature
and experimental momeantirvature by assuming thetralinear tensile stresstrain relationship
of UHPC.

The compression and tensile characteristics of CLT were determined through inverse
analysisin CLT, transverse layers are typically not glued together and have irregular gaps. As a
result, the contribution of transverse layers to shear transfer is often considered negligible and
can be assumed bezero[132i 134]. Thus, for this study, the stresain characteristics
obtained from the inverse analysis #reseof the longitudinal lamina parallel to the grain rather

than CLT as a whole.

t§ _ #40=90° 15 T
tar| ] EEHSOE0S====0S, -+ T
AT R
’ Ll =E#H o= 1

Figure3-8 Bending and shear stress distribution in GL32]

In the inverse analysis, a filayer Crosd_aminated Timber (CLTdleckwith a length of
2440 mm(96 in.) wassubjected to foupoint bending The effective span w&337mm (92 in.),
with the loading point positioned 152.4 mm (6 in.) away from the center on either side. The load
was applied using a hydraulic jack, with a 222.5 kNK#®3) load cell beneath the loading jack
to measure the applied load. A 445 kN (k@itk) load cell was positioned on the support to
measure the reaction forcgtring potentiometers were attached togpecimen's quartespan,
loading points, and midspan measure deflection. The NDIptotraksystem continuously
recorded the position of ttgpecimen through LED&lexural failure was observed in the center

of the deck during this testhe experimental momewgurvature was calculated using strains
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measured from LEDS hetheoretical momenturvature response was iteratively matched with
the experimental results by adjusting the stetsain response dlfie longitudinal lamina of

CLT. This iterative process allowed for the determination of the sttems characteristics of

the CLT lamina parallel to the graifhe result of the inverse analysis is summarizethinle

3-4. Timber exhibits plastic behavior in compression while it is brittle in terj&@®)]. Thus, in
this paper, elastiplastic relation is assumed for compression behavior, and elastic relation is
assumed for tension behavidhe final stresstrain relationship adopted for all theaterials is
provided inFigure3-9.

Table3-4 Summary of mechanical properties of CLT longitudinal lamina obtained from inverse

analysis
CLT longitudinal lamina parallel to the grain
Compressive StrengtiMpa (ksi) 27.6(4)
Tensile StrengthMpa (ksi) 24.1(3.5)
Modulus of elasticity in tensigiMpa (ksi) 8.9(1291)
Modulus of elasticity in compressiphlpa (ksi) 8.9(1291)
Peak compression strain (Microstrain) 3077
Peak tension strain (Microstrain) 2692
éﬂ{)— _m:% zd:/\—”é ‘%20:_ IT“ _:02 2‘_1:_ //—ug
(a) (b) (€) (d)

Figure3-9 Stressstrain relationship of (a) UHPC in compression, (b) UHPC in tension, (c)
Rebar, (d) CLT longitudinal lamina parallel to the grain

The comparison of the experimental momeutvature relationship of CLT with the
theoretical is presented kigure3-10. The flexural stiffness obtained from the experiment was
3309 kNm? /m (351 x 161bf-in?/ ft) while the flexural stiffness provided by the shear analogy
method in PR&20 was (363 x 10bf-in?/ ft) [13]. Flexural stiffness was calculated as moment

per unit curvature until the relationship between moment and curvature is linear.
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Curvature (1/in.)
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Figure3-10 Comparison of experimental momenirvature response with theoretical response
for bare CLT

3.8. Results and Discussion
3.8.1. InterfaceShearTest

The loadslip relationshipfor all specimens is presentedrigure3-11. Low shear
strength and brittle failure were observedhe CLT specimens with no surface preparation (i.e.,
W specimen)One specimen (W2) failed during handling; hence, its result is not included while
calculating average shear strendthe resistance observedWspecimens is attributed to the
low interface friction between the materials.

TheCLT with nail specimengi.e., N specimenfad higher strength and ductility
compared to W specimenall specimens exhibit similar initial stiffness and ppstk behavior.
Crushing of timber around the nails was observed due to high bearing pressure exerted by the
nail, and ultimately, failure was characterized by fracture of the nail at peak loaduftome
was expected since the moment capacity of the connector was large to prevent the bending of the
connector in the wood. Crushing was not observed in UHPC due to its superior bearing strength
compared to timbeBecause of nail, some ductility was observed ltihately, failure of

specimen occurred due to fracture of nalil
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The CLT with Polyguard (P) specimeasdCLT with Polyguard + NailPN) specimens
exhibitedmoreductile failurecompared to N specimerSurprisingly, P1 specimens undergo
relatively brittle failure compared to the rest of the group specimens. This surprising result
caused higher COV in peak shear stress for P specimens, which would otherwise have reduced to
10% (Table3-5). The softening behavior of all P and PN specimens is almost similar within their
respective groups. The coefficient of variation in peak shear stress of PN specimens is low, a
highly desirable attribute for a composite system

Both epoxy €) andepoxy with nail(EN) specimens showed sharp, brittle failure. These
specimens also displayed higher shear strength than others with COV around 20%. Nail fracture
was observed in all EN specimens. The high shear strength of these specimens was partly due to
the roughness praded by surface preparation and partly due to the-$figingth adhesive
property of epoxy. The average roughness of the E specimen and EN specimens was 0.97 mm.
and 0.92 mm., respectively, determined by saaith tes[127].

Table3-5 summarizes the peak load, slip at maximum load, maximum shear stress, and
slip modulus at serviceability for all specimeB4p modulus at serviceability is determined by
calculating the slope between 10% and 40% of the maximum load achieved, within 15 mm of
slip, which is standard method prescribed in design guide for tindrmarete compositd$36].

Slip modulus of the interface becomes an important parameter when the composite system
exhibits partial composite actioBecause slip was negligible in W specimens, the slip modulus
was not calculated for that groufhe Coefficient of Variation (COV) of peak shear stress and
slip modulus at serviceability varies from 83 % and 13.85.8% respectively, for different

specimen groups.
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Figure3-11 Loadslip relationship for (a) W specimens, (b) N specimens, (c) P specimens, (d)

PN specimens, (e) E specimens, and (f) EN specimens

Table3-5 Summary of results from interface shear test
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Specimen ID Peak loadkN, Slip, mm. (in.) Peak Shear  Slip Modulus at
(kips) Stress MPa, serviceability
(psi) KN/mm,
(kips/in.)
w1 3.47 (0.79) 0.31 (0.012) 0.081 (11.7) -
W3 2.54 (0.58) 0.34 (0.013) 0.059 (8.6) -
w4 1.35(0.31) 0.37 (0.015) 0.031 (4.5) -
W5 3.16 (0.72) 0.34 (0.013) 0.074 (10.7) -
W6 2.23 (0.51) 0.67 (0.026) 0.052 (7.5) -
Average 0.060
COV (%) 33.0
N1 6.47 (1.46) 2.07 (0.081) 0.152 (22) 7.81 (44.6)
N2 6.63 (1.5) 1.79 (0.07) 0.156 (22.6) 5.87 (33.5)
N3 6.54 (1.48) 1.54 (0.061) 0.153 (22.2) 4.73 (27)
N4 6.23 (1.41) 2.06 (0.081) 0.146 (21.2) 8.89 (50.8)
N5 6.19 (1.4) 1.8 (0.071) 0.145 (21) 7.12 (40.7)
N6 6.2 (1.4 1.8 (0.071) 0.145 (21) 5.91 (33.8)
Average 0.15 (21.8) 7.2(41.1)
COV (%) 3.1 224
P1 3.57 (0.81) 1.02 (0.04) 0.084 (12.2) 5.88 (33.6)
P2 4.98 (1.12) 3.12 (0.123) 0.117 (17) 6.73 (38.5)
P3 5.09 (1.15) 2.98 (0.117) 0.119 (17.3) 6.76 (38.6)



P4 5.76 (1.3) 1.17 (0.046) 0.135 (19.6) 5.06 (28.9)
P5 4.33 (0.98) 3.5(0.138) 0.101 (14.6) 7.26 (41.5)
P6 4.95 (1.12) 3.24 (0.128) 0.116 (16.8) 4.65 (26.6)
Average 0.112 (16.2) 6 (34.3)
COV (%) 15.6 17.1
PN1 10.33 (2.33) 4.11 (0.162) 0.242 (35.1) 7.82 (44.7)
PN2 10.98 (2.47) 4.63 (0.182) 0.257 (37.3) 11.71 (66.9)
PN3 9.9 (2.23) 4.12 (0.162) 0.232 (33.6) 4.18 (23.9)
PN4 10.47 (2.36) 3.34 (0.131) 0.245 (35.5) 6.89 (39.4)
PN5 11.03 (2.48) 2.57 (0.101) 0.259 (37.6) 5.39 (30.8)
PN6 11.52 (2.59) 3.08 (0.121) 0.27 (39.2) 7.14 (40.8)
Average 0.251 (36.4) 7.2 (41.1)
COV (%) 5.5 35.8
El 47.79 (10.75) 0.9 (0.035) 1.122 (162.7) 47.7 (272.6)
E2 50.09 (11.27) 0.86 (0.034) 1.176 (170.5) 50.8 (290.3)
E3 42.66 (9.59) 0.87 (0.034) 1.001 (145.1) 43.8 (250.3)
E4 32.1(7.22) 1.05 (0.041) 0.754 (109.3) 27.4 (156.6)
E5 34.22 (7.7) 0.9 (0.035) 0.803 (116.4) 33.7 (192.6)
E6 30.37 (6.83) 0.93 (0.037) 0.713 (103.4) 28 (160)
Average 0.928 (134.6) 38.6 (220.6)
COV (%) 21.3 26.4
EN1 75.58 (17) 1.02 (0.04) 1.775 (257.4) 62.7 (358.3)
EN2 61.86 (13.91) 0.88 (0.035) 1.453 (210.7) 59.9 (342.3)
EN3 82.75 (18.61) 0.87 (0.034) 1.943 (281.7) 78.4 (448.1)
EN4 69.55 (15.64) 1.02 (0.04) 1.633 (236.8) 56.8 (324.6)
ENG6 50.45 (11.35) 0.77 (0.03) 1.184 (171.7) 62.3 (356)
Average 1.598 (231.7) 64 (365.8)
COV (%) 18.3 13.1

All specimens exhibited interface failure. No failure was observed in UHPC and CLT.
The fracture of nail was observed in all specimens with nails. Nail fracture for sample specimens

is shown inFigure3-12. Fractured nails are shown enclosed by red circles.

