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ABSTRACT 

Bridges in the United States are largely in fair condition and nearing the end of their 

design life. Despite targeted initiatives 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 focused on precast 

concrete, where questions regarding sustainability and environmentally friendly construction 

remain unresolved. 

This research aims to provide a sustainable alternative for rapidly replacing aging bridge 

decks by utilizing a mass-timber productðcross-laminated timber (CLT). However, CLT alone 

is unsuitable for this application due to its inherent limitations. As a natural, hygroscopic 

material, it has lower stiffness and strength compared to conventional concrete. To overcome 

these limitations, CLT is combined with an ultra-high-performance concrete (UHPC) overlay to 

form a CLTïUHPC composite, thereby enhancing durability, strength, and stiffness. 

The dissertation focuses 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 small-scale specimens evaluates the 

interface shear strength and bending strength of the composite system. Next, reduced-scale 

bridge decks are constructed and experimentally tested to assess performance under 

serviceability and ultimate strength conditions. The fatigue performance of joint connections is 

also examined. Finally, beyond bridge applications, the potential use of CLTïUHPC composites 

in tornado shelter walls is experimentally evaluated. 
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1. INTRODUCTION 

Bridges are crucial components of transportation infrastructure. There are more than 

623,000 bridges across the US made of either concrete, steel, or timber. 67% of US bridges are 

concrete, 30% are steel, and 2.1% are timber [1]. However, the structural condition of the bridges 

is not satisfactory for any type of bridge. In total, 49.1% of current bridges in the US are in ñfairò 

condition, while 44.1% are in ñgoodò condition, and 6.8% are in ñpoorò condition [1]. The recent 

ASCE Infrastructure report card of 2025 A.D. gave a ñCò rating to bridges [2]. The condition of 

bridge decks, one of the important structural elements of bridges, is good, relatively, but there is 

still room for improvement. Nearly 23% of timber decks and 3% of concrete decks are in fair or 

below-fair condition [1]. Although the condition of bridge decks is relatively favorable, the 

average age of the bridges is concerning. The average age of bridges in the US is 47 years old. 

45% of the bridges have exceeded their planned design life. So, because of aging, there are lot of 

bridge decks in the US that need to be replaced or retrofitted soon.  

   
(a) (b) (c) 

Figure 1-1 (a) Condition of US bridges [2], (b) Bridge deck condition [3], and (c) Age of US 

bridges [4] 

Despite the federal governmentôs initiatives to improve the condition of bridges through 

the Infrastructure Investment and Jobs Act (IJJA), the rate of replacement of bridges and bridge 
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components is slow. Only 4,927 bridges were replaced between 2014 and 2023. With this rate, 

the bridges built today will need to last for 126 years [2].  

Accelerated bridge construction (ABC) with prefabricated structural elements can be one 

of the potential solutions for this issue. The ABC technique reduces the construction time, 

project cost, road closures, and environmental impacts and increases the quality of the structure. 

Precast concrete, which is prefabricated in the yard, provides solutions to time-efficient, durable, 

and economic construction and is being widely used in the bridge construction industry 

nowadays.  

But with the use of concrete, concerns regarding sustainability, energy saving, and green 

construction remain unanswered. Concrete is not a natural material and is one of the largest 

emitters of carbon dioxide. It is responsible for around 8% of global emissions per year [5]. 

According to the National Ready Mixed Concrete Association, each pound of concrete releases 

0.93 pounds of carbon dioxide, and if the rate of concrete use is not controlled in the construction 

industry, the environment will continue to be polluted with over 4 billion tonnes of carbon 

dioxide annually by this industry [6]. Thus, it is high time to search for an alternative to precast 

concrete whilst promoting ABC as well.  

  
(a) (b) 

Figure 1-2 (a) Precast deck panel installation on top of precast girder, and (b) Precast concrete 

deck panel installation [7] 
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1.1.  Mass Timber: An Alternative  

Timber offers solutions to the issues regarding sustainability and green construction. 

Nearly one-third of the land area of the US is covered with forest [8]. The US is the second 

leading producer of timber products and the leading consumer of timber products [9]. The US 

has a long history of timber bridges, evolving from simple log spans to timber truss bridges. It 

was used heavily during the 19th century, which declined around the late 19th and early 20th 

century. 

 

 

 
(a) (b) (c) 

Figure 1-3 (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] 

Despite these numbers supporting timber products and construction, the number of timber 

bridges is minimal compared to concrete bridges in the US. The reason for the low number of 

timber bridges is due to the low strength and durability of timber. Traditionally, only sawn 

lumber was used in timber bridges, but with the introduction of relatively new mass-timber 

materials like glue-laminated timber (glulam) and cross-laminated timber (CLT), the timber 

engineering community has become enthusiastic. Mass timber offers a distinctive combination of 

strength, durability, and sustainability, making it a cost-effective and eco-friendly alternative to 

traditional steel and concrete bridges. They defy traditional notions of timberôs limitations, with 

products prefabricated and engineered to withstand demanding applications.  
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Compared to CLT, traditional glulam and stress-laminated glulam are comparatively old 

products and have already been used in bridge construction. The notable bridge projects in North 

America using glulam are the Mistissini Bridge, the Roger Bacon Bridge in Canada, and the 

Placer River pedestrian bridge in the US. 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 ft) wide, and the maximum span was 43 m (141 ft) [11]. A bituminous 

coating, several sheets of waterproof membranes, and marine plywood were used to protect the 

bridge deck from water damage. According to the design consultants of the bridge, the mass-

timber option saved 1472 tonnes of carbon dioxide compared to the steel-concrete composite 

option [12]. Apart from that, the roger bacon bridge is 40 m (131 ft) long arch bridge which 

utilizes pressure-treated glulam, and the Placer River pedestrian bridge, completed in July 2013, 

is the longest clear-span glulam timber truss bridge in North America, spanning 280 m. 

  
 

(a) (b) (c) 

Figure 1-4 (a) Mistissini bridge, (b) Roger bacon bridge, and (c) Placer river bridge 

1.2.  Cross-laminated Timber (CLT) 

Cross-laminated timber (CLT) is a factory-produced material like glulam and is relatively 

new to the construction industry. It consists of orthogonal layers of sawn lumber, at least three 

layers thick, glued together under high pressure to form a massive timber element [13]. In CLT 

elements, the layers are arranged perpendicular to each other, so each adjacent layer reinforces 

the entire panel. This arrangement enhances dimensional stability, provides load-carrying 

capacity in both directions, and is one of the key advantages of CLT over glulam [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 construction efficiency 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 

superior to that of conventional concrete. Furthermore, CLT exhibits high in-plane and out-of-

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

bridge components. 

  
(a) (b) 

Figure 1-5 (a) Orientation of wood planks in a CLT panel, and(b) Compressive stress-strain 

response of CLT specimens [15] 

CLT is still in its infancy stage in the construction industry in the US. It was introduced 

in the early 2000s in North America. The CLT handbook [16] and CLT performance standard, 

PRG 320 [13], were first published in 2013 with the intent to assist the construction industry. In 

2015, CLT design procedures were introduced in the National Design Specification for Wood 

Construction (NDS) [17], and in 2021, the International Building Code (IBC) [18] incorporated 

CLT as a building construction material for structures up to 18 stories high. However, 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 the US, but the Mistissini Bridge and Maicasagi Bridge in 
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Canada have already used CLT in conjunction with other material for bridge deck construction 

[20]. 

Despite all these advantages, one of the potential reasons for limited use of CLT or mass 

timber in general in bridge deck construction around the world is because of its hygroscopic 

properties and low flexural stiffness and strength compared to conventional concrete. Although 

CLT is less hygroscopic compared to other mass-timber products, it still absorbs and releases 

moisture to the environment with changes in temperature and humidity. Some studies have 

observed minor variation in CLT moisture content over time [21ï24], while others have 

observed moisture levels increased above 30% when CLT was used in roof and floor panels 

oriented horizontally [25ï29]. The moisture content of CLT affects its mechanical properties, 

and changes in moisture content cause dimensional changes and moisture-induced stresses and 

cracks [30]. The elevated moisture levels in CLT elements cause delamination of layers [31] and 

make them susceptible to fungal attack. According to NDS, moisture content below 16% is 

regarded as dry service condition [17].  

1.3.  TCC as a Solution 

The addition of concrete on the top of the timber, commonly known as timber-concrete 

composite (TCC), was identified as a potential solution for moisture control and enhancement of 

flexural stiffness of the timber and mass timber by numerous researchers [32ï34]. Concrete 

protects the timber top 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 topping. TCC also provides additional benefits such as increased load-

carrying capacity, high in-plane stiffness, enhanced durability, sound insulation, and fire 
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resistance. The US has a long history of TCC bridge deck construction. The city of Seattle and 

the University of Washington collaborated in order to protect the timber deck by utilizing the 

high wear resistance of concrete in the 1920s [35]. Most of the 127 timber bridge decks, built 

between the 1920s and early 1930s, were rehabilitated with a concrete deck overlay in the late 

1940s and 1950s [36]. The TCC bridges were more popular in earlier times because the cost of 

steel was high during the 1930s to 1950s [37], and its popularity decreased when the cost of the 

steel was reduced. Steel, concrete, and prestressed concrete dominated bridge construction after 

the 1950s, which was structurally sound but had issues regarding sustainability.   