(@) (b) (c)

Figure3-12 Failed surface of (a) N specimen, (b) PN specimen, and (c) EN specimen
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To present all the interface options in a single graph, a representative sample from each

group whose behavior is close to the average behavior is chospreaadted ifrigure3-13.
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Figure3-13 (a) Representative comparisohall considered interface optioasad (b) Average
shear stress of all considered interface options

3.8.2. Moisture Intrusion Test

After three cycles of wetting and drying the moisture specimens, the percentage change
in weight was calculated. It was observed that moisture absorbed by the specimen was greater in
the first cycle than in the other two cycles; thus, moisture absorbtbe IGL T block was
calculated from the first wetting cycle. The first wetting cycle lasted 1124 hours to reach the
equilibrium moisture content. Since moisture is absorbed by both the UHPC layer and CLT
block, it was necessary to differentiate the moisalosorbed by each component. For this,
styrofoam specimens, S, were used. Styrofoam does not absorb any moisture. Thus, moisture
absorbed by the S specimen is entirely by UHPC. The average moisture absorbed by UHPC per

unit volume obtained from S specimeaiter the first wetting cycle is presentedliable3-6.
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Table3-6 Moisture absorbed per unit volume by UHPC after first wetting cycle

Specimen ID  Gross Volume Volume of Net volume of Moisture Moisture
cm?(in®) Styrofoam, UHPC, cm?, absorbedgm, absorbed pe!
cm?®, (in) (in%) (Ib) unit volume
kg/m?,
(Ib/ft3)
S1 3807 (232.2) 1048.8 (64) 2758.2 (168.3) 25.6 (0.56) 9.3 (0.58)
S2 3753.8 (229) 1048.8 (64) 2705 (165) 25.6 (0.56) 9.5 (0.59)
S3 3699.3 (225.7) 1048.8 (64) 2650.6 (161.7) 27.4 (0.6) 10.3 (0.64)
S4 3731.2 (227.6) 1048.8 (64) 2682.4 (163.6) 29.2 (0.64) 10.8 (0.67)
Average 9.9 (0.62)

Moisture absorbed by W, P, and E specimens after the first cycle is presehidddein
3-7. Since moisture absorbed by UHPC per unit volume is previously determined ditdem
3-6, the moisture absorbed by the CLT block alone can now be differentiated. It is observed that
the average moisture absorbed by CLT for E specimenB gpéecimens is almost similar. The
moisture absorbed by the W specimen is expectedly higher but not high enough to be categorized
as a wet state. The wet state is defined as the moisture level above 16% for CLNatfopeat
design specification (ND317] for wood The higher moisture resistance in all specimens is

|l i kely due to UHPCO6s highly i mpermeabl e prope
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Table3-7 Moisture absorbed by CLT block after first wetting cycle

Spe Gross Volum Net Dry Initial Total Moistu Moisture Moistur
cim Volum eof volum weigh dry moisture  re absorbed e
en e(n¥) CLT e of t of weight absorbe absorb by CLT absorbe

ID blockk UHPC CLT of d(gm) edby (gm) d by
(cm®  (cm®  cube specime UHPC CLT

(gm)  n(gm) (gm) block

(%)

W1 3647.6 1048.8 2598.8 466.3 6584.4 35.3 26.0 9.3 2.0
W2 3619.1 1048.8 2570.3 449.9 6505.0 43.6 25.7 17.9 4.0
W3 3659.3 1048.8 2610.5 4725 6603.9 42.8 26.1 16.7 3.5
W4 3664.4 1048.8 2615.6 476.5 6644.4 35.2 26.1 9.0 1.9
Average 2.8

P1 3665.8 1048.8 2616.9 532.3 6592.2 34.6 26.1 8.4 1.6
P2 3667.6 1048.8 2618.8 652.5 6529.7 34.4 26.2 8.2 1.3
P3 3650.9 1048.8 2602.1 592.8 6547.5 32.0 26.0 6.0 1.0
P4 3678.8 1048.8 2630.0 521.1 6789.5 29.7 26.3 3.4 0.6
Average 1.1

E1 3846.0 1048.8 2797.2 625.0 7328.5 31.1 27.9 3.1 0.5
E2 3694.3 1048.8 2645.5 688.6 7308.7 32.3 26.4 59 0.8
E3 37119 1048.8 2663.1 579.4 7053.5 35.5 26.6 8.9 15
E4 3603.1 1048.8 2554.3 604.0 6554.7 33.5 25.5 8.0 1.3

Average 1.0

The average change in weight of the specimen after completion of three wetting and
drying cycles is summarized iigure3-14. The calculation of the average change in weight is
based on the average initial gross weight of the specihienepoxy + sand and polyguard layer
provided certain resistance to moisture intrusion compardte Wspecimen, which can be
observed inFigure3-14.
After the completion of the first wetting cycle, a suddenght drop is observedaused
by the quick surface drying of théHPClayer. The rate of drying is almost similar for all the
moisture specimens. Fromdryingcydle it can be observed that th

dropped entirely, which is actually because of the residual moisture hold by the CLT. It is worth

1 1cm=0.039in., and 1000 gm =2.2 |b
69



noting that the weight change has not decreased completely, even for styrofoam specimens,
indicating that some moisture is still trapped inside UHPC. It was observed that the reduction in
moisture content in W, E, and P specimens after dryinglyas pimarily due to the
evaporation of moisture in the UHPC layer. Because of the superior impermeability of UHPC,
the moisture intruded inside CLT didndt evapo
In wetting cycle2, it is observed that the residual moisture of CLT and UHPC resulted in
a decreased potential for moisture intrusion. The peak of wetting2yslwer than that of
wetting cyclel, but the rate of moisture intrusion is almost sinfibarall specimens in wetting
cycle-2. The rate of drying cyci2 is also similar for all specimeresxceptthat the drying cycle
now takes longer than the wetting cycle to reach equilibrium. It should be noted that all
specimens experience a similar weighange after completing drying cycles 1 and 2.
Wetting cycle3 is even shorter than wetting cy@ebut the rate of change of weight is
similar. It is important to note that the peak of wetting c&le even less than wetting cy&e
A possible explanation for this behavior is a reduction in UHPC permeability potential caused by
the timedependent closure of shrinkage craldé7 139]. The rate of change in drying cyebe
is also consistent across all specimens. Both drying-8yaled drying cycle required more

than 300 hours to reach equilibrium.
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Figure3-14 Average change in weight of moisture specimens during moisture intrusion test
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To sum up, providing the UHPC layer significantly minimizes moisture intrusion. Four
specimens of the same dimension made of bare CLT withOttPClayer were immersed in a
water tub for a month to test this hypothesis. On average, all specimens ab§oa86 of
their dry weight

3.8.3. FlexuralTest

The specimen ENwith epoxy and nails at the interfawas tested first since it had the
strongest interfacial bond. It was tested under thegourt bending test, and the distance
between load pins was kept at 610 mm (24 in.). Composite action was aalméVéte
specimemreached thenaximum load of 129 kN (29 kips). The specimen, tleepgerienced
rolling shear failure near the roller support. Only microcracks were observed on the bottom
UHPC layer, and the flexural crack was not localized. Thus, the distanceshdtvedoad pins
was reduced to 305 mm (12 in.) tbe PN and E specimens &void the rolling shear failure and
localizethe cracking irJHPClayerin tension. Tis resulted inncrease in failurenoment
capacityasexpected with different loadingpnfigurations but the failurenode remained
unchangedBoth specimens exhibited rolling shear failure at their peak load. The E specimen
failed ata similar load as the EN specimen. Only flexural microcracks were observed in the
bottom UHPC layer for both E drEN specimens.

Forthe PNspecimen, the top UHPC layer got delaminated within the first 31.1 kN (7
kips), and the entire deck behaved like a CLT with the UHPC &tyke bottom. However, the
top layer delamination was not visible during the experipténs,load application was carried
on till failure. Top layer delamination was identified only during data analysis. Therefore, the
stiffness of the PN specimen was significantly lower than the epoxy specimens. Despite the
delamination of the top layet 31.1 kN (7 kips)the deck failed at a maximum load of 105.4 kN

(23.7 kips). No delamination of the bottom UHPC layer was observed, which was an unexpected
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result because bottom delamination was also expected based on the results of interface shear
strength. No major crack was observed in the bottom UHPC layer for the PN specimen. The
comparison of experimental average shear stress and interface sheahn stvseagted from the
interface shear test is presented @ble3-8. Experimental average shear stress is obtained as
shear force divided by crosection area.

Table3-8 Comparison of experimental interface shear stress with the experimental interface
shear strength

Specimen Experimental Experimental Experimental Failure Mode Interface
ID shear force  average shear interface shear failure
kN (Kips) stressMPa  strength MPa (psi) observed
(psi)
EN 64.5 (14.5) 0.865(125) 1.590(232) Rolling shear No
E 62.7 (14.1) 0.841(122) 0.928(135) Rolling shear No
PN 31.1(7) 0.250(36) 0.251(36.4) Interface shear ant Yes
Rolling shear

All of the composite deck specimens failed in rolling shear stressdddignrolling
shear capacity provided by PR320 for V2 grade CLTs 0.31MPa @5 psi) [13]. All three
composite deck specimesBowed higher rolling shear capacity than design capacity, which is
expected

The comparison of bending moment and applied load with center deflection for all
composite decks, along with the bare CLT deck, is providétgure3-15. The graph shows
that E and EN specimens have similar stiffness. The contribution of nails to flexural stiffness was
not significant. The failure of all composite deck specimens was brittle since all exhibited rolling
shear failure. Despite not achievirlgxural failure, the loagtarrying capacity of all composite
decks exceeded the singlegle wheel load demaraf bridge decks for serviceability and

ultimate strength condition.
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Figure3-15 (a) Moment Vs central deflection p)Jdb) Load Vs central deflection plot for
composite decks

Single axle wheel load demand is 71.2 kN (16 kips) for serviceability condition and 96.1
kN (21.6 kips) for ultimate strength conditifi®]. The experiment done in this paper is on a
reduced scale. Thus, the corresponding load demand should also be reduoake
comparison. AASHTQRFD [19] uses an equivalent strip method to distribute the load over the
decks. The width of the strip is defined as in equadidrfor positivebendingmomentwhereS
is the spacing between the girders. Ussegjuals to 2.34 m (92 in)Y is obtained as 1.94 m (76
in) [19].

W= 26 +6.6 31

As perAASHTO LRFD [19], interior decks are investigated for strenbgtnd servicd

load combinationfor which load combination is as accordingrable3-9, whereDC is dead

load from structural componem\W is dead load of wearing surface, drdis vehicular live

load.
Table3-9 Load factors for strength and service load combindti®h
Load combination Combination equation r r r
Strengthl [ 006 [ Ow | 00 1.25 15 1.75
Servicel [ O0 [ Ow | 00 10 10 1.0

73



The dead load from structural components was calculated thgngitweight of CLT
as 480.5 kg/m(30 pcf) and UHPC as 2483 kgii55 pcf). The 50.8 mm (2 in.) thick asphalt
wearing surface of unit weight of 2242.6 kd/h40 pcf) was assumetihe bendingnoment
due to factored dead load was calculated according to eq@a2ion

0 = 00 ¢ OwYiTm 32

The live load moment for interior deck was adopted from Tabld AAIAASHTO LRFD

for girder spacing of 2.34 m (92 iff)9]. Table3-10 summarizes the factored dead and live load

bending moment, and total moment required to be resisted by flexural specimens.

Table3-10 Summary of bending moment demand corresponding to strength and service limit

state
Specimen ID Load Factored dead load Factored live load Total moment
combination moment KN-m/m, moment KN-m/m, kKN-m/m, (kip-
(kip-ft/ft) (Kip-ft/ft) ft/ft)

E, PN, and Strengthl
Bare CLT 2.43 (0.55) 45.64 (10.27) 48.1 (10.82)

E, PN, and Servicel
Bare CLT 1.8 (0.41) 26.52 (5.97) 28.33 (6.37)
EN Strengthl 2.43 (0.55) 45.64 (10.27) 48.1 (10.82)
EN Servicel 1.8 (0.41) 26.52 (5.97) 28.33 (6.37)

Bridge decks are critical in deflection. AASHTMRFD [19] has provided limits of
deflection for concrete and wood decks. As per AASHTO LRRE), the deflectiordimit for
concrete and woodeckis span/1000 and span/425, respectivEible3-11 providesa
comparison of deflection limit and observed deflection in the experiment.

Table3-11 Comparison ofmeasuredive load deflection with AASHTO LRFIP19] limits

Specimen ID Measuredieflection mm (in.) Deflection limit as per Remarks
AASHTO LRFD, mm
(in)[19]
EN 1.06(0.042) 2.34(0.092) Pass
E 1.52(0.060) 2.34(0.092) Pass
PN 2.75(0.11) 2.34(0.092) Fail
Bare CLT 5.75(0.23) 5.50(0.21) Fail
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The material properties obtained through material testing were used to predict the
theoretical response of the desgecimensThe experimental momentirvature relationship
was obtained by calculating the strains from LED targets. The comparison of theoretical and
experimental momerdurvature and the obtained failure pattern is showsigare3-16 and
Figure3-17 respectively. Almost full composite action was achieved in E and EN specimens.
Specimens with PN also exhibited nearly full composite action, but the reason behind-the non

delamination of the bottom layer at high load is still requires further investigall the shear

failure cracks were within 610 mm (24 in.) of the roller support.
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Figure3-16 Comparison of momesturvature response of (a) EN specimen, (b) PN specimen,
and (c) E specimen
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Figure3-17 Rolling shear failure observed in (a) EN specimen, (b) PN specimen, and (c) E
specimen

Theoretical and experimental local strain at the bottom rebar mesh level was compared
and analyzedThe readingf the concrete strain gauge at the bottom center for the PN specimen
was faulty; hence, it is not presented. It can be seen that the initial stiffness behavior is better
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captured by the concrete strain gaugkrstt andthen strains at the peak load are very close to

the strains recorded by rebar strain gauges for specimens with epoxy anéigareB{18). The
abbreviati on 06SGO0 Fiduel-d8t Gorscrets strairmgauge aj epoxgveits i n
sand specimen displayed a large change in the strain at around 20 kN (4.5 kips) load, perhaps
because of crack formation at the location of the installed strain ¢gRiggee3-18 (c)). It can be
confirmed that the bottom rebar did yield at peak load for specimens with epoxy and sand. Rebar
yielding was not observed in the specimen Withspecimer(Figure3-18 (b)), but theoretically,

it should be close to yielding. Also, based on the local strains for epoxy with sand specimens, as
shown inFigure3-18 (a) and (c) perhaps both specimens were close to the localization of the

bottom UHPC layer.
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Figure3-18 Load vs strain relationship for CLIHPC composite deck at level of tensile rebar
for (a) EN specimen, (b) PN specimen, and (c) E specimen

3.9. Conclusions and Recommendations

Thirty-six interface sheatests sixteen moisture specimens, and three composite deck
flexural tests were carried out to investigate the interface behavior, durability, and flexural
performanceof CLT-UHPC compositeBased on the experimental results, the following
conclusions and recommendations are made.

1 Apart from providing mechanical connectors as an interetiicial textures in the

form of epoxy with sand have been analyzed in this study. It was observeukethat t

76



interface shear capacitf a specimen composed of epoxy with sand is superior but
exhibits brittleness.

A specimerwithout any moisture barrier layer, i.e., only with UHPC layer, demonstrated
excellent moisture resistance. The moisture resistance Bbtiiguardand Epoxy + sand
layers was almost similar, and moisture intrusion in CLT through these layers was around
1% of dry weight. Hence, the choice to include the moisture barrier layer for improving
durability inthe CLT-UHPC composite will depend on other variablé® interfacial

shear demand, economy, and the importance of structure.

Epoxy with sand displayed perfect composite behavior with and without nails. Since all
composite decks exhibited shear failure in
flexural capacity. The contribution of nails in flexural stiffness was almost nielgligi

until peak load in this research.

Polyguard with nails also exhibited close to perfect composite behavior. But since we
observed the delamination of only the top UHPC layer and not the bottom layer, even
when interface shear demand was higher than the capacity, further investigation is
required to draw a further conclusion for this interface type.

All provided interface types for CLUHPC composite decks exhibited sufficient flexural
and shear strength to caaysingleaxletruck wheel load and hence can be potential
options for rural bridge decks. The performance of the specimen with eEand

interface was superior in terms of strength and stiffness among the considered
alternatives. Further investigation is required to minimize the deflection, improve the

long-term performance, and enhance the ductile behavihios€omposite system
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4. EXPERIMENTAL DETERMINATION OF INTERFACE SHEAR CAPACITY OF CLT
UHPC COMPOSITE STRUCTURE

4.1. Introduction

Crosslaminated timber (CLT) is gaining significant attention as a construction material
due to its numerous advantages over commonly used alternatives like steel and concrete. These
benefits include sustainability, aesthetic appeal, and an impressivgtist@weight ratio.

Because the layers of CLT elements are built orthogonal to each other, each adjacent layer acts
asareinforcement of the whole panel, which adds dimensional stability and loféeksarrying
capacity in both directiond4]. It has compressive strength comparable to normal concrete and
has superior tensile streng®ince CLT is a timber product, it serves as a {tagh carbon

store, preventing the release of carbon dioxide into the atmosphere through decomposition. CLT
can also be reused or combusted for biomass energy. Other advantages of CLT in construction
include thermal and acoustic insulation, reduced construction time, and minimizge on
construction waste.

Nevertheless, the use of CLT is limited in lesygan structures because of excessive
deflection. The low flexural stiffness of CLT results in higher deflections. The addition of
concrete on top of timbgcommonly known asmberconcrete composite (TCO)as been
identified as a potential solution to improve the stiffness of the structural system by numerous
researcherf32,33,140] The TCC structure is a construction technique in which a timber beam
or deck is connected to an upper concrete flange using various types of connectors. Ina TCC
structure, the best properties of both timber and concrete are exploited: bending and tensile

forces induced by gravity loads are resisted primarily by the timber, while compression is
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resisted by the concrete topping. Meditmlongspan (715 m) floor systems can be

constructed through effective composite action between the two materials, provided by the
interface connectiofl41]. Furthermore, TCC systems provide added benefits such as increased
load-carrying capacity, iplane stiffness, durability, sound insulation, and fire resistance.

This research attempts to use CLT as the timber element of the TCC and replace
conventional concrete with ultt@igh-performance concrete (UHPC). UHPC is a relatively new
cementitious material in the concrete industry, offering higher compressive sticurgthility,
and longterm stability than conventional concr¢d®]. UHPC cementitious materiadonsists of
an optimized gradation of granular constituents, a wateementitious material ratio of 0.25 or
less, and approximately 2% by volume of discontinuous internal fiber reinforcgtfett] The
use of powder and weflraded components helps achieve a high packing density of UHPC
constituents. Interstitial voids between the sand, cement, and quartz particles are filled by silica
fume, which has an aVJ3¥)rage size of |l ess than

The use of CLTUHPC composites asspeciatype of TCC systemwill be more
efficient in terms of load carried per unit seleight compared to ateinforced concrete
systems. Due to its higher packing density than conventional concrete, UHPC has low
permeability, which helps restrict moisture ingress into the @y&rk and enhances durability.

The inclusion of UHPC allows for thinner sections compared to conventional concrete, thereby
reducing the overall weight of the structure. This reduced weight offers additional benefits, such
as lower transportatioexpensesconstruction costs, and foundation costs.

The critical component of all composite systems is the shear transfer between the
combinedmaterials. The connection must be stiff enough to develop the required amount of

composite action with minimal slip at the interface under seten@ conditions. At the same
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time, it must be ductile to prevent sudden failure. Beyond the service limit state, the interface
connection should be capable of sustaining its capacity during prolonged deformations.

The most common type of shear connection for TCC systems is discretetgoevel
mechanical connector dowel connectorshear transfer is achieved through a combination of
dowel bending and withdrawal forces, depending on the orientation of the dowel relative to the
timberconcrete interface. Laterally loaded dowiygde connections, with fasteners inserted
perpendicular tohte member face, are primarily governed by the dowel bearing pressure in the
timber and the fastener's resistance to bending, asrdéesb ed by Joha[hd®lends yi e
This theory was initially adopted by European design specification, later by National design
specification (NDS) for wood construction, and is knowthasEuropeaiYield Model (EYM)
[143,144] In this theory, the effect of end fixity, tension forces in the fastener, and the friction
between the members are conservatively ignored. Kavaliauska§ldisgl Marchi et al[146],
and Mirdad et al[147] extendedl o h a n s e n 6 s[14]ofeirhbér canheetionrby
considering withdrawal resistance of the screws as well as friction of the contact surface in
inclined screws. The study conducted by Kavaliauskas [tdd] predicted the capacity of the
screw using yieldingheory butwas unable to predict precisely the failure mode. However,
Mirdad et al[147] predicted the failure modescuratelyand their strength prediction was
within an average af2% for layered timbeconcrete composite, evéimough bothof their
methods was similar. The potential reason is because Kavaliauskdd45jad.i d nét consi de
the changén strength properties of timber due to screw inclination.

Despite being simple and having easier installation, the connection stiffness of the TCC
system using mechanical dowels is p@&orother method for achievinghprovedcomposite

actionand stiffnesbetween timber and concrete is the usgle¢ oradhesives. Thmost used
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adhesives for structural bonding are polyurethanes and epBxigser et al[148] used twe
component epoxy as a bonding material between concrete and timber components and observed
a stiff connection between them. Negrao ef49] investigated the feasibility @ glued
timberconcretecomposite system with fresh and precast concrete. They aogetlictiorof

shear strength in the composite whiee moisturecontent of timber was increased. Schafers and
Seim[150] extended the concept of adhesively bonded tinsbacrete composite towardira-
high-performance concret&he major concern with adhesive connection was its negligible post
peak loadcarrying capacity despite significant connection stiffness. Kanocz and Bajzecerova
[151] used epoxy adhesives to connect the layers of CLT and concrete and obségiced

connection while performing bending test.

4.2. Objectives and Motivation

Extensive research has been conducted to quantify the interface shear capacity of TCC
systems, but limited studies exist on GUHPC composite systems. Nevertheless, the
mechanics of shear transfer are similar for both TCC and\@HPC composites. The prary
difference lies in the variation of dowel bearing strength across the width of CLT compared to
conventionatimber. Since CLT consists of layers of lumber oriented in orthogonal directions,
the dowel bearing strength varies in each layer dependirgeomdod grain orientation. In
contrastconventionatimber exhibits uniform dowel bearing strength due to consistent grain
orientation.

This paper attempts to utilize hybrid combination of adhesives and mechanical dowels to
improve both stiffness ardlctility for its potential application in bridge decks. Bridge decks are
medium to long-spanstructuresvhere design is primarily guided by deflection criteria, and
which is improved by enhancing the stiffness of the structure. The use of adhesives or glue

increases the strength and stiffness of the connection but provides alrdastiliy, while
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dowelshavelimited strength but higher ductility. Thus, the hybrid connection is expected to
enhance both peak and ppstak performance of the connection. Astpdr e a knbwiedge,6 s
no experiment has been conducted to determine the interface shear capacity using such hybrid
connection in CLTUHPC composite.