 
Figure 1-6 Slab-on-girder and slab-on-deck TCC system [38] 

1.4.  UHPC as a Material 

This dissertation work investigates the use CLT as the timber element of the TCC and 

replace the conventional concrete with ultra-high-performance concrete (UHPC) to form a CLT-

UHPC composite. UHPC is a relatively new cementitious material in the concrete industry, 

offering higher compressive strength, durability, and long-term stability than conventional 

concrete [39]. UHPC cementitious material consists of an optimized gradation of granular 

constituents, a water-to-cementitious material ratio of 0.25 or less, and approximately 2% by 

volume of discontinuous internal fiber reinforcement [40,41]. The use of powder and well-graded 
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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 

than 1 ɛm [39]. 

Durability issues such as corrosion of reinforcement, alkali-silica reaction, sulfate attack, 

and water penetration are unavoidable in normal concrete, which will ultimately reduce the service 

life of the structure [42]. 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 concrete [43]. The reason for the low permeability of UHPC is due to significant 

reduction in the size and number of pores, as well as the elimination of coarse aggregates [44]. 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 curing, after 1 to 3 years of exposure. In addition, 

newly formed carbonation products of UHPC can partially or entirely fill the microcracks in UHPC 

to recover its lost mechanical strength [42].  

  
(a) (b) 

Figure 1-7 Stress-strain response of UHPC in (a) Compression [45], and (b) Tension [46] 
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1.5.  CLT-UHPC Composite for Bridge Decks 

This research analyzes the bridge deck system with CLT panel sandwiched by UHPC 

overlay on both sides. Because 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 in increased load capacity.  

 

Figure 1-8 CLT-UHPC composite deck 

Modular CLT-UHPC composite decks can be fabricated in a construction yard and 

transported to the site for installation. Apart from fast installation and reduced carbon emissions, 

these types of CLT-UHPC composite decks are light compared to traditional concrete decks, easy 

to transport and handle, and can reduce the cost of the substructure of the bridge system.  

The modular decks will be installed on top of concrete or steel girders at the site. The joint 

connection between two composite deck panels needs to be constructed on-site in both the 

longitudinal and transverse directions. A simple rectangular joint connection system is proposed 

in this dissertation. Connection is provided through lag screws arranged in a staggered way. The 

conceptual layout of the CLT-UHPC composite deck on the steel girder is presented in Figure 1-9. 
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Figure 1-9 Conceptual layout of CLT-UHPC composite deck on steel girder 

 
Figure 1-10 Detail of a typical joint showing rebar and lag-screws 

In this dissertation, four distinct aspects of the bridge deck system are analyzed. 

Understanding these aspects would help to understand the behavior of the bridge deck system. 

The effectiveness of the UHPC-UHPC interface is analyzed through a statistical and reliability 

study. There are several experimental research in the literature regarding the determination of the 

interface shear behavior of UHPC-normal concrete and UHPC-UHPC interfaces; thus, another 

experimental study is not performed. It is also kept in mind that, in cases where the overlay is of 

conventional concrete, the interface will now form between UHPC and concrete; thus, statistical 

analysis is done for UHPC-concrete interface behavior using the existing experimental research 

in the literature.  
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The combination of two flexural members, i.e., CLT and UHPC, 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 response of the composite 

system. For combining CLT and UHPC, studies were done in two different phases. A 

preliminary study was conducted on small-scale specimens, and the final study was done on 

large-scale specimens. Different alternatives like the use of mechanical connectors, the use of 

adhesives, and the preparation of an artificial rough surface were used to obtain an effective 

connection between CLT and UHPC. 

The bridge deck system, then, needs to satisfy the serviceability and strength condition as 

prescribed by AASHTO LRFD [19]. For that, a deck test and a joint connection test were done in 

two different phases to verify its suitability. 

Besides these, a small-scale tests were done to determine the resistance of the CLT-

UHPC composite against moisture intrusion. Different moisture-resistant barrier alternatives 

were tested in this research, and the best moisture-resistant option was determined.  

 

Figure 1-11 Area of study in this dissertation 

1.6.  Other Potential Application of CLT-UHPC Composite System 

Besides bridge decks, the CLT-UHPC composite system can be used in building systems. 

With the introduction of a UHPC overlay on top and the enhancement of flexural stiffness, CLT-

UHPC composite can be used on long-span floors. Naud et al. designed and experimentally 

validated a full-scale TCC floor of 9 m (29.5 ft) span with CLT connected to a thin UHPC slab 
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using ductile connectors (metal mesh or steel-UHPC 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 code. Lamothe et al. [48] designed and experimentally 

tested a full-scale CLT-UHPC composite floor, spanning 9 m (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 UHPC. Pham et al. [49] observed that the low creep coefficient of 

UHPC allows reducing the long-term deflection of a TCC floor by a factor of 2 with respect to 

normal concrete, which is of particular importance since long-term deflection often governs the 

design of TCC floors. Thus, in place of the CLT-conventional concrete system, CLT-UHPC 

offers a lightweight and cost-effective solution for the design of long-span floors. 

 Another application of CLT-UHPC composite is in building walls. CLT walls are 

already in use in high-rise buildings. There are numerous examples of CLT walls in use around 

the world. Notable examples are the 10-story Forte building in Australia and the 9-story 

Stadthaus building in the UK, where CLT walls were used as load-bearing walls and rested 

directly on floor panels with metallic connections. The addition of UHPC in CLT will enhance 

its in-plane stiffness and would allow it to be used in high-rise building walls where high 

stiffness is required.  

 Another example where a CLT-UHPC composite wall can be used is to resist impact 

load. Both UHPC and CLT have excellent impact resistance properties. The CLT-UHPC 

composite wall can be used to construct walls of tornado shelters and safe rooms. There are 

studies that have suggested five-layered CLT is strong enough to resist EF-5 magnitude of 
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tornado debris [50]. With the addition of UHPC, even three-layered CLT might be strong enough 

to resist debris impact load from a tornado. An experimental study is performed in this research 

to understand the impact resistance of the CLT-UHPC composite system when subjected to high-

speed debris load. 

1.7.  Dissertation Layout 

This dissertation contains seven chapters, including this introductory chapter. The thesis 

is written in an article-style format, and the material presented in each of the chapters is either 

already published or planned for submission to a peer-reviewed journal. Each of these chapters 

discusses the 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 UHPC members, and Chapter 3 presents the preliminary experimental study 

conducted on a reduced-scale CLT-UHPC composite system for bridge decks. This chapter 

includes small-scale interface shear tests and moisture intrusion tests. 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 experimental study conducted on full-scale CLT-UHPC 

composite decks and joint connections under fatigue loading. Chapter 6 presents the 

experimental study conducted to determine impact resistance and behavior of a full-scale CLT-

UHPC composite, for potential usage towards a modular tornado shelters. The dissertation is 

completed by providing a conclusion and recommendations for future research in Chapter 7. 
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2. STATISTICAL EVALUATION AND RELIABILITY ANALYSIS OF INTERFACE 

SHEAR CAPACITY IN UHPC MEMBERS 

2.1.  Introduction 

Ultra-high-performance concrete (UHPC) is a novel material in the construction industry. 

UHPC, reinforced with high-strength steel fibers, features a dense cementitious matrix with a 

disconnected pore network, exhibiting low permeability, high compressive strength, and 

sustained tensile resistance [51ï57]. UHPC is characterized by a compressive strength greater 

than 120.6 MPa (17.5 ksi) and an effective tensile cracking strength greater than 5 MPa (0.7 ksi) 

[58,59]. The discontinuous arrangement of internal fibers and strain-hardening effect enable 

UHPC to reach significantly higher tensile strain while maintaining tensile strength. The 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 material, and primary structural component in 

bridges. However, like other novel materials, UHPC encountered challenges in expanding its 

usage in applications due to the absence of structural design specifications for a long time. 

Because of the distinct mechanical properties of UHPC compared to conventional concrete, 

establishing code specification is imperative to ensure the design reliability and construction 

quality of UHPC structures. Of particular interest is the interface shear transfer between UHPC-

concrete surfaces, UHPC-UHPC surfaces, and monolithic UHPC surfaces, when UHPC is 

employed as an overlay material in bridges or when UHPC joint is used in connection in between 

two deck panels. Several researchers noted the necessity for UHPC-specific design specification, 

as the current AASHTO LRFD Bridge Design Specification (BDS) [19] underestimates UHPC 
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interface shear capacity [60,61]. Addressing its necessity, the AASHTO specification titled, 

óGuide Specifications for Structural Design with UHPCô [62], which focuses on bridge design 

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 model provided 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 specification; however, 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 shear-friction theory initially proposed by 

Birkeland and Birkeland [63]. This theory postulates that the primary mechanism governing load 

transfer at concrete-to-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 consequence of the 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 Hawkins [64] conducted different investigations and suggested including a 

cohesion term to the existing applied load term in the shear-friction equation. Randl [65] 

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 mechanisms: (1) cohesion, 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 of these connectors. Over the years, several research have 

concluded that interface shear capacity between two surfaces is improved with increase in 

surface roughness [60,66ï69].  

The shear-friction theory stands as a widely embraced framework in design standards 

such as AASHTO LRFD BDS, ACI-318 and Eurocode [19,70,71]. 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 friction due to external loads and clamping force 

from shear connectors crossing the interface. AASHTO LRFD BDS, however, suggests an 

equation considering cohesion mechanism. AASHTO UHPC specification also includes a 

cohesion mechanism in their capacity model. All three, ACI-318, AASHTO LRFD BDS, and 

AASHTO UHPC specifications, ignore dowel action mechanism in interface shear transfer. The 

current provision for cohesion strength (c) and coefficient of friction (ɛ) in AASHTO UHPC 

specification is summarized in Table 2-1. 
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Table 2-1 Cohesion and coefficient of friction in UHPC AASHTO UHPC specification 

Condition of Interface 
Cohesion (c), 

MPa (psi)  

Coefficient of 

friction (ɛ) 

Monolithic 9.65 (1400) 1.0 

Smooth, free of laitance and not intentionally roughened to an 

amplitude of 6.4 mm 0.52 (75) 
0.6 

Rough, free of laitance with surface intentionally roughened to 

amplitude keys of 6.4 mm 0.52 (75) 
1.0 

Rough, free of laitance with surface intentionally roughened to 

amplitude of 12.7 mm deep flutes 3.45 (510) 
1.0 

UHPC placed against clean conventional concrete substrate, 

free of laitance, but not intentionally roughened 0.52 (75) 
0.6 

UHPC placed against clean conventional concrete substrate, 

free of laitance, but intentionally roughened to amplitude of 6.4 

mm. 

1.65 (240) 1.0 

 

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

concreteôs unit weight in AASHTO LRFD BDS. However, AASHTO UHPC specification does 

not differentiate these parameters based on UHPCôs unit weight. The cohesion value and 

coefficient of friction provided in Table 2-1 are for normal-weight (i.e. 24.3 kN/m3 (0.155 kcf)). 

In both AASHTO UHPC specification and AASHTO LRFD BDS, the friction coefficient and 

cohesion vary based on roughness depth, with 6.4 mm. (0.25 in.) roughness depth set as the 

distinction between rough and smooth surfaces. The equation for nominal interface shear 

capacity of UHPC, Vni, specified in AASHTO UHPC specification is provided in equation 2-1 

and 2-2. 

For UHPC-conventional concrete and UHPC-UHPC interface 

ὠ ὧὃ ‘ὃ Ὢ ὖ  2-1 

 

For monolithic UHPC interface 

ὠ ὧὃ ‘ὅ ὅ ὖ  2-2 

where: 
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ὃ  = Area of interface  

Avf =Area of interface reinforcement crossing the shear plane within the area Acv  

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

ὅ ὃ Ὢ = Normal clamping force provided by steel reinforcement 

ὅ ὃ ‎Ὢȟ  = Normal clamping force provided by UHPC placed monolithically 

ft,loc = Crack localization strength of UHPC for use in design 

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

Ὁ‎‐ȟ  

‎u = Factor to allow for the reduction of UHPC tensile parameter values Ò 1.0 

fy = Minimum yield strength of reinforcement and Ò 413.7 MPa (60 ksi) where UHPC is 

placed non-monolithically. 

‐ȟ  = 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, bi-shear test, and slant shear test are the common test methods employed 

in the literature for determining interface shear capacity. The interface 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. Bi-shear test is an effective method suitable for cases where there is no 

shear connector crossing 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 specimen geometry 

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 pressure arises during crack localization [72], which has 
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been incorporated in equation 2-2 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 product of K times area of interface (ὃ ), where K= 31.0 MPa (4.5 

ksi) for monolithic UHPC, 12.4 MPa (1.8 ksi) for rough UHPC-UHPC interface and UHPC-

conventional concrete interface, and 5.5 MPa (0.8 ksi) for smooth UHPC-UHPC 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 equation 2-3.  

ὃ
πȢπυὃ

Ὢ
 2-3 

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

clamping force provided by the fiber reinforcement exceeds the limit provided in equation 2-4. 

ὃ ‎Ὢȟ  πȢπυὃ  2-4 

 

2.1.2.  Structural Reliability 

The current design codes are based on limit state design method. Structural reliability 

analysis utilizes the concept of ólimit stateô to determine failure. A limit state creates a boundary 

between desired and undesired performance of a given structure. This boundary is known as 

limit state function or performance function [73]. 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 structures [74]. The uncertainties associated 

with variability in demand and capacity can be quantified through the application of reliability 

theory.  
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The probability of failure, Pf, is equal to the probability that an undesired performance 

will occur or probability that a structure will be unsafe. If R represents the capacity and Q 

represents the demand on a given structure, the corresponding limit state function can be written 

as g(R,Q) = R-Q [73]. Such a structure is deemed unsafe when g<0 and probability of failure is 

expressed as, Pf = P(g(R,Q)<0). The reliability index (ɓ) is related to probability of failure, Pf, as 

defined in equation 2-5, where •  = inverse standard normal distribution function. 

ὖ • ‍ 2-5 

 

If both R and Q are normally distributed independent random variables, the reliability 

index can be determined by equation 2-6, where mR = Mean value of capacity model, mQ = Mean 

value of demand model, „= Standard deviation of capacity model, and „= Standard deviation 

of demand model. This reliability index is known as First Order-Second Moment (FOSM) 

reliability index. 

‍
ά ά

„ „

 
2-6 

 

In reliability analysis, a target reliability index is set with respect to limit state function 

through calibration process [75ï78] or from cost optimization based on cost of safety measures 

and failure risk [79ï81]. 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 BDSôs target reliability index of 3.5 (ὖ= 0.02%) for bridge structural 

components [82] was assumed for this study. 
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2.1.3. Capacity Model 

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 Strength-I load combination. According to 

AASHTO UHPC specification, the factored interface shear capacity except for extreme event 

load combinations is determined by equation 2-7. The values of the constants in equation 2-7 are 

taken from AASHTO UHPC specification or adopted from AASHTO LRFD BDS. 

‎ Ὀὅ ‎ Ὀὡ ‎ ὒὒὍὓ •ὠ  2-7 

where: 

‎  = Load factor of DC = 1.25 

DC = Dead load from the weight of structural components and nonstructural attachments 

‎  = Load factor of DW = 1.5 

DW = Dead load from the weight of wearing surface 

‎  Load factor of LL = 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 capacity, ὠ , after rearrangement of equation 2-7 

can be written as equation 2-8. 

ὠ
‎ Ὀὅ ‎ Ὀὡ ‎ ὒὒὍὓ

•
 2-8 

The resistance or capacity, R, of bridge members is function of three variables M, F and 

P and can be expressed by equation 2-9. 

Ὑ ὠὓὊὖ 2-9 

Ὑ
‎ Ὀὅ ‎ Ὀὡ ‎ ὒὒὍὓ

•
ὓὊὖ 2-10 
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where ὠ  is the nominal capacity, ὓ represents the variation in material properties, 

including strength, modulus of elasticity, cracking stress; Ὂ represents the variation in fabrication 

effects, mostly geometry, dimensions, section moduli; and ὖ represents the accuracy of capacity 

prediction model and is also known as analysis factor or professional factor [73]. The mean value 

of capacity, ά , and coefficient of variation of capacity (ὅὕὠ) are given by equations 2-11 and 

2-12. 

ά ὠ‗‗‗ 2-11 

where ‗  = Material bias factor, ‗ = Fabrication bias factor, and ‗ = Professional bias 

factor. 

ὅὕὠ ὅὕὠ ὅὕὠ ὅὕὠ 2-12 

where ὅὕὠ = Coefficient of variation of capacity, ὅὕὠ = Coefficient of variation of M, 

ὅὕὠ= Coefficient of variation of Ὂ, and ὅὕὠ= Coefficient of variation of ὖ. 

The bias factor is defined as the ratio of mean to nominal values. To the authorsô 

knowledge, there are currently no research in the literature on bias factors for UHPC interface 

shear strength. The determination of material bias factor and coefficient of variation for UHPC 

was beyond the scope of this paper. Thus, the values for these parameters are adopted from 

previous research on conventional concrete. The value of bias factor adopted for material, ‗ȟ is 

1.22 and coefficient of variation is 0.12 [83,84]. These values are expected to be lower for UHPC 

since it is a more controlled product, consistent with Nowak and Szerszen [85] who reported 

lower bias factor for high-strength 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 variation will increase 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 concrete [83,84]. For professional factor, bias factor, ‗, is 

calculated as the ratio of experimental interface shear capacity to nominal interface shear 

capacity determined from equation 2-2 depending on the type of interface.  