This study also validates experimental shear capacityarsimpleranalytical method
for the proposettybrid system. Additionallya novelmethod of interface connection is
introduced in this paper, whea@ artificialfriction source is introduced between the surfaces to
improve the connection strength. In this method, liquid adhesives and sand is mixed to form
adhesive mortaryhich is then rolled on the face of the CLT. The applicatioadbfesive mortar
on the face of CLT provides artificial roughnessl helpsncreasehe frictional force. Frictional
force will contribute to increasing shear strength and stiffimedee systemaArtificial textures
and roughnessavebeen used by several researchi@®,69,152}to increase the interface shear
strength in concrete surface, buh e y  lbeen wilizdd in timber surface.

4.3. Interface Shear Test

4.3.1. Materials

Exterior grade timber screws manufactured by Simfses, SDWH 27400, was used as
the mechanical dowel shear conneciails could have also been used as dowels in this hybrid
connection, but screws offer better withdrawal resistance compared tdrhailscrews used
have galvanizedoating,which will give higher resistance to corrosion and is suitable for
exterior application. Theggartially threadedcrews are 101 mm long wittroot diametepf
6.22 mm (0.245 in.and thread lengtbf 76.2 mm (3 in. The outetthread diameter of the screw
is 10.1 mm (0.398 in.), arttle shanlkdiameter is 7.0nm (0.276 in.). These screws are also
provided witha diameter 23.1 mm (0.91 imjashetead which will aid anchoragevith in

UHPC. The mechanical characteristic of the screw was adoptedfltoe manuf act ur er 6
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catalogue. The tensile load capacity of the screw is 9.12 kN Kih€h andthe bendingield
strength is 1007 MPa (146 k$1)53].

The CLTusedwasnonedge glued, threlyered, V3graded, and made from southern
pine witha totalthickness of 105 mm (4.125 inThe samerade and sized dimensional lumber
were used in longitudinal and transverse layers. The-sexgsn dimension of dimensional
lumber was38.1 x 184mm, commonly called 2 x 8s. The reported average moisture content is

12+ 3%. TheCLT panels used were certifiadcording to ANSI PR&20[13].

SmartWP®, a proprietary UHPC mix desigvas used as the UHPC material in this
research. The fiber volume concentration was se0&t By volume, as suggested by the
producers, and the dimensions of fibers wereni2x 13 mm. A standard horizontal shear
mixer was used for mixing UHPC to ensure a uniform distribution of the steel fibers throughout.
The mix design employed for UHPC is summarizedable4-1.

Table4-1 Proprietary mix proportions for-@ubic meter volume

Components Weight, kg (Ib) Percentage Contributidoy
weight (%)
Premix (Vicat) 59.04 (130.2) 83.62
Superplasticizer (Tempo 10) 0.65 (1.5) 0.92
Accelerator (Sett) 0.23 (0.6) 0.32
Water 5.1 (11.3) 7.22
Fibers (Hiper Fiber) 5.59 (12.4) 7.92

Sikadur32 Hi-Mod, a twecomponent structural adhesive, was selected to bond wet
UHPC with CLT. According to the producerds
of 43 MPa (6.24 ksi) after 14 days of curaighormal temperaturéts pot life is 30 minutes,
which issufficientfor the fabrication process. The spread area of liquid epoxy was set as 1.9 sq.
meters/liter(80 sq.ft./gallon)as pet h e p r mahuat Sikad@B2 epoxy is mixed with

natural sand passing throughS. sieve size 2%0.71 mm) and retained in sieve size 35 (0.5 mm)
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to form the epoxy mortar. The mix proportion of 1:2.5 was adopted based on the judgement of
the researchers.

4.3.2. Moisture Intrusion Test

Before starting the interface shear testallscale testto determinghe moisture
intrusion in CLT after applying liquid epoxy was conduct#dotal of $x smallscaleCLT
specimensvith dimensions 05 in. x 6 in. X 4.125 in(125 mm x 150 mm x 105 mymvere
prepared bypplyingliquid epoxyon all faces. The spread rate of liquid epoxy was 80 sq.
ft/gallon, as per the recommendatiohthe epoxymanufacturer. The moisture specimen was
kept in the water tub for 3 months. The change in weight of the moisture specimen was recorded
daily. After 94 days, the change in weight was betwk’:8% and 33%Tl he reason for such
variationis thatafter around 60 days, the epoxy started cracking and moisture intrusion
increased. To prevent floating thfe specimein water, concrete cylinders were kept on ebp

the specimen as shownhigure4-1.

(a) (b)
Figure4-1 Moisture specimen (@) in water tub, (b) with epoxy cracked surface
Apart from that, six CLT specimens of the same dimension were also keptatertub
later on with epoxy applied only @ghe topand bottonsurfacesThe change in weight of the

specimen was recorded for 50 days. The change in moisture content of all the moisture

specimens and rate of moisture intrusion is presentejime4-2. From the figure it can be
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observedhatthe rate of moisture intrusion was high for tfa@e epoxy coated specimens at
earlier days and it decreased afterwards. For all face epoxy coated moisture specimens, rate of
moisture intrusion was not significant in earlier days, but it is progressergegioxy coating

starts forming cracks.
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Figure4-2 Moisture specimens (a) weight variation percentage, (b) rate of moisture intrusion

The specimens subjectedth® moisturentrusion test were continuously submerged in
the water tub for more than 45 days. Although
however, be concluded that liquid epoxy acta geodsolution for resistance against moisture
attack. Further investigation is required to find the solutions to increase the life of epoxy coating
against moisture attack.

4.3.3. Test Specimen Preparation

The CLT specimen used the interfaceshear test was cériom a4.16mlong by1.14m
wide (164 in. x 45 in.) CLT panel. Each CLT specimen had a length of 405 mm (16 in.) and a
width of 368 mm (14.5 in.). Since CLT was made from 38 x 184 mm dimensional lumber, after
every two longitudinal lumbethe CLTpanel was cut along the longitudinal jointdyandheld
miter saw to obtain the individual CLT specimen.

Thelumberused for CLTis nonglued in the adjacent layer and glued onlyhia

interlayer.During manufacturing, due imperfectionsn lumber, gaps exist between adjacent
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lumber edges. As per PR&20, the edge joint gaps should not exceed 6.4 mm (@) 2hile
edge joint gaps between adjacent lamination edges in other layers shall not exceed 9.5 mm (0.37
in) [13]. When UHPC is poured in CLT, the presence of gap leads to intrusion of UHPC in the
gap and subsequently act as a shear key, resulting in higher interface shear strength. The
dimension othe gapn every CLT block is aariable,and it is difficult to quantify the
contribution of those she&eysin shear strength. Thus, caulk was used as filler to close the face
gap. This approach will not allow formationa&heakey, and results will be conservative.
Although thewidth of the CLT specimen was 368 mm (14.5 in.), UHPC was poured in
only middle 254 mm (10 in.}o allow for instrumentation to measure the interfaigedliring
testing.There is no standard that specifies the dimensions of theUHHC interface shear test
or eventhe timberconcretanterface shear test. Based on experimental tests and results available
in open literature, FPINnovations has propasednimuminterface shear length of 400 mm per
shear plan§l54]. This provisioralignswith the findings of Schafers and S€ib%0], where
they concluded that ultimate shear loads do not increaseadftardength of 400 mm. As per
FPInnovations, the thickness of concretetfier sheatest should béhe samehickness as
concrete on the floor. Usually, concrete thickness in tirabacrete composite applications is
higher than 70 mm when normal concretased,and it can be made lower when UHPC is used
[154]. This provision is based dhe vibrationcontrol requirement for use in buildistabs.
ACI-318[71] requiresthe toppingslab to be at least 64 mm to act as diaphragms and not rely on
composite action with substrate precast elements to resist the design earthquake force. Both
FPInnovations and AG318assumeoncrete irthe toponly, while in this paper, UHPC is

present in both top arlabttom;thus, 32 mm (1.25 in.) thick UHPC is provided at both sides of
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the CLT. It is important to mention that fire resistance criteria might increase the requirement of
UHPC thickness, which is ignored in this paper.

The epoxy mortar prepared was applied with the help of the trowel. After drying of epoxy
mortar, the roughness depth of the texture was evaluated by perfaisamgpatchtest
according to standard proced{it27]. The average roughness depth of the texture was equal to
0.75 mm. Ina concretesubstrate with UHPC overlay, the-88ybond strength requirements as
required by ACI 546.3R were achievetien a0.6 mm texture depth was applied for repair
works[155]. Thus,an averageoughness depth of 0.75 mm was deemed satisfactting iGLT-

UHPC composite system.

The screws were inserted at both sides of thelagered CLT at the spacing of 127 mm
(5in.) as shown ifrigure4-3. Typical UHPC overlay depth usually ranges frordl6B5mm (12
in.) for bridges and buildings. 32 mm (1.25 in.) UHPC depth is provided in this research and 12.7
mm (0.5 in.) screw depth is embedded in UHPC. This is guided by the clear cover requirement in
UHPCI[59]. Sincethe depth of the CLT is 105 mm (4.125 in.) only, the screws cannot be placed
on the same level on opposite sides as they will strike each other. Thus, screws were drilled in
differentelevationson opposite sides. The edge distance and end distance from the screws
satisfied the requirements provided in NDS esmbmmendationsom the manufacturer.

When screws are inserted at an angle, tension or compression forces develop in the
fastener depending on the angle of inclination. Tension force increases the lateral strength, while
compression force decreases it. Many experimental and numerical $isdies51] have
concluded that there is a substantial increase in strength and stiffness when dowels are installed
at an angle to the surface of the wood member, instead of normal to the surface. Depending upon

the angle of inclination, shear connectors can berditltension or in compression. As per
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Bejtka[162], there is no significant difference between tensioncamalpressionthe capacity of

one screw can be doubled. The findings of Bjtk&2] contradictthe findings of Appavuravther

et al.[163] and Taylor et al[164], where they reported low strengths for the inclined screws

when loaded in axial compression. In this research, inclined screws are iratWiedegrees

and loaded in tension only. The screws inclined at 45 degrees provided maximum connection

stiffness while testing screws at varying inclireedylesby Blass and BejtkHL57] in timber

timber connection. The dimension of the specimen is providedjure4-3.

Eg“

(a) (b)

e A

e

(c)

Figure4-3 Longitudinal section of CLITUHPC composite specimen with screw orientation (a)
perpendicular, (b) inclined, and (c) plan of GUHPC composite specimen

4.3.4. Test Matrix

The variable for the current study includesof epoxy mortar and use of liquid epoxy

for bonding the interface. Apart from that, two differerientationsof screws was used to

determine the influence of screw orientation amgiénterface strength. The screw orientation

anglesconsidered in this study is 90 and 45 degrégpically, a90-degreeorientation ofthe

screwwith respect tahe outedayer grain direction of CLT is common and is practical in real

applicationsas well. For observing the vation in interface capacity while orienting screats

an anglethe testmatrix included specimens with screws loaded at an andglg dégreem

tension.
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The test matrix also includedbasespecimen with only screws as well. For the base
specimensa thinplastic sheet was placed in between the CLT and UHPC to practically make
null friction and to obtain the contribution of only screw in interface shear strength. This was
guided by the research conducted 1§5,166] where they used plasticseparation sheet and
polyurethane film, respectively, to avoid the interaction of concretetimitier whileevaluating
the sheacapacity ofthe fastenendowever, for other specimen types, no plastic sheet was
applied at the interface. The details of the test matrix are providezbia4-2.