2.1.4. Demand Model 

The demand model óQô is given by equation 2-13. The mean, mQ, and coefficient of 

variation, COVQ, value of demand model is given by equation 2-14 and 2-15 respectively. 

ὗ Ὀὅ Ὀὡ ὒὒὍὓ 2-13 

where Ὀὅ = Dead load from the weight of structural components and nonstructural 

attachments, Ὀὡ = Dead load from the weight of wearing surface, ὒὒ = Live load from the 

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

moving vehicles on the bridge.  

ά Ὀὅ‗ Ὀὡ‗ ὒὒὍὓ‗  2-14 

where ‗  = Bias factor of DC, ‗  = Bias factor of DW, and ‗  = Bias factor of 

LL+IM . 

 ὅὕὠ ὅὕὠ ὅὕὠ ὅὕὠ  2-15 

where ὅὕὠ = Coefficient of variation of demand, ὅὕὠ= Coefficient of variation of 

DC, ὅὕὠ= Coefficient of variation of DW, and ὅὕὠ = Coefficient of variation of LL+IM . 

The bias factor and coefficient of variation of Ὀὅ, Ὀὡ, and ὒὒὍὓ were adopted from 

Nowak [86] for bridge design. The adopted bias factor and coefficient of variation is summarized 

in Table 2-2. 

Table 2-2 Adopted bias factor and coefficient of variation for different load type [86] 

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 three sub-databases, 

namely UHPC-Concrete, UHPC-UHPC, and monolithic UHPC interface database. A total of 670 

specimensô data from 35 different research papers were reviewed, of which 552 data were 

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 involving pre-cracked specimens were excluded. Test 

data from test methods like splitting tension method, direct tension method, and pull-off method 

were not included, as shear force is not created along the interface in these tests. The collected 

data after primary filtering process was then subjected to secondary filtering. Despite bishear 

tests being popular among researchers due to easy specimen fabrication for UHPC-UHPC 

interface shear test, data from these tests were excluded from the analysis. These tests experience 

normal stress at the interface due to specimen geometry and load configuration, which ultimately 

result in higher shear strength [87]. A significant discrepancy was observed by Semendary and 

Svecova [61,88] 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 on L-shaped specimens, commonly termed as 

push-off tests, as they involve shear force acting on a single shear plane. The angle of inclination 

of slant shear specimens ranged from 20°-42° with respect to vertical for 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 variables in the analyses 

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 stress of UHPC, 

respectively as shown in equation 2-2 [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 for performing 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 tests is deemed as localization 

stress, if reported; else, it is calculated from the empirical relationship of cracking tensile 

strength suggested by Graybeal [39]. This assumption is valid for UHPC with less than 2% fiber 

volume but is not true for higher fiber volume [59]. 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 Graybeal [39], cracking tensile 

strength of UHPC for untreated curing condition is given by equation 2-16.  

Ὢ πȢυυὪ 2-16 

where fct = Cracking tensile strength of UHPC in MPa, and Ὢ = 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 parameter, ‎, as per 

UHPC code. The value of ‎, is kept as 0.85 based on the work of El-Helou et al [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 specimens was converted to equivalent cylinder specimensô strength. Cubic 

strength of UHPC was converted to cylinder strength as per recommendations of Graybeal [39]. 

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 were assumed for such cases. 

Wire-brushed substrate, sandblasted substrate and power-washed 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 interval-range 

[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 Crane [92] 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 
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also used by Muzenski et al.[72] as well, while considering Craneôs data [92] for analysis. A 

summary of the collected data for all interface types is provided in Table 2-3. 

Table 2-3 Summary of number of specimens used for statistical analysis 

Interface type 

Test method Number of 

research 

groups 

Number of 

specimen 

data collected 

Number of 

rejected 

specimen 

Number of 

specimens 

adopted for 

analysis 

Total 

UHPC-

concrete  

 

Direct shear  16 150 15 135 

350 Slant shear 13 215 0 
215 

UHPC-

UHPC  

Direct shear  10 40 10 30 
206 

Slant shear 8 176 0 176 

UHPC 

monolithic 

Direct shear  10 96 9 87 
91 

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 bins, based on their 

magnitude. The final database was then placed in appropriate bins, and statistical analysis was 

performed. Soltani and Ross [93] 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 shear and slant shear 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 shear tests. Some research have 

shown that slant shear test exhibit higher bond strength than other tests [61,95], which support 

separating the bins according to test type. Only the UHPC-concrete 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 UHPC-UHPC interface and monolithic UHPC interface. Only 17% of the 

data was from direct shear test in the UHPC-UHPC interface category, whereas less than 5% was 

from slant shear test in the monolithic UHPC interface category (Table 2-3). Thus, combined bin 

analysis using test data of direct shear and slant shear tests was performed for the UHPC-UHPC 

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 failure depends primarily upon 

roughness depth and clamping pressure. Thus, variables considered for bin analysis included 

substrate compressive strength, roughness depth, and clamping pressure.  

As shown in Table 2-4, bin size of 10.4 MPa (1.5 ksi) was used for concrete strength 

ranging between 17.2-58.6 MPa (2.5-8.5 ksi). Substrate strengths higher than 58.6 MPa (8.5 ksi) 

were kept in a single bin. ACI-318 specifies minimum compressive strength of structural 

concrete as 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 between 3-6.5 mm were combined into single bin. Combining 

roughness depths ranging from 3 to 6.4 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]. Eurocode [70], however, 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 0-3 mm and 3-6.5 mm. Finally, roughness depths higher than 6.4 mm. were 

kept in one bin because it is the cut-off point for categorizing a surface as smooth or rough 

according to AASHTO UHPC specification [59].  

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 on its magnitude 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 UHPC-UHPC 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 involvement of interface 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 pull-out during crack 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 presented in Table 

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

Direct shear test results of UHPC-concrete interface 

 
Substrate compressive 

strength (MPa) 

Roughness depth (mm.) Clamping pressure 

(MPa) 

 
17.2-

27.6 

27.6-

37.9 

37.9-

48.3 

48.3-

58.6 

>58.6 0 0-1 1-2 2-3 3-6.4  >6.4 0 0-

1.4 

1.4-

2.7 

2.7-

4.1 

4.1-

5.5 

Average 

strength ratio 

1.48 3.19 2.88 3.09 2.43 2.15 3.40 3.71 4.73 4.08 1.63 3.18 2.24 1.92 2.09 1.76 

COV 0.61 0.59 0.65 0.2 0.46 0.60 0.36 0.04 0.39 0.67 0.51 0.65 0.54 0.25 0.36 0.32 

No. of tests 20 18 71 6 20 58 25 2 9 13 28 72 24 23 10 6 

Unconservative 

tests 

4 0 0 0 0 0 0 0 0 0 4 4 0 0 0 0 

Slant shear test results of UHPC-concrete interface 

 
Substrate compressive 

strength (MPa) 

Roughness depth (mm.) Clamping pressure 

(MPa) 

 
17.2-

27.6 

27.6-

37.9 

37.9-

48.3 

48.3-

58.6 

>58.6 0 0-1 1-2 2-3 3-6.4  >6.4 0-

6.9 

6.9-

13.8 

13.8-

20.7 

20.7-

27.6 

>27.6 

Average 

strength ratio 

2.79 2.49 2.60 2.35 NA 2.45 2.59 2.53 2.55 2.44 1.49 2.71 2.51 2.25 2.07 NA 

COV 0.19 0.18 0.20 0.15 NA 0.09 0.17 0.16 0.24 0.16 0.05 0.25 0.11 0.11 0.11 NA 

No. of tests 7 104 61 38 NA 30 40 64 27 46 4 61 109 36 9 NA 

Unconservative 

tests 

0 0 0 0 NA 0 0 0 0 0 0 0 0 0 0 NA 

Test results of UHPC-UHPC interface 

 Roughness depth (mm.) Clamping pressure (MPa) 

 
0 0-1 1-2 2-3 3-6.4  >6.4 0-6.9 6.9-

13.8 

13.8-

20.7 

20.7-

27.6 

>27.6 

Average 

strength ratio 

3.41 3.44 3.44 NA 2.84 1.80 3.44 3.44 NA 2.84 2.22 

COV 0.57 0.18 0.20 NA 0.01 0.18 0.18 0.20 NA 0.01 0.27 

No. of tests 33 21 15 NA 22 20 21 15 NA 12 24 

Unconservative 

tests 

0 0 0 NA 0 0 0 0 NA 0 0 

Test results of monolithic UHPC interface 

 
Clamping pressure from UHPC 

(MPa) 

Clamping pressure (MPa) 

 
0-3.5 3.5-6.9 6.9-

10.3 

>10.3 0 0-6.9 >6.9 

Average strength 

ratio 

NA 0.99 1.31 0.9 1.19 1.10 0.93 

COV NA 0.27 0.19 0.37 0.27 0.33 0.32 

No. of tests NA 17 49 25 63 12 16 

Unconservative tests NA 7 9 12 15 4 9 
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The experimental-to-nominal interface shear capacity ratio (Vexp/Vni) was computed for 

each specimen in the final database. The nominal interface shear capacity was calculated from 

AASHTO UHPC specification from equation 2-1 and 2-2. A higher ratio indicates higher 

conservatism of AASHTO UHPC specification. When the ratio falls below 1.0, the data is 

unconservative. Figure 2-1 to Figure 2-4 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. 

   
Figure 2-1 Variation of interface shear capacity ratio for UHPC-concrete interface from direct 

shear test 

   
Figure 2-2 Variation of interface shear capacity ratio for UHPC-concrete interface from slant 

shear test 
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Figure 2-3 Variation of interface shear capacity ratio for UHPC-UHPC interface 

  
Figure 2-4 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 UHPC-concrete interface data category (Figure 2-1 and Table 2-4). 

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 no shear connector (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 lower substrate strength failed in the slant shear test.  

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

for UHPC-concrete direct shear test (Table 2-4). Roughly constant average strength ratio was 
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observed for the slant shear test, despite few jump-ups while varying substrate strength (Figure 

2-2 and Figure 2-4). 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 of 6.4 mm after which it decreased. Similar trend was observed in slant shear 

test as well (Figure 2-1 and Figure 2-2). This is because AASHTO UHPC specification specifies 

same cohesion strength and coefficient of friction for specimens with 0-6.4 mm roughness depth. 

But changes in roughness depth can increase cohesion strength, and friction coefficient. This 

results higher experimental shear capacity for specimen with 6.4 mm roughness than zero 

roughness, while the predicted capacity from AASHTO UHPC specification will be same, thus, 

making average strength ratio higher till 6.4 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 depth (Table 2-4). One of the potential reasons for this might be because of 

unpredictable nature of cohesion strength. Yuan et al.[96] compiled results of dependance of 

cohesion strength on interface roughness, for UHPC-concrete interface, from experiments 

conducted by various researchers [67,91,97ï99] 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 test and slant shear test for varying clamping pressure (Figure 2-1 and Figure 

2-2). Overall, higher coefficient of variation was observed when direct shear test was used rather 

than slant shear test (Table 2-4). 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 results [95,100ï102].  
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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-UHPC 

interface until a roughness depth of 6.5 mm, after which it decreased (Figure 2-3). This is 

consistent with the earlier result observed in UHPC-concrete interface where average strength 

ratio decreased after 6.4 mm. However, coefficient of variation of average strength ratio was not 

as significantly high as in UHPC-concrete interface in direct shear (Table 2-4). Apart from the 

results at zero clamping pressure, the average strength ratio variation with clamping pressure was 

around the ratio 3.0 (Table 2-3). Significant conservatism of code was observed in UHPC-UHPC 

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 interface (Figure 2-4). Nearly 31% of specimens were 

unconservative. Coefficient of variation was also around 30% for most of the bins (Table 2-4). 

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 al. [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 distributed [85,103]. Nevertheless, it was necessary to confirm 

the normality of the professional factor in the capacity model.  

The professional factor, P, is the ratio of experimental value to theoretical value of 

interface shear capacity. To assess the normality of P, the 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 (CDFs) of P. The CDF 

curves of P were plotted against the standard normal variate, Z. The horizontal axis in these plots 

denotes the professional bias factor, P, while 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 standard normal variate, Z.  

The plot of standard normal variate, Z, against Professional bias factor, P, for all the 

interface is presented in Figure 2-5(a). It was observed that, except UHPC-UHPC interface and 

UHPC-concrete Direct Shear (DS) interface, all other interface type displayed fairly linear 

relationships. A straight-line plot of CDF represents a normal CDF. UHPC-concrete Slant Shear 

(SS) interface displayed irregular shape at the higher end, which was ignored because lower tail 

of the distribution is primarily important in reliability analysis [85]. However, for UHPC-

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 distribution. Figure 2-5(b) 

demonstrates the linear relationship of standard normal variate with the logarithm of the 

professional bias factor for UHPC-concrete Direct Shear (DS) and UHPC-UHPC interface. Thus, 

except for UHPC-concrete interface in direct shear and UHPC-UHPC interface, the normal 

distribution was used for other interface types.  
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(a) (b) 

Figure 2-5 (a) CDF of professional bias factor for considered interface types, and (b) CDF of 

professional bias factor for UHPC-concrete Direct Shear (DS) and UHPC-UHPC 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 distribution, standard deviation and 

mean will be as according to equation 2-17 and 2-18, where X is lognormal random variable, „ = 

Standard deviation and ‘ = Mean. 

„ ÌÎρ
„

‘
 2-17 

‘ ÌÎ‘ πȢυ„  2-18 

 

The statistical parameters determined from the CDFs are summarized in Table 2-5. 

Table 2-5 Statistical parameters for interface types considered 

Interface type Distribution type Mean  Standard deviation 

UHPC-concrete (DS) Lognormal 0.81 0.57 

UHPC-concrete (SS) Normal 2.55 0.39 

UHPC-UHPC Lognormal 1.02 0.41 

UHPC monolithic Normal 1.15 0.39 
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If R represents the capacity and Q represents the demand on the structure, the 

corresponding limit state function can be written as g(R,Q) = R-Q [73]. From equation 2-10 and 

2-13, limit state function can be expressed as equation 2-19. 

ὫὙȟὗ  
‎ Ὀὅ ‎ Ὀὡ ‎ ὒὒὍὓ

•
ὓὊὖ Ὀὅ Ὀὡ ὒὒὍὓ  

2-19 

 

 

Expressing equation 2-19 in terms of mean capacity and mean demand as defined in 

equation 2-11 and 2-14; we get equation 2-20. 

ὫὙȟὗ  ‗‗‗
‎ Ὀὅ ‎ Ὀὡ ‎ ὒὒὍὓ

•
‗ Ὀὅ ‗ Ὀὡ

‗ ὒὒὍὓ 

2-20 

 

If the demand, Q, defined by equation 2-13 is normalized as 1.0, then the limit state 

function can be expressed as equation 2-21, where LR is live load ratio and DR is dead load ratio. 

 

ὫὙȟὗ  ‗‗‗
‎ ρ ὈὙρ ὒὙ ὒὙ ‎ ὈὙρ ὒὙ ‎ ὒὙ

•
‗ ρ ὈὙρ ὒὙ ὒὙ ‗ ὈὙρ ὒὙ ‗ ὒὙ 

 

 

2-21 

 

 

LR and DR is defined as equation 2-22 and 2-23. 

ὒὙ
ὒὒὍὓ

Ὀὅ Ὀὡ ὒὒὍὓ
ὒὒὍὓ 2-22 

ὈὙ
Ὀὡ

Ὀὅ Ὀὡ
 2-23 

  

For the limit state function defined by equation 2-21, reliability indices were calculated 

using equation 2-6 by varying the DR and LR from 0.1 to 1 at 0.1 interval. This was done for all 

considered interface types. Equation 2-6 is a closed-form solution only applicable to normally 

distributed demand and capacity. However, the professional factor for the UHPC-concrete 
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interface in direct shear and UHPC-UHPC interface was lognormally distributed. Hence, the 

lognormally distributed professional factor was converted to equivalent normal distribution 

before using equation 2-6. The equivalent normal statistical parameters for lognormal random 

variable, X, can be determined as given in equation 2-24 and 2-25.  

„ ὼz  „  2-24 

‘ ὼz ρ ÌÎὼ ‘  2-25 

 

where „  = Equivalent normal standard deviation of lognormal random variable, x = 

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 known as the Rackwitz-Fiessler method [73]. The summary of reliability indices 

calculated for all possible combinations of dead load and live load is provided in Figure 2-6 and 

Figure 2-7. 

 
 

 

(a) (b) 

Figure 2-6 Reliability indices of UHPC-concrete interface shear capacity using (a) Direct shear 

test, and (b) Slant shear test 
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(a) (b) 

Figure 2-7 Reliability indices of interface shear capacity (a) UHPC-UHPC interface, and (b) 

UHPC monolithic interface 

From the calculated reliability indices shown in Figure 2-6, the probability of failure was 

determined using equation Figure 2-5. The probability of failure from the direct shear test in the 

UHPC-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 of DR and LR 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 corresponds to 0.008% 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 UHPC-UHPC 

interface was computed as 3.32 (Figure 2-7), 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 UHPC-UHPC 

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 

(Figure 2-7), 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 results obtained from the First Order-

Second Moment (FOSM) reliability method closed-form solution (Equation 2-6). MCS is a 

special simulation technique where synthetic data is generated without doing any physical 

testing. Statistical parameters of all the random variables in Equation 2-19 were utilized to 

randomly generate ὲ = 100,000,000 occurrences of each random variable and evaluate the 

performance function, ὫὙȟὗ , for each set of the generated synthetic data. The probability of 

failure was calculated as ὴ
ȟ

. The reliability indices corresponding to the obtained 

probability of failure are compared with results from FOSM and shown in Figure 2-8 and Figure 

2-9. 