Table4-2 Test matrix for interface shear test

Specim No. of r Screw Or Description
(degr ec
E 4 NA Liqguid epoxy sij|
EI S 4 45 Liqguid epoxy witt
ES 4 90 Liquid epoxy with
EM 4 N A Epoxy mortar
EMI S 4 45 Epoxy mortar witht
EMS 4 90 Epoxy mortar with
S 3 90 Only screw
I S 3 45 Only inclined

UHPC was poured in tweequencedAt first, the topside of the CLT was poured with
UHPC. It was allowed to cure for 24 hours in standard room temperature and humidity
conditions, after whiclthe formworkwas removed and CLT was flipped. The UH&Wther
side was poured after 7 days. Thdag compressive strength of UHPC was obtained as 107
MPa (15.5 ksi) while performingylindercompressive strength test.

The images of all the sample specimen is presenteédume4-4 to Figure4-6.




Figure4-4 Specimen before UHPC pour (a) EMIS, (b) EMS, and (c) EM

- r

(a)

(a) (b)
Figure4-6 Specimen before UHPC pour (a) IS, and (b) S

4.3.5. Test Setup

The interface test specimens were tested in Large Scale Structures Laboratory at the
University of Alabama. The columns of the reaction frame weretpastoned using 31.75 mm
(2.25 in.) diameter higltrength threaded bars usiadpollowcore hydrauligack. Each column
of the reactiorframe was postensioned 400 kN (90 kips). The specimens restezigpecially
built UHPC chair,which is shown in the figure below. The UHPC used for mathegchairhad
a compressivetrength of 131 MPa (19 ksi) in 28y#aThe entirespecimen was supported ag
I-shapedsteel column 686 mm (27 in.) tall and had end plates 25.4 mm (1 in.)Ahlic&d cell
of capacity 1780 kN (400 kips) was utilized to record the applied load. On top of load cell 381 x
381 x 38.1 (15 x 15 x 1.5 ing) thickbase steel plate wataced,above which UHPC chairs and
the specimemvere rested. UHPC chairs warlampedo the steel basglate usingoipe clamps
to protect thdloor in case ofa sudderall of the chair. Two steel loadirgatesof thickness

63.5 mm (2.5 in.) in total was kephthetop, covering the entire area of the CLT.
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Ten pairs oLED markerswere attachetb the front face of the specimen at equal
spacing. The NDOptotraksystem recorded 3D coordinates of the LED markers at a frequency
of 10 Hz. The difference in the coordinated BD markerswas utilized to measure the interface
slip of the interface. Additionally, ten pairs of 12.7 mm (0.5 in.) dots were drawn bad¢kside
of thespecimenandphotograph®f the dots were taken every second. This approach is known
asphotogrammetry anbdased on the position of than every second, interfasép anddilation
was calculated. Photogrammetric dots were additional backup instrumentatierGptotrak
system.

Loading was applied usiraghydrauligack of 890 kN (200 kips) capacity. Jack was
pumped manuallyA pressuresensor was attached to monitor the pressure of the oil in the jack.

The image of test setup is presentefigure4-7.

Figure4-7 Interface shear test setup details
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4.3.6. Test Results and Discussion

This section presents the test results of all specinsénse peak load for all specimen
types occurred before 25 mm (1 in.), load vs slip relation is curtailed at that point. There is not
any limit defined by codes ithe USregarding maximum slip in CLUHPC composite or even
in timberconcretecompositethus, EN 26891 iseferred towhich states maximum allowable
slip as 15 mm (0.6 in.) in timb@&@oncretecompositg167]. Hence, curtailinghe graphat 25 mm
(2 in.) is reasonable.

The load vs slip diagram of EMIS, EMS, and EM specimen is summarizegure4-8.

Slip (in.) Slip (in.) Slip (in.)
0 025 05 075 1 0 025 05 075 1 0 025 05 075 1
8004——t Lo 1 . L0 800f——Ll 1 o 1 . L4g0 800 ——L 1 L+ 180
—_ EMIS1 —_— EMS1 — EM1
'f' emis2| 1 'f' — Emsz2[ | 'f' — Emz [
135 _ 600 — Emsal135 _ 600 — Emas 135 _
z L & z ] — EMs4 | & z | — ema } 2
= = = = = =
2 90 g @ 400 90 :.3' @ 400 90 :.3'
S - 5 o - 5 A - 5
Las & % 2001 a5 * 200 -4
L B N E e Ot T 7 71 1°0 O T 771 1°0
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Slip (mm.) Slip (mm.) Slip (mm.)
| (a) (b) (c)
Figure4-8 Force Vsdlip result for (a) EMIS specimens, (b) EMS specimens, and (c) EM

specimens

FromFigure4-8, it can be observetiatall EMIS specimengxhibited stiff behavioup
to around 200 kN (45 kips) load after which stiffness decreased slightly. The high stiffness at the
beginning is due to high stiffness of the epoxy mortar and inclined screws. After breaking of the
epoxy mortar bond on both shear planes around 300 kN (&) kad starts dropping and
inclined screw on both faces now continues to go in withdrawal action. Even at 25 mm (1 in.)
slip, inclined screws were able to resist around 100 kN (22.5 kips) shear load. Fheglost
strength dropped steeply in these apens. EMIS4 specimen wascidentlyloaded in
compression thus ités result is not presented
The EMS specimen types also exhibited stiff behavior like EMIS. The EMS3 specimen

didnét show any sudden reduction in | oad afte
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bondbrokeat the same time and screw started taking the load in this case. In EMS4, first bond
brokeat 208.6 kN (46.9 kips) and second bonokierat 422.6 (95 kips). There was a sudden slip
after 422.6 kips (9kips), after which screw started taking the load. Alike in EMIS specimens,
screw started taking load after breakihg epoxymortar bond in EMS specimens as well.
However,pospeak strength didndét degrade as rapidly
The EM specimen displayed high variability in load with the roughness of the interface.
Surprisingly, EM1 failed at only 60 kN (13ksps), while EM3 and EM4 carried more than 311.4
kN (70 kips) load even though the roughness depth of the specimen varied l&8eand
0.81 mm. The reason behind this is because the epoxy mortar bond was strong for EM3 and EM4
specimensand for failure it had to shear some portion of wood as Whis is illustrated in the
failure imagesThus, only EM1 and EM2 displayeulire interface failure.
The dependance of bond strength on the roughness depth of the epoxy mortar is presented
in Table4-3. Interface shear strength is calculated as the ratio of half the peak load divided by
area of asingleshear plane.

Table4-3 Dependance aépoxy mortabond strength with roughness depth

Speci Epoxy Epoxy Peak loilnterfa Mi ni mur
Type bond mortar (kips) capagciMt Roughnes
capacik stren (psi ) obBhear, |
(ki ps MPaps ( mm(in.)
EMI S NA N A 312.9 ( 1.52 (. 0.69 (0O
EMI S NA N A 340.9 ( 1.65 (. 0.7 (0.
EMI S NA N A 336.5 ( 1.63 (. 0.69 (0
EMI S. NA N A 312.9 ( 1.52 (. 0.65 (0O
EMS1 NA N A 322.3 ( 1.56 (. 0.72 (0O
EMS 2 NA NA 265. 8 ( 1.29 (. 0.7 (0O
EMS3 NA N A 266. 7 ( 1.29 (. 0.7 (O
EMS 4 NA N A 422.3 ( 2.05 (. 0.87 (0O
EM1 60 (1. 0.29 ( 60 (13 0.29 ( 0.68 (O
EM2 150.7 ©0.73 ( 150.7 ( 0.73 (. 0.75 (o0
EM3 323.6 1.57 ( 323.6 ( 1.57 (. 0.81 (0O
EM4 327.6 1.59 ( 327.6 ( 1.59 (. 0.76 (0
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Numerical model relating minimum roughness depth and bond strength is formulated using
the experimental data from EM1 and EM2, which is represented in eqdatiowhere,c is
cohesion strength (MPa), anis minimum roughness depth (mm).

O T8 w0 eg i T Y 41

The load Vs slip graph of the EIS, ES, and E specimen is presented in figure below. EIS
speci men was extremely stiff, and UHPC | ayer
kN (160 kips) load. The test was stopped at that point because the réacties were post
tensioned only upto 801 kN (180 kips). So, applying load beyond 801 kN (180 kips) could lift
the reaction frame and damage the test setup. Only EIS2 specimen break at 703 kN (158 kips)
and severe crack in UHPC was observed. 712 kN (38 load corresponds to average shear
strength of 3.45 MPa (500 psi) for CHTHPC composite system which is almost 10 times the
design shear strength of V3 grade JUB]. The design shear strength of V3 gr&id is 55
psi[13]. So,whenEIS is used as interface medium between CLT and UHPC for any flexural
structural member, CLT would fail in shear before interface failure would occur.

Similar observationss in EIS specimens were observed for ES specimens. Apart from
ES2 specimen, test was stopped at 712 kN (160 kips) for all ES specimens. Only ES2 failed at
667 kN (150 kips)whichwas brittle and sudden drop of the load was observed. The UHPC
pieces were still intact, artdey wereheld by the screws.

The failure of the E specimen was highly brittle. E1 failed at 649.5 kN (146 kips) load
while E2 failed at 720.6 kN (162 kips). The failure of E2 specimen resulted in damage in test
setup and instrumentation layout. Thus, as a precaution, E3 and E4 wesded beyond 534
kN (120 kips). The E specimen was relativelgre flexiblethan EIS specimens, which means
there is stiffness contribution by inclined screws in EIS specimens. Since only two specimens

were loaded till failure, the ultimate bond stréngbserved was approximately 3.31 MPa (480
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psi). It canbe concluded that ultimate bond strength of the liquid epoxy was observed as at least

2.58 MPa (375 psi) corresponding to 534 kN (120 kips) load. The load vs slip diagram of EIS,

ES, and E specimen is summarizedrigure4-9.
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Figure4-9 Force Vsdlip result for (a) EIS specimens, (b) ES specimens, and (c) E specimens

As expected, S specimen showed ductile behavior compared to IS specimens. This is

because, S specimens exhibited bending while IS specimens underwent withdrawal.-The post

peak degradation of IS specimens were steeper than S specimen. The stiffnessedfsnotiws

is observed higher than perpendicular screws. This aligns with the observation made by Blass

and Bejtkg157] where they observed upto 12 times difference in connection stiffness while

testing perpendicular and inclined screws at 45 degrees in ttmii@@r connection. Maximum

load capacity of S specimen was 169 kN (38.0 kips) with standard deviation of 0.6[&%6 whi

maximum load capacity of IS specimen was 243.3 kN (54.7 kips) with standard deviation of

1.56%. The load vs slip diagram of IS and S specimen is summarizeyline4-10.
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Figure4-10 Force Vsdlip result for (a) S specimens, and (b) IS specimens
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The summary of the peak load and interface shear strength capacity of EIS, ES, E, S, and
IS specimen is provided ihable4-4.