 
Figure 2-8 Comparison of reliability indices from FOSM and MCS for UHPC ï concrete 

interface (Direct shear test) 
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(a) (b) 

Figure 2-9 Comparison of reliability indices from FOSM and MCS for (a) UHPC-UHPC 

interface, (b) UHPC monolithic interface 

Reliability indices were not compared for UHPC-concrete (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 finite number.  

From Figure 2-8 and Figure 2-9, 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, the FOSM method is used to calculate reliability indices in Section 2.6, as it is more 

conservative. 

2.6.  Proposed Interface Shear Capacity Model for Monolithic UHPC Interface 

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, which entails additional 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 direction normal to the 

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 resistance is represented by 

localization stress of UHPC in the capacity model defined by equation 2-2. 

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 capacity and localization stress of 

UHPC on fiber characteristics [96ï98,104ï107]. Park et al. [108] observed that only first 

cracking load in UHPC was determined by UHPC matrix, and Qiu et al.[109] 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 matrix [107,110,111]. Le Hoang and Fehling [112] 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 

(Figure 2-10). 
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(a) (b) 

Figure 2-10 (a) Schematic view of normalized tensile stress-crack opening relationship of UHPC 

[112]; (b) Fiber efficiency relationship with fiber factor [112] 

The relation between fiber characteristics and localization stress established by previous 

researchers is adopted in this paper to propose a more reliable alternative shear capacity model. 

Fiber characteristics is expressed as fiber factor, K, which is function of fiber volume and fiber 

aspect ratio [113]. Fiber factor is defined as equation 2-26 by Tue et al. [113], where K is fiber 

factor, ” is fiber volume ratio, ὰ is length of fiber, Ὠ is diameter of fiber, and  is aspect ratio 

of fibers.  

K=  2-26 

 

 Le Hoang and Fehling [112] 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 equation 2-27, where ɻ is a dimensionless constant, whose value 

is determined from reliability analysis, and Ὢ is the minimum yield strength of reinforcement 
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and is assumed to be limited to 413.7 MPa (60 ksi). Cohesion strength, c, and coefficient of 

friction, ‘ȟ needs to be referred from the AASHTO UHPC specification [59].   

ὠ ὧὃ ‘ὃ Ὢ ‌‎ὃ  2-27 

 

‎ is the localization stress and is defined as equation 2-28 based on the regression 

analysis done by Le Hoang and Fehling [112] in MPa units and Ó 0 . The coefficient of friction 

(‘ is kept as 1.0, same as AASHTO UHPC specification.  

‎ τȢψςÌÎὑ ωȢπψ 2-28 

  

In equation 2-28, the localization stress of UHPC is expressed in terms of fiber factor. 

Typically, the aspect ratio of fibers used in UHPC mixes is varied between 60-100. From 

equation 2-26, fiber factor, K, should be at least 0.152 to get the contribution of clamping from 

UHPC in interface shear capacity else ‎ will 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 increased, 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 before reinforcement with 

higher strength yields, as supported by experimental data from Muzenski et al. [72]. 

The dimensionless constant, ‌ȟ includes the variability arising from fiber orientation 

angle and UHPC tensile characteristics. Minimal effect of fiber texture on tensile strength was 

observed by Qiu et al. [109] 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 factor, P, was checked as explained in previous sections. 

The distribution of P 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 equation 2-28 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 for the dataset complying with the aforementioned range. A total of 64 

data points were found to meet these conditions. The mean and standard deviation of P for the 

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 product of ‌ and ‎ 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 average reliability 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 

2-26 ranged from 8-13.5 MPa (1.16-1.96 ksi) for fiber volume between 1-4% and fiber aspect 

ratio between 60-125. The reliability index computed for all possible load ratios using the 

proposed capacity model of equation 2-25 is presented in Figure 2-11. 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, ɻ, presented in the proposed capacity model is similar to the tensile strength 

reduction factor, ‎, in equation 2-2. Given that AASHTO UHPC specification does not specify 

any fixed value for ‎, a value of 0.85 was adopted [58] while calculating reliability index of 

monolithic UHPC interface from AASHTO UHPC specification shear capacity model. Thus, 

average reliability index was checked by setting, ‌, equal to 0.85 as well. When ‌ was 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 AASHTO UHPC specification.  

 

 

(a) (b) 

Figure 2-11 For proposed capacity model of UHPC monolithic interface (a) CDF of professional 

bias factor, P, in logarithmic scale, and (b) Reliability index of interface shear capacity when ‌ = 

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. A higher coefficient of variation was observed when determining the interface shear 

capacity from direct shear tests compared to slant shear tests for UHPC-concrete 

interface. A similar assessment could not be performed for the UHPC-UHPC 

interface and UHPC monolithic interface because of inadequate data sample size. 

2. Lower reliability index was observed when direct shear test method was utilized for 

determining interface shear capacity of UHPC-concrete interface and monolithic 

UHPC interface.  

3. 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. 

4. 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 

Timber is a natural and hygroscopic material. Its low durability and strength are a major 

concern for timber bridge deck designers. According to the 2022 National Bridge Inventory 

(NBI) database [3], there are 16,600 timber bridges, with nearly 25% of timber bridge decks 

categorized as in fair or below-fair condition and 7% in poor or worse condition. The potential 

solution to address the durability and strength issue of timber decks is by providing an overlay of 

relatively impervious and stiff material. When concrete is used as an overlay material in timber, 

it is known as timber-concrete composite (TCC).  

The concept of timber-concrete composite (TCC) solutions for bridge construction dates 

back to 1924 A.D., when the University of Washington initiated investigations [114]. Their study 

highlighted the cost-effectiveness 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 a century since the initiation of 

TCC bridges in the U.S.  

In 2020, a comprehensive inspection of TCC 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 18 TCC bridges built between 1935 A.D. and 1997 A.D. [35]. 

Despite the general decent condition of TCC bridges, several researchers and agencies [35,115] 

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 2010-2020 A.D. in the U.S. [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 decks. Ultra-high-

performance concrete (UHPC) and cross-laminated Timber (CLT) are advanced materials in the 

concrete and timber industries. Integrating these modern construction materials is a way to 

revitalize the TCC construction industry while promoting green infrastructure and the use of 

local resources.  

UHPC, a relatively new cementitious material, exhibits higher compressive strength, 

durability, and long-term stability than conventional concrete. Its tensile strength, both before 

and after cracking, is significantly higher than normal concrete [39]. UHPC consists of an 

optimized gradation of granular constituents, a low water-to-cementitious material ratio (0.25 or 

less), and approximately 2% by volume of discontinuous internal fiber reinforcement [40,41]. 

The use of powder and well-graded 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 an average size of less than 1 ɛm [39]. This enhanced mechanical property 

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, alkali-silica reaction, sulfate attack, and water 

penetration are mitigated in UHPC. At the same time, they are unavoidable in normal concrete 
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and will ultimately shorten the structure's service life [42]. The water absorption coefficient of 

UHPC is 60 times lower than normal concrete, and its permeability coefficient is approximately 

600 times lower [43].  The low permeability is attributed to a significant reduction in the size and 

number of pores and the elimination of coarse aggregates [44]. The chloride ion diffusion 

coefficient of UHPC is at least ten times lower than that of normal concrete, depending on the 

mixture proportion, curing regime, and testing age. Carbonation rarely occurs in UHPC [116]. In 

addition, newly formed carbonation products of UHPC can partially or entirely fill the 

microcracks in UHPC to recover its lost mechanical strength [117]. Therefore, using UHPC 

instead of conventional concrete is expected to enhance the durability of TCC structures.  

Cross-laminated timber (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 assemblies [13]. Because the 

layers of CLT elements are built orthogonal to each other, each adjacent layer acts as a 

reinforcement of the whole panel, which adds dimensional stability and offers load-carrying 

capacity in both directions [14]. The advantages of CLT construction include faster on-site 

construction, lighter-weight materials, use of sustainable resources, improved insulation 

properties, carbon sequestration, and lower greenhouse gas emissions compared to typical 

concrete construction [118]. The compressive strength of CLT is higher than that of glue-

laminated timber (GLT), commonly known as glulam, or bare timber of the same species. 

Hossain 2019, reported that the compressive strength of five-layered CLT made of Spruce-Pine-

Fir (SPF) is nearly equal to 27.6 MPa (4 ksi) for varying moisture content. CLT also displays 

enhanced ductility and energy absorption properties compared to regular timber and GLT [119]. 
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In addition to its mechanical properties, CLT has proven efficacy in handling lateral loading 

conditions, even under extreme earthquake loads [120,121].  

3.2.  Objectives and Motivation 

The primary objective of this research is to propose a superior alternative to TCC in the 

form of a CLT-UHPC composite. This study aims to ensure effective composite action between 

CLT and UHPC and evaluate its flexural capacity for potential applications in rural bridge decks. 

While previous research [48,122] has explored TCC and CLT-UHPC composites using discrete 

and continuous mechanical connections or notches, this study introduces a novel approach 

incorporating artificial texture as an interface between CLT and UHPC.  