Table4-4 Summary of peak load and interface shear capacity of test specimens

Speci rmen Peak, | bHd( | nter face ,MBRB gagri
ElI S1* 712 (160 N A
El S2 703 (158 3.4 (493)
El S3* 712 (160 N A
ElI S4* 712 (160 N A
ES1* 713 (160 N A
ES2 666 (149 3.2267)
ES3* 714 (160 N A
ES4* 715 (160 N A
E1 649 (146 3.14 (455. 3)
E?2 721 (162 3.49 (506.1)
E3* 534 (120 N A
E4* 534 (120 N A
S1 168 (37. 0.81 (117.5)
S2 173 (38 0.84 (121.8)
S3 167 (37. 0.81 (117.5)
| S1 249 (56) 1.21 (175.5)
| S2 235 (52. 1.14 (165. 3)
| S3 246 (55 1.19 (172.6)

The separation of UHPC layer with CLT block is termed dilation in this paper. The
dilation is calculated from the difference in the coordinates between adjacent LED markers.
Coordinates of top LED markers are used for calculation of dilation. From thiagetshear test
it was observethatthe specimen with inclined screws dilated more than screws driven
perpendicular. The force and dilation relationship between EMIS, EMS and IS, S is presented
below. EIS, ES, and E specimens experienced dilation lasOth mm, thus is not reported

here. After pospeak load, inclined screws undergo withdrawal action while perpendicular

2* Test stopped for protection of instrumentation
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screws undergo bending. Thiesulted irhigher dilation in specimens with inclined screws. The

Force Vs Dilation results are summarizedrigure4-11.

Dilation (in.) Dilation (in.) Dilation (in.) Dilation (in.)
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Figure4-11 Force Vs Dilation for (a) EMIS specimens, (b) EMS specimens, (c) IS specimens,
and (d) S specimens

The failure picture of all the representative specimen types is preserftagliig 4-12,

Figure4-13, andFigure4-14.

(a) (c)
Figure4-12 (a) UHPC failure in EIS2 specimen, (b) Interface failure in ES2 specimen, and (c)
Shear failure chunking out the outer layer of CLT in E2 specimen

(b)
Figure4-13 (a) Interface slip and dilation observed in EMIS3 specimen, (b) Interface slip in
EMS1 specimen, (c) Shear failure chunking out patches of outer layer of CLT in EM specimen
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(b)
Figure4-14 (a) Interface slip observed in S1 specimen, (b) Interface slip with dilation observed
in IS1 specimen

4.4. Analytical Model for Prediction of Interface Shear Strength

The simple analytical model for prediction of interface shear strength is proposed in this
paper. Johansendés yield theory cannot be dire
as it does not consider friction contribution. Assumption of negédriction was valid for
timbertimber joint, and even to concreienber joint to some extent but when artificial
roughness is introduced in the interface plane, contribution of frictional force in interface shear
strength cannot be ignored. When simgaforce acts in CLFUHPC-composite with rough
surface, both CLT and UHPC tends to separate out from each other which is known as dilatancy.
Dilatancy will cause tension in screw crossing the shear plane which is balanced by equal
compressiol68]in the UHPC across the plane. This creates clamping pressure and introduces
frictional resistance to the shear force, alsferred toas shear friction. Depending on the
inclination of screw with interface plane, clamping pressure can be tensile or compressive, which
will either increase or decrease the interface shear strength.

For developing analytical model, following assumptions are made: (1) idealized rigid
plastic behavior of timber in bearing, (2) idealized Hpldstic behavior of screw in bending,

and (3) screw part in UHPC is fixed so that no deformation exists. Takzetbrigidplastic
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behavior of timber in bearing and screw i
theory.

Failure in CLFUHPC composite will occur through occurrenceiafyie plastic hinge at
the interfaceThe penetrated screw in the CLT rotates as a stiff member and exerts dowel
bearing pressure in CLThe rigid behavior of screw in UHPC will result development of
withdrawalforce Fw), bearing forceKy), and bending moment/) in screw at the interfacéy
is withdrawalstress distribution whil& is bearing pressure distribution. The cohesion strength
between the twenaterialss defined a$-. In equationg}-2 and4-3, d is the outer diameter of
the screw, antlis the adjusted penetration length of screw in CLT, which is penetrated length
excluding tip of the screvil.he tip length of the screw is keptcas according to NDS.

O "QQa 4-2
O QQa 4-3

Figure4-15 shows the stress distribution in CIJHPC screw connection when screw is

yielding at the interface. Based on equilibrium of forces at the interface between CLT and

UHPC, the ultimate shear loatD( can be generalized as equatibh.

Fuis‘ <\ v .’

Figure4-15 Stress distribution in CL-UHPC screw connection with yielding of screw at the

interface
"O O "OAIll O 'OOET * 'OOET OAT1 O 4-4
"O O OAILO ‘OET OOET ‘Al O 4-5
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Expressing equatioft5 in terms of bearing pressure distribution, withdrawal stress
distribution, and cohesion strengthwe get equatiod-6, where,' is coefficient of friction
between the interfaces, aAglis area of interface.

O W QAT O OET "QQOET ‘Al O 4-6

Yielding of screw will occur at the interface of CWTHPC composite. Using
equilibrium of forces at the interface point, yield moment of screw is obtained as egd@tion

0 MO 004 »w w a wig 4-7

Solving forx, we get

& ar b 7700 48
Therefore,
O "Mw QQa w 4-9
. . . o o . 4-10
O "QQc¢ afg 0 FQQ «
Putting value ok from equatio-8 to equatiord-6, we get,
4-11

O @ QQAIN O *OET QQc¢ afg 0 ¥QQ a OFEI
‘Al O
Thus, for predicting the interface shear capacity of the connection, dowel bearing strength,
withdrawal strength, cohesion strength, and bending yield moment of the screw is required.

4.5. Dowel Bearing Test

Since CLTis a layeredoroduct of longitudinal and transverse layers, the dowel bearing

strength is different between these lay&rse dowelbearing strength dimberdepends othe
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specificgravity and diameter dhe dowel17]. It is higher when dowels are oriented parallel to
the woodgrain,while it is lower when it is oriented perpendicular to wood grain.

Before dowel bearing tests, sections of the CLT panel were cut and tested for moisture
content using ASTM D44420[169] and specific gravity using ASTM D239 [170]. Five
replicates of the specimen of size 76 x 76 x 104.8 mm (3 x 3 x 4.125 in.) were subjected to
moisture and specific gravitgsts.The average moisture content of all CLT samples3@%b,
and the average ovatry specific gravity was 0.540. The specific gravity value was 1.7% less
than the specific gravity for southern pine given by the NDS. Based on the sinnilaitycific
gravity value, the NDS value of 0.557] was used for reference during the experiment.

The dowelbearing strength test was performed accordirtgedaltholetest procedure
in ASTM D5764[171]. The screwwas tested both parallel to the grain and perpendicular to the
grain orientation of the timber with five replicates each. The thickness of the specimen was equal
to the thickness of the individual layer in CLT. These pieces were cut from the same $ource o
CLT used inthe interfaceshear test. The tests were conducted at a constant displacement rate of
1 mminin a standara@losedloop MTS testing machinélhe load and displacement were
recorded during theests,andthe acquirediata were analyzed. The dowel bearing strength, also
known as 5% offset yieldtrengthwas determined by drawing a line parallel to the initial slope
offset at a distance of 5% of the fastener diameter. The point of intersection of the slope offset
line with the loaedisplacement curve is called dowsaring strengtfil7,143,144]Figure4-16

shows the test setup of the experiment and the definition of dowel bearing strength.
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Figure4-16 Dowel bearing test setup for CLT individual layer (a) parallel to the grain, (b)
perpendicular to the grain, and (c) Definition of 5% yield load as dowel bearing strength

The dowel bearing strength was calculated using equétidwhere,”O s the yield

load,d is the outer diameter of the screw, amslthe width of the specimen.

.~ O 41 2
Q Qo
Dowel bearing strength couldndét bhe det er mi

laboratorybecause of resourdienitations.When dowels are inclined at an angle with wood

grain, NDS suggests using Hankinsondés formul a
applied in thigpaper.In equatiod-13, 'O is dowel bearing strength of timber when it is loaded

at an angles—is the angle between the direction of load and direction of g&@in, is dowel

bearing strength of timber parallel to the grain, @ is dowel bearing strength of timber

perpendicular to the grain.

- On Oy 4-13
0o, OE}R Oy Al &

To simplify the calculation of capacity the analyticamodel,the averagelowel bearing
strength of entire CLT was also determined. Eight replicates of entire CLT was festailar
test procedure as explained fbe individuallayer wasadoptedand dowel bearing strength was

calculatedusing thes% offset diameter method. For entire CLT specimen, only threaded length
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i.e., 75 mm (3in.), was inserted in the half hole. Mean widthyas calculated by excluding the
tip length. Tip length is kept abas according to NDS.

The summary of dowel bearing strength is presented imdhk4-5. The dowel bearing
strength for entire CLT is used in analytical prediction depending upon the screw orientation.

Table4-5 Summary of dowel bearing strength test

Specimen Screw Mean Mean width, Mean COV  Obtained

type Orientation  diameterd, t, mm (in.) strength, (%) from
mm, (in.) MPa, (ksi)

Individual Parallel 10.1 (0.4) 34.4(1.35) 37.0(5.4) 15.0 Experiment
layer

Individual Perpendicular  10.1 (0.4) 326 (1.3) 32.4(4.7) 17.3 Experiment
layer
Entire 45 degrees 10.1 (0.4) NA 34.5(5.00) NA Hankinsons
CLT formula

[17]

Entire  Perpendicular  10.1 (0.4) 66.0 (2.6) 34.8(5.6) 21.6 Experiment
CLT

The average dowel bearing strength perpendicular to the grain was around 87% of the
strength parallel to the grain. This result is similar to the observation made by Hindman et al.
[172] while determininghe dowebearing strength of 12.6 mm screw in southern pine CLT with
almost similar moisture content and specific gravity of Gdihdman et al[172] observed that
the dowel bearing strength perpendicular to the gra09s of the bearing strength parallel to
the grain.

4.6. Withdrawal Strength Test

Withdrawal strength of screws was determined experimentally when screw was driven
perpendicular tohe sideface and perpendicular tbe endgrain of CLT lumber. Withdrawal
strength of inclined scr ewslimtatooihtidenlabdratobye det er
resourcs. The withdrawal strength depends on the diameter of the screw and specific gravity of

the timber. The screw tip offers negligible resistance in withdrawal strength. Hence, screw tip is
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also neglected while determining withdrawal strength. The withdrawal strength test of screw was
conducted according to ASTM D1761. The screw was inserted perpendicular to the side face of
CLT. The dimension of the test specimen was 406.4 x 152.4 x 104@6wx6 x 4.125n.),

where the screw was placed in the middle of the specimen. These pieces were cut from the same
source of CLT.

The screwwas driven through a holed HSS section and steel washers, 12.7 mm (0.5 in.)
thick combined, and into the CLT. The HSS section was attached to the hydraulic jack through
threaded rods and end nuts. Load was applied manually aisiydyrauligack, andthe applied
load was measured by 222 kN (50 kips) load cell continuously. The steel chair was used to
support the load cellhe entiresetup rested in the wide flangeaddteel beam. The withdrawal
displacement was captured using photogrammetri& Bobtographsf dots was taken every
secondand withdrawal displacement was calculated baseatiedifferencen the relative
position ofthe dotsThe mean density of the CLT used for withdrawal strength was 525 kg/m
(33 pcf)with 8.8% moisture content.

Displacement (i) Displacement (in)

0 02 04 06 038 0 02 04 06 08
PR PR IR I S I NP I B Y

— 5P
5P2
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- sP2 L -
20 - 20 — 5P3
— — sP4 — — 5P4
z 1/ — s[4 8 — s [4
< 154 | = 15
8 104 5 10

0 L e s s e — T —TT
0 5 10 15 20 0 5 10 15 20
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(a) (b) (c) (d)

Figure4-17 (a) Test setup for withdrawal test of screw, (b) Zoomed view showing screw
withdrawal during test, (c) Force vs displacement graph for screw withdrawal perpendicular to
side face, (d) Force vs displacement graph for screw withdrawal perpendicular taiand g

Force (kN)
Force (kips)

The withdrawal strength was calculated using the equdtibh where'O s the

maximum loadd is the outer thread diameter of the screw @isdhe adjusted penetration
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length. The adjusted penetration length is the penetration length excluding the length of the tip of
the screw, which is 3.1 in. The summary of the withdrawal strength obtained is presented in
Table4-6. Higher variation in withdrawal strength was observed for perpendicular to end

grain insertion, which is expected.

4-1 4

Table4-6 Summary of withdrawal test

Speci me Screw Or Maxim Withdr Me an Cov (¢
Perpendi Forc Streidgistr eMRd
(O ) ,kN MPa (k (ksi)
(ki ps)
SP1 Side f¢15.9 6. 34 (
SP?2 Side f¢ 20. 3 8. 07 (
SP3 Side f¢ 19. 8 8 (1. 8. 08. ¢ 16. 1
SP4 Side f¢19. 8 8 (1.
SP5 Side fi:25.1 10 (1
SPT1 End gre 22.1 8.75 (
SPT2 End gre 12 (2 4.75 (
SPTS3 End gre 22.6 9. 03 ( 6. 0. ¢ 38. 2
SPT4 End gre 11.1 4. 41
SPT5 End gre 11.1 4. 41 (

NDSdoesnot

angle.The withdrawaktrength of the screws at an angle is thas wherinserted perpendicular

to the sideface[145].

withdrawal strength for screws inclined at 45 degrees, which was obtained as 7.03 MPa (1.02

ksi).

4.7. Comparison With Theoretical Prediction

Hanki

nsonos

f o r md-13avas utpizedty dbtdire tde

The observed interface capacity froime experimenivas compared with the analytical

model provided in equatioft11. Yielding of the screws was observed for both perpendicular

and inclined screws at the interface. For roughness depth small&:4tmam (0.25 in)., friction

10¢
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coefficient,' , of 0.6 is adopted frorthe AASHTOLRFD UHPC codg62]. Cohesion strength,

& is determined from the minimum measured roughness depth using edu&ti®he cohesion
strength is kept as zero when the interface between the UHPC and CLT is covered by plastic
film. The bending/ield moment of screw is calculated from the bending yield strength provided
by the manufactureaind is computed froraquatiord-15.

0 0z Q To 4-15

The numerical values of different variables used in equdtibhis adopted from
previous sections describe d earlier and summariz€dbite4-7. The comparison of the
predicted interface shear capacity from the analytical model and experimental capacity is
presented iTable4-8.

Table4-7 Summary of numerical value of variable used in numerical model

Variables Numerical value Remarks

o mm (in.) 78.74 (3.1) For all specimen

Q mm (in.) 10.1 (0.4) For all specimen

0 , kKN-mm, (kip-in) 40.43(0.36) For all specimen

0 ,sg.cm, (sq.in) 1032.25160) For all specimen
"QhMPa, (ksi) 8.08 (1.2) For S and EMS specimen
"Q, MPa, (ksi) 7.03 (1.02) For IS and EMIS specimen
"Q, MPa, (ksi) 34.8 (5.05) For S and EMS specimen
"Q, MPa, (ksi) 34.5 (5.0) For IS and EMIS specimen
‘ 0.6 For IS and EMIS specimen
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Table4-8 Comparison of experimental capacity and predicted capacity

Specimen ID Cohesion Predicted Experimental Deviation (%)
strength €), capacity kN, capacity kN,
MPa, (psi) (kips) (Kips)
S1 0 146.3 (32.9) 167.7 (37.7) 12.7
S2 0 146.3 (32.9) 172.6 (38.8) 15.2
S3 0 146.3 (32.9) 167.2 (37.6) 12.5
IS1 0 253.5 (57.0) 248.6 (55.9) -2.0
IS2 0 253.5 (57.0) 235.3 (52.9) -7.8
1S3 0 253.5 (57.0) 245.5 (55.2) -3.3
EMIS1 0.37 (53.7) 357.2 (80.4) 313.1 (70.4) -14.1
EMIS2 0.42 (60.9) 367.4 (82.7) 341.2 (76.8) -1.7
EMIS3 0.37 (53.7) 357.2 (80.4) 336.7 (75.8) -6.1
EMIS4 0.1 (14.5) NA 312.9 (70.4) NA
EMS1 0.55 (79.8) 259.3 (58.3) 322.5 (72.6) 19.6
EMS2 0.43 (62.4) 234.4 (52.7) 266 (59.9) 11.9
EMS3 0.43 (62.4) 234.4 (52.7) 266.9 (60.1) 12.2
EMS4 1.49 (216.1) 452.4 (101.8) 422.6 (95.1) -7.1

FromTable4-8, it can be observed that analytical model is within 15% of the

experimental result except for EMS1. The strength prediction was observed to be more accurate

when screws were inclined rather than when they were perpendicular.

4.8. Conclusion

Thirty interface shear tests were conducted to investigate the interface shear capacity of

CLT-UHPC composite in which screw, epoxy, epangrtar, or those in combination were used

asinterfaceconnection. Using epoxsnortar only as an interface connection proved to be highly

unpredictablewith capacity depending significanthn roughness depth. Superior strength was

observed while using epoxy mortar wgbrews Postpeak strength degradation was less steep

and fairly ductile when screws were orientedpoeadicular rather than inclined screws in epoxy

mortar specimens. Becausdiafitationso f t h e

facilities, i

nterface

determined for specimens involving epoxy and hybrid combination of sepewy. But the

interface shear strength of the specimen involving epoxy was nearly ten times the design shear
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strength of CLT. Thus, if liquid epoxy is usedaasinterfaceconnection in CLFTUHPC

composite structure subjected to-ofiplane bending load, like building slabs and bridge decks,
the failure of CLT will govern the design rather ttiaa interfaceshear capacityrinally, the
simplified analytical model for predicting interface shear capacity showed good agreement with

the experimental results, with a deviation of less than.20%
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5. PERFORMANCE EVALUATION OF CLTUHPC COMPOSITE DECK UNDER
FATIGUE LOADING

5.1. Introduction

Bridges are crucial components of the transportation system. Bridge failure can lead to
considerable loss of life and economic damage. The bridge deck, whether made of concrete or
timber, is especially prone to deterioration caused by prolonged exposarsiioclimatic
conditions, repeated loading cycles, and direct vehicular impacts. Bridge decks must be built to
provide acceptable safety and durability throughibeir service life under both static and
fatigue loading circumstancgk73].

Fatigue is the tendency of a material to break, or the process of damage accumulation,
under cyclic loading174]. Approximately 8090% of structural failures are generated by fatigue
mechanism§l75], hence, fatigue plays an important role in engineering design. Extensive
research has already been dondatigue behavior of concrete bridge decRsveral parameters,
like loading magnitude, loading eccentricity, loading frequency, loading methods, stress ratio,
loading sequence, reinforcement ratio, punching shear capacity, and material properties, affect
the fatigue performance of bridge dedksio and Farhavesummarized research conducted
around the world related tbe fatigueperformance of RC ilge deck$176].

In contrast to concrete bridge decks, no previous research has been found on the fatigue
behavior of timber bridge decks. However, a few studies have addressed the fatigue behavior of
timberconcrete composite bearfi¥7,178] The anisotropic and viscoelastic properties of
timber, along with its hygrexpansion tendency and mechawoptive behavior, make the

prediction of fatigue performance extremely complex. As a natural material, the fatigue behavior
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of timber is also significantly influenced by its microstructimeluding growth rings and

defects such as knots and fiber deviatjovtsich affect fatigue crack initiation and propagation
[179]. To date, our understanding of the fatigue behavior of timber structures is primarily derived
from experimental testing conducted at various s¢aio].

5.2. Background on CLT and UHPC

CLT was developed in Europetime 1990sand has since been introducedha global
market. It is a massmber product wheran oddnumber of lumber boards are stacked in
orthogonaldirectionsand glued together on their wide fa¢Bgically) andsometimes otthe
narrow faces as wellL3]. The crosswise layering gives highplane dimensional stability and
high in-plane and oubf-plane strength and stiffnefls81,182] The CLT panel typically has a
width up to3 m (10 ft), a length ufm 18 m (59 ft), and a thickness of-800 mm (316 in.). It is
being used in various elements of buildings and bridges in Europe, while there aadewly
high-rise buildings where CLT is used the US.CLT wasintroduced irthe International
Building Code(IBC) in 2015 AD, which now allows CLT to be usedii@ construction of
buildingsupto 18stories tallHowever, its t i | | been ;mduded ithe USbridge design
AASHTO LRFD code[19].

UHPC was also developedtime 1990swhich consistof portland cement, fine
aggregates, silica fume, steel fibers, water, and admixtures. The constituents of UHPG are well
graded thus,it has high packing density. UHPC has high compressive strength, high tensile
strength, and low permeability compared to conventional concrete. For a concrete to be classified
as UHPC, it should haveminimumcompressive strength of 120 MPa (17.5 ksi) amdinimum
tensile cracking strength of 5.2 MPa (0.75 k&B).

The FederaHighway Administration (FHWA) began working with states to consider

UHPC deployment in bridges since 2003. Sitian,more than 400 bridges have incorporated
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UHPC[183], mostly for fieldcastconnectiondetween prefabricated components or for
preservation and repair. Currently, it is being usedhferconstructiomft h e b primdrg e 6 s
structural components as well. Recently, AASHTO issugdidespecification for structural

design with UHPC, which highlights its wide application in the industry.

Portland
Cement

Figure5-1 (a) Orthogonal layup of lumber in CLT, (b) Typical composition of UHPC

5.3. Objectives and Motivation

The urgent need to replace, repair, and retrofit aging bridge decks has led to a growing
interest in accelerated bridge construction (ABC), in which modular bridge decks are fabricated
off-site and installed rapidly esite. Advancing this concept, the peat study introduces a
novel modular bridge deck system composed of a hybrid combination ofl@naissited timber
(CLT) and ultrahigh-performance concref® HPC) andnvestigates its fatigue performance.