The concept of artificial texture in CLT-UHPC composites is inspired by similar 

practices in the concrete industry. After the introduction of artificial textures, an increase in bond 

strength between UHPC and normal concrete has been observed [60,69]. If successfully applied 

to CLT-UHPC composite systems, this technique could reduce construction time and costs. 

Addressing the durability challenges associated with timber is another focus of this 

research. Like all timbers, CLT's mechanical properties degrade with increased moisture 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 constructions with a high 

moisture endurance margin [123]. 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 in this study, and its potential as an interface will be analyzed. 

This research will comprehensively analyze the durability and interface shear 

performance of the CLT-UHPC composite system using various interface options. Reduced-

scale specimens of half-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, simulating half-bridge decks laid transversely between longitudinal 

girders to carry a single-axle wheel load of 71.2 kN (16 kips). The dimensions of the specimens 

align with typical single-lane 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 from the Euler-Bernoulli beam theory to assess the performance of the CLT-

UHPC composite system. 

3.3.  Materials and Methods 

In this study, V2-graded cross-laminated timber (CLT) panels were utilized. These panels 

were factory manufactured from No. 2 graded SPF 2x6 lumber, following the guidelines outlined 

in ANSI/APA PRG-320 [13]. Two configurations of CLT panels were employed: a three-layer 

CLT panel and a five-layer CLT panel, each with thicknesses of 101.6 mm (4 in.) and 174.6 mm 

(6.9 in.), respectively. The lumber making each layer was face-glued but not edge-glued.  

SmartUP®, a proprietary UHPC material was used in this research. The fiber volume 

concentration was set at 2.5% by volume, as suggested by the producers, and the fibersô 

dimensions were 0.2 x 13 mm. A standard horizontal shear mixer was used to mix UHPC and 

ensure a uniform distribution of the steel fibers throughout. The mix design employed for UHPC 

is summarized in Table 3-1.  

Table 3-1 Proprietary mix proportions for 1-cubic meter volume (Vicat) 

Components Weight, kg (lb) Percentage Contribution (%) 

Premix  59.04 (130.2) 83.62 

Superplasticizer (Tempo 10) 0.65 (1.5) 0.92 

Accelerator (Set-4) 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 of the test specimen for the interface shear test were finalized based on a 

push-off test conducted on TCCs by previous researchers [34,125]. The CLT used for the 

interface shear test was three-layered. The dimension of CLT and UHPC thickness is as provided 

in Figure 3-1. 

  
(a) (b) 

Figure 3-1 Interface shear specimen (a) cross-section, and (b) plan 

The test matrix considered variables such as providing a moisture barrier interlayer, 

interface preparation, and using shear connectors between CLT and UHPC. Polyguard 650 LT 

was employed as the moisture barrier interlayer in this study. This material is commonly used for 

concrete waterproofing applications, such as foundation waterproofing, mud slabs, parking 

garages, and other critical waterproofing requirements. The application process involved initially 

applying a water-resistant liquid rubber adhesive, Polyguard 650, to the interface surface. After 

allowing the adhesive to dry for 24 hours, the Polyguard layer was affixed to the surface.  

Artificial surface roughness was provided by applying Sikadur-31 High-Modulus epoxy 

to the surface of CLT. Subsequently, sand passing through a 1.18 mm sieve and retained on an 

850 ɛm sieve was manually spread onto the surface, aiming to create a 1 mm rough surface. 

Based on the author's previous research [126], this targeted roughness was deemed sufficient to 

meet the interfacial shear demand in bridges.  
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Due to its widespread availability and cost-effectiveness, a ring shank nail (8d) was 

utilized as the shear connector. The nail had a length of 63.5 mm (2.5 in.) and a diameter of 3.33 

mm (0.131 in.). Specimen IDs with the letter óNô indicate specimens with nails. For example, 

specimen óENô represents a specimen with Epoxy + sand and nails. The specimen IDs were 

followed by numeric letters representing individual specimens, such as W1, E3, etc. The test 

matrix for the interface shear test is provided in Table 3-2. 

Table 3-2 Test matrix for interface shear test 

Variables Description 
Specimen 

ID 

Number 

of 

Specimens 

Interface 

Area, sq. 

cm, (in2) 

Surface 

Preparation 

No surface preparation (Bare CLT) W 6 426 (66) 

Epoxy + sand E 6 426 (66) 

Surface 

Preparation + 

Shear Connector 

No surface preparation + nail N 6 426 (66) 

Epoxy + sand + nail EN 6 426 (66) 

Moisture barrier Polyguard P 6 426 (66) 

Moisture barrier + 

Shear Connector 
Polyguard + nail PN 6 426 (66) 

 

The images of the prepared presented in Figure 3-2. 

  

    

(a) (b) (c) (d) (e) (f) 

Figure 3-2 (a) W, (b) N, (c) P, (d) PN, (e) E, (f) EN 

UHPC, with a thickness of 31.75 mm (1.25 in.), was poured on either side of the CLT 

block, and a clear cover of 19 mm (0.75 in.) was provided for the shear connector. To 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 test following ASTM E 965 [127]. After 28 days of pouring the UHPC, specimens were 

tested using a standard closed-loop MTS testing machine. The specimens were subjected to pure 

shear using the setup as illustrated in Figure 3-3. The loading rate was maintained at 2.54 

mm/minute (0.1 in./min), as suggested by ASTM D 1761 [128]. During testing, an NDI Optotrak 

system, a 3D noncontact displacement measurement system, was employed to measure the 

interface slip. The system utilized light-emitting diodes (LEDs) equally spaced along the 

interface, recording 3D coordinates of the LEDs at a frequency of 20Hz. Load data was 

measured using load cells with a capacity of 222.5 kN (50 kips) and recorded using a National 

Instrument (NI) data acquisition (DAQ) system at the same frequency as the Optotrak system. 

Loading was applied until failure or 25.4 mm (1 in.) of slip, whichever was earliest. The picture 

of test setup is provided in Figure 3-3. 

 
Figure 3-3 Test setup for interface shear specimen 
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3.5.  Moisture Intrusion Test 

A moisture intrusion test was conducted to assess moisture intrusion for the provided 

interface options. A 101.6 mm (4 in.) cube Cross-Laminated Timber (CLT) block, cut from a 

three-layer CLT panel, was subjected to different surface treatments on all sides. The surface 

treatments included leaving the CLT block bare, coating it with Polyguard, applying 

epoxy+sand, and wrapping it in packaging tape. The epoxy adhesive at the interface was proved 

effective in resisting moisture penetration through concrete in past research [129]. In addition to 

these treatments, a set of specimens was prepared using a styrofoam block of the same 

dimensions wrapped in packaging tape. The assumption was that the styrofoam block would not 

absorb moisture when wrapped in packaging tape. This particular specimen served as the base 

specimen to calculate the moisture absorbed by the CLT block. Finally, a 31.75 mm (1.25 in.) 

thick layer of UHPC was poured around five sides of the CLT cube. The test matrix for the 

specimens is outlined in Table 3-3, summarizing the different surface treatments applied to the 

CLT block for the moisture intrusion test. Apart from the test specimens mentioned in Table 3-3, 

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. 

Table 3-3 Test matrix for moisture intrusion test 

Variables Description Variable 

ID 

Number of 

Specimens 

 

Surface Preparation 

UHPC layer + Bare CLT W 4 

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 uncovered end. The specimens 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 the tub (Figure 3-4). 

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 

      
Epoxy + Sand        Styrofoam 

(a) (b) (c) 
Figure 3-4 (a) Moisture specimen cubes before pouring, (b) typical 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 that. The recording of weight was 

discontinued whenever the change in weight became equal to or less than twice the sensitivity of 

the balance, following ASTM D4442-20 [130]. The specimens were then stored at 23°C and 

50% relative humidity for drying. The test was concluded after three similar wetting and drying 

cycles, as described above. 

3.6.  Flexural Test 

Three CLT-UHPC composite decks of 305 mm (12 in.) width were cast using five-layer 

CLT for the flexural test. The cross-section of the CLT decks was 175 x 305 mm (6.875 x 12 

in.), with a length of 2440 mm (96 in.) and an effective span of 2337 mm (92 in.). Three different 

Aluminum Tape 
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interface types were provided for each deck: Epoxy with sand (E), Epoxy with sand and nails 

(EN), and Polyguard with nails (PN). The nails were spaced 152 mm (6 in.) apart. The thickness 

of the UHPC layer was 38 mm (1.5 in.) at the bottom and 31.75 mm (1.25 in.) at the top. A rebar 

mesh with a diameter of 6.4 mm (0.25 in.) was tied with nails and binding wire in the top and 

bottom UHPC layers to increase strength and ductility. The dimension of the rebar mesh 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, Sikadur-31 

high-modulus epoxy was blended with sand passing through 1.18 mm, retained in 850 ɛm, and 

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 ASTM E 965 [127]. 

However, instead of spreading fine sand (<300 ɛm) as a circle and measuring its diameter, sand 

was sprayed in a 152 x 152 mm square, and roughness depth was determined accordingly by the 

sand patch test (Figure 3-5). The average roughness was measured to be 0.96 mm (0.024 in.). 