Key advantages of CL-UHPC composite decks inclag high strengtto-weight ratio, reduced
transportation and substructure costs, and promotion of sustainable, green infrastructure.

This paper has two main objectives. The first objective is to evaluate the fatigue
performance of the CLLUHPC composite deck. Two reduesdale specimensne with three
layered CLT and the other with fisklayered CLTwill be constructed, and their fatigue
performance will be assessed experimentally. Fatigue loading will follow the AASHTO LRFD
Bridge Design Specificatiorj49], and the results will be compared against current design

standards. The second objective is to analyze the performance of the joint connection between
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adjacentdeck panels. The joint between two deck panels is rectangular in shape and is composed
of UHPC and screws. Both longitudinal and transverse gainhections artested in this
research.

5.4. Fatigue Test
5.4.1. Materials

The CLTusedwasnonedge glued, threlyered, V3graded, and made from southern
pine witha totalthickness of 105 mm (4.125 inThe samerade and sized dimensional lumber
were used in longitudinal and transverse layers. The-sextsn dimension of dimensional
lumber was38.1 x 184mm, commonly called 2 x 8s. Thember was not glueth the narrow

face and glued only in the wide face. The reported average moisture contesit is3%2 The

CLT panels used were certifiagcording to ANSI PR&20[13].

SmartlP ®, a proprietary UHPC miwas used as the UHPC material in this research.
The fiber volume concentration was set & per volume, as suggested by the producers, and
the dimensions of thigbers were 0.2nmx 13 mm(0.0079 n. x 0.5 in.) A standard horizontal
shear mixer was used for mixing UHPC to ensure a uniform distribution of the steel fibers
throughout. The mix design employed for UHPC is summariz&alble5-1 .

Table5-1 Proprietary mix proportions for-@ubicmeter volume (Vicat)

Components Weight, kg (Ib) Percentage Contributidoy
weight(%)
Premix 59.04 (130.2) 83.62
Superplasticizer (Tempo 10) 0.65 (1.5) 0.92
Accelerator (Setl) 0.23 (0.6) 0.32
Water 5.1 (11.3) 7.22
Fibers (Hiper Fiber) 5.59 (12.4) 7.92

Cylinder testing was done to confirm the compressive strength of UHPC begore

specimen was testedihe averag@8-daycompressive strength of UHPC was 22 ksi.
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Sikadur32 Hi-Mod, a twecomponent structural adhesive, was selected to bond wet
UHPC with CLT. According to the producerods te
of 43 MPa (6.24 ksi) after 14 days of curaighormal temperaturéts pot life is 30 minutes,
which is enough for the fabrication process. The spread area of liquid epoxy was set as 1.9 sq.
meters/lite80 sq.ft./gallon)as pet he pr mahuat er 6 s

5.4.2. SpecimenPreparation

Both threelayered and fivdayered CLT used ithe fatiguetest was 4.16n x 1.14m
(164 in. x 45 in.). The screws were inserted at everynQ(B2 in.) distancén boththe
longitudinaland transversdirections.A 32 mm (1.25 in.) thick UHPC layer was applied to both
the top and bottom surfaces of each specimen.

Figure5-2 to Figure5-4 provides the longitudinal and cressctional dimensions of both

five-layered and threlayered CLFUHPC composite deck specimen.

Figure5-2 Longitudinal section of fivéayered CLFUHPCdeckspecimen

T/l—uupc Layer

1
45

Figure5-4 Crosssection details of CLTUHPC deck specimen (a) fivayered, (b) thre¢ayered

Dimensional lumber was used to construct formwork. For each specimen, UHPC was

poured in a sequential manner. First, the bottom UHPC layer was poured and allowedite air
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for two days, after which the formwork was removed. The specimen was then flipped upside
down using straps and an overhead crane, and the formwork for the top layer was prepared. This
pouring sequence reflects the typical construction practice used idandduak panel

fabrication. Prior to pouring the UHPC, a liquid epoxy adhesive was applied to the surface of the

CLT deck, and the UHPC pour was completed within the pot life of the epoxy.

I )

l/

Figure5-5 (a) Formwork before UHPC pouring, (b) UHPC pouring in composite deck specimen

5.4.3. Test Setup anifethodology

This section presents the details of the test setup, instrumentation, and equipment used to
operate and monitor the performanceha compositeleck. 156 kN (35 kips) rated closkmbp-
servehydraulic actuators were used to conduct fatigue experiments with load control protocols.
At the hinge othe actuatora UHPCblock of dimensior25 cm x 25 cmX0in. x 10in.) was
attached to adjust the heighttbé tessetup.The UHPCblock ultimately loaded the specimen
through al3 mm (.5 in) thick neoprene tber pad.

The deck specimen was supported on three steel support pcksenting &awo-span
continuous slab system. Each effective span was 1.83 m (6 fteanaD.25 m (10 in.) overhang
on either side. The width of the specimen was 1.15 m (45 in.). A 25.4 mm (1 in.) thi2ZR&&d

mm (8 in.) wide steel plate was kept on wipa50.8 mm (2 in.) diameter roller in each support
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as a bearing plat&panl had pinned and rollesupportwhile spar2 was both on roller support.

Figure5-6 shows the side and top view of the fatigue test setup.

@ T )

Figure5-6 Test setup for fatigue test (a) Side view, (b) Top view

For performinghe failuretest, al.83 m (6 ft.) long and 0.381 (15 in.)deep steel
loading beam made af doubleC-sectionwas kept on top of the specimé&n254x 254 mm (10
in. x 10 in.) and 25.4 mm (1 in.) thick neoprene pad was kept in between the loading beam and
specimen for simulating point load. Higtrength threaded pegnsioning rods were passed
through the holes of therossbeanand were tied down at the bottomtbé strongloor. Two
hydraulicjacks,each of 534 KN (120 kips) capagcityereused to push down tleeossbeamand
a loadwas applied to the deckhe reason for changirtge tessetup duringhe failuretest was
because of the limitation dfie capacityf the actuatorAlso, to force the specimen to
experiencdlexural failure, the middle support was removedncrease the span lengémd the
deck was simply supported between ®vwmsupports. The effective span of the deck was 3.66 m
(12 ft.)with a0.25 m (10 in.) overhang on eitr&de.Figure5-7 shows side view of failure test

setup.
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Figu're5-7 Test setup for failure test

The testing protocol followed for all the specimens is provided iff &ide5-2.

Table5-2 Load protocol for testing of CLUHPC composite deck

Test desStructulLoad Peak ILoadin Numbe
applicakN, (lshape of <cy
Fatigue Conti-nuCenter 64.9 (Sinusol mil
Three sspan @ 2Hz
freque
StiffnesConti-nuCenter 64.9 (Ramp 3 per
Three sspan
Overl oacConti-nuCenter 129. 9 Ramp 3
Three sspan (29. 2)
Failure Simply Center VariesLoad al
supportspan manual

The peak load value fdhe fatiguetest was calculated using half of the design truck live

load for each axle provided by AASHTIGRFD [19]. It was then multiplied by the dynamic load

allowance factor of 1.33 to account for wheel load impact from moving vehicles. The resultant

load was then multiplied by the ratio of specimen width to the equivalent interior strip, obtained

from the AASHTOLRFD [19] equivalent strip method. This procedure was adopted dihe to

reducedwidth of deck specimens compared to-sdhle bridge decks.

During the fatigue test of the specimen, testing was stopped.@8ky 375k, 500kand

750kcycles,anda stiffnesdest was conducted to observe the change in stiffness during the
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processA stiffnesstest was also conducted before the beginning of the fatigue test and at the
end of the 1 million cycles.

Instrumentation was done to record the force, deflection, and strain in the deck. Thirty
differenttypes of strain gaugdse., concrete, rebar, and wood) were applied in each specimen at
different critical locations. Ten string potentiometers were installed to record the deflection at
variouslocations like the quarter poinand midpoint of each spaApart from that, direct
current differential transducers (DCDTs) were installed to measure the interface slip between the
UHPC and CLT. Duringhe fatiguestiffness, and overload test, load was applied through

hydraulic actuators and was constantly recorded.

10" 6' 6' --—10"
Lo T s TN s ]
1%"r RO R N O [ OGEEE R DO R O O D O D LW R U L T D O B OO R O S 7"
EERCSEED TER U PN LS RO GRS O B T ES N, SR DS UG USSR OISR TN ER R, S 68
7 Support . ; — 4
Block
String String
Potentiometer Potentiometer
Figure5-8 String potentiometer layout during fatigue test
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() (b)

Figure5-9 Strain gauge layout at (a) bottom, and (b) top
5.4.4. Test Results and Discussion

Both CLT-UHPC composite deck specimens were subjected to one million load
controlled cycles, each with an applied load of 64.9 kN (14.6 kips) at a frequency of 2 Hz. Test
data were recorded at a frequency of 20 Hz. The testininued forseveral days, during which

deflection, strain, and slip were continuously monitored using string potentiometers, strain
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gauges, and DCDTs, respectively. No visible cracks developed during the fatigue test. For data
analysis, a MATLAB program was developed to extract 10 representative cycles (approximately
5 seconds of data) every 1800 cycles (or every 15 minutes) froravitdataset. These segments
were compiled, and relevant calculations were performed to generate the final plots.

The peak deflection and strain observed dutimgfatiguetestarepresented in this
section. Based on the difference of their corresponding values abpeabf64.9 kN (14.6 kips)
and valley load of 6.7 (1.5 kips) of the cyclic loading, peak responses were obtained. No slip was
observed throughout the fatigue cycle and evetodgilure of thespecimenthus, results from
DCDT arenot presented. Frofigure5-10, there was no significant change in peak deflection
observed duringntire fatigue tesfor both fivelayered specimen and thrgyered specimen

In Figure5-10, Q-span means quarter span and-§f@an means threguarter span.
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Figure5-10 Peak deflection observed during fatigue test (a}tayered specimen, and (b) three
layered specimen

The peak strain responsetla¢ midsupportregion and center of each span during the
fatigue test is presented frdagure5-11to Figure5-13. As expected, higher strain values were
observed at midupport regiortompared tahe center of each span. Based on all strain
responses, it was observed that both the steel and UHPC material were in their respective elastic

region at all times. The maximum observed rebar strain was around 100 microstrain in five
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layered composite deck and 150 microstrain in Hhagered composite deck. This corresponds
to around 5% of the yield strain of steel reinforcement forlimyered specimen and around
7.5% of the yield strain of steel reinforcement for tHegeered spamen. The strains should be
theoretically identical in spah and spa+2 for both specimens. The strains were identical in
five-layered specimen. The strains, however, were little higher inZpampared to spah for
threelayered specimerin Figure5-11to Figure5-13, RSG stands for rebar strain gauge, WSG

stands for wood strain gauge, and CSG stands for concrete strain gauge respectively.

(a) (b)
Figure5-11 Peak strain observed during fatigue sgsmid-support regiorior (a) five-layered
specimen, and (b) thrdayered specimen

(a) (b)
Figure5-12 Peak strain observed during fatigue test at center ot 5fpan(a) fivelayered
specimen, and (b) thrdayered specimen

























































































































