Figure 3-5 and Figure 3-6 provide images of the specimen preparation process.  

  

 

(a) (b) (c) 

Figure 3-5 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 of No. #2 rebars 
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(a) (b) (c) 

Figure 3-6 Flexural specimen preparation for PN specimen (a) Application of adhesive, (b) 

Placement of Polyguard layer 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 kN (50 kips) load cell 

beneath the loading jack to measure the applied load. A 445 kN (100 kips) load cell was placed 

on the support to measure the reaction force. Rebar strain gauges were installed in the rebar mesh 

at the quarter and midspan of the specimen. Concrete strain gauges were provided at the top and 

bottom centers of the rebar mesh. The NDI Optotrak system continuously recorded the 

specimen's position using LEDs. String potentiometers were attached to the specimens' quarter-

span, loading points, and midspan to measure deflection. Direct Current Linear Variable 

Displacement Transducers (DCDTs) were attached to the ends of the specimens to measure the 

slip. Small black dots painted at the ends on a white background were continuously monitored by 

cameras at 1-second intervals, serving as additional instrumentation for measuring slip at the 

ends. Specimens were subjected to three cycles of loading at 44.5 kN (10 kips) and 89 kN (20 
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kips), and one cycle at 111.2 kN (25 kips), followed by monotonic loading until failure. Figure 

3-7 depicts the setup for a four-point bending test of flexural specimens. 

  
(a) (b) 

Figure 3-7 Experimental test setup for four-point bending test of (a) EN specimen, and (b) E 

specimen 

3.7.  Material Tests 

The average 28-day compressive strength of UHPC was determined through testing 101.6 

x 152.4 mm (4 x 6 in.) cylinders. The average compressive strength obtained from testing six 

specimens was 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 out following the ASTM E8/E8-M 

procedure [131].  The yield stress and yield strain values obtained from the tensile testing of 

three specimens were 455 MPa (66 ksi) and 0.00230 mm/mm (in./in.), respectively.  

For determining the tensile stress-strain relation of UHPC, nine small-scale UHPC slab 

specimens, 558.8 x 304.8 x 50.8 mm (22 x 12 x 2 in.), were made and subjected to a four-point 

bending test in the MTS machine. The slab's position during the loading application was 

recorded using the LED targets through the NDI Optotrak system, and the load was measured 

using the built-in load cell of the MTS machine. The strain was calculated from the respective 

changes in the position of LED targets, and ultimately, an experimental moment-curvature 



 

 61 

 

relation was obtained. Inverse analysis was performed to match the theoretical moment-curvature 

and experimental moment-curvature by assuming the tetra-linear tensile stress-strain relationship 

of UHPC.  

The compression and tensile characteristics of CLT were determined through inverse 

analysis. In 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 to be zero [132ï134]. Thus, for this study, the stress-strain characteristics 

obtained from the inverse analysis are those of the longitudinal lamina parallel to the grain rather 

than CLT as a whole. 

 
Figure 3-8 Bending and shear stress distribution in CLT [132] 

In the inverse analysis, a five-layer Cross-Laminated Timber (CLT) deck with a length of 

2440 mm (96 in.) was subjected to four-point bending. The effective span was 2337 mm (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 kN (50 kips) load cell beneath the loading jack 

to measure the applied load. A 445 kN (100 kips) load cell was positioned on the support to 

measure the reaction force. String potentiometers were attached to the specimen's quarter-span, 

loading points, and midspan to measure deflection. The NDI Optotrak system continuously 

recorded the position of the specimen through LEDs. Flexural failure was observed in the center 

of the deck during this test. The experimental moment-curvature was calculated using strains 
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measured from LEDs. The theoretical moment-curvature response was iteratively matched with 

the experimental results by adjusting the stress-strain response of the longitudinal lamina of 

CLT. This iterative process allowed for the determination of the stress-strain characteristics of 

the CLT lamina parallel to the grain. The result of the inverse analysis is summarized in Table 

3-4. Timber exhibits plastic behavior in compression while it is brittle in tension [135]. Thus, in 

this paper, elastic-plastic relation is assumed for compression behavior, and elastic relation is 

assumed for tension behavior. The final stress-strain relationship adopted for all the materials is 

provided in Figure 3-9. 

Table 3-4 Summary of mechanical properties of CLT longitudinal lamina obtained from inverse 

analysis 

 CLT longitudinal lamina parallel to the grain  

Compressive Strength, Mpa (ksi) 27.6 (4) 

Tensile Strength, Mpa (ksi) 24.1 (3.5) 

Modulus of elasticity in tension, Mpa (ksi) 8.9 (1291) 

Modulus of elasticity in compression, Mpa (ksi) 8.9 (1291) 

Peak compression strain (Microstrain) 3077 

Peak tension strain (Microstrain) 2692 

 

    

(a) (b) (c) (d) 

Figure 3-9 Stress-strain 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 moment-curvature relationship of CLT with the 

theoretical is presented in Figure 3-10. The flexural stiffness obtained from the experiment was 

3309 kN-m2 /m (351 x 106 lbf-in2 / ft) while the flexural stiffness provided by the shear analogy 

method in PRG-320 was (363 x 106 lbf-in2 / ft) [13]. Flexural stiffness was calculated as moment 

per unit curvature until the relationship between moment and curvature is linear.  
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Figure 3-10 Comparison of experimental moment-curvature response with theoretical response 

for bare CLT 

3.8.  Results and Discussion 

3.8.1. Interface Shear Test 

The load-slip relationship for all specimens is presented in Figure 3-11. Low shear 

strength and brittle failure were observed in the 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 strength. The resistance observed in W specimens is attributed to the 

low interface friction between the materials. 

The CLT with nail specimens (i.e., N specimen) had higher strength and ductility 

compared to W specimens. All specimens exhibit similar initial stiffness and post-peak 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 load. This outcome 

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 timber. Because of nail, some ductility was observed but ultimately, failure of 

specimen occurred due to fracture of nail.  
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The CLT with Polyguard (P) specimens and CLT with Polyguard + Nail (PN) specimens 

exhibited more ductile failure compared to N specimens. Surprisingly, 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% (Table 3-5). 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 (E) and epoxy 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 provided by surface preparation and partly due to the high-strength 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 sand-patch test [127].  

Table 3-5 summarizes the peak load, slip at maximum load, maximum shear stress, and 

slip modulus at serviceability for all specimens. Slip 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 timber-concrete composites [136]. 

Slip modulus of the interface becomes an important parameter when the composite system 

exhibits partial composite action. Because slip was negligible in W specimens, the slip modulus 

was not calculated for that group. The Coefficient of Variation (COV) of peak shear stress and 

slip modulus at serviceability varies from 3.1-33 % and 13.1-35.8% respectively, for different 

specimen groups.  
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 3-11 Load-slip relationship for (a) W specimens, (b) N specimens, (c) P specimens, (d) 

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

 

Table 3-5 Summary of results from interface shear test 

Specimen ID Peak load, kN, 

(kips) 

Slip, mm. (in.) Peak Shear 

Stress, MPa, 

(psi) 

Slip Modulus at 

serviceability, 

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 22.4 

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) 
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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 

E1 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) 

EN6 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 in Figure 3-12. Fractured nails are shown enclosed by red circles. 

   

(a) (b) (c) 

Figure 3-12 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 chosen and presented in Figure 3-13.  

  
(a) (b) 

Figure 3-13 (a) Representative comparison of all considered interface options and (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 absorbed by the CLT 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 moisture absorbed 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 specimens after the first wetting cycle is presented in Table 3-6. 
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Table 3-6 Moisture absorbed per unit volume by UHPC after first wetting cycle  

Specimen ID Gross Volume, 

cm3 (in3)  

Volume of 

Styrofoam, 

cm3, (in3) 

Net volume of 

UHPC, cm3, 

(in3) 

Moisture 

absorbed, gm, 

(lb) 

Moisture 

absorbed per 

unit volume, 

kg/m3, 

(lb/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 presented in Table 

3-7. Since moisture absorbed by UHPC per unit volume is previously determined from Table 

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 specimens and P specimens 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 CLT as per National 

design specification (NDS) [17] for wood. The higher moisture resistance in all specimens is 

likely due to UHPCôs highly impermeable properties. 
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Table 3-7 Moisture absorbed by CLT block after first wetting cycle 

Spe

cim

en 

ID 

Gross 

Volum

e (cm3)  

Volum

e of 

CLT 

block1 

(cm3)  

Net 

volum

e of 

UHPC 

(cm3)  

Dry 

weigh

t of 

CLT 

cube 

(gm)  

Initial 

dry 

weight 

of 

specime

n (gm)  

Total 

moisture 

absorbe

d (gm) 

Moistu

re 

absorb

ed by 

UHPC 

(gm)  

Moisture 

absorbed 

by CLT 

(gm) 

Moistur

e 

absorbe

d by 

CLT 

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  2610.5 472.5  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 5.9 0.8 

E3 3711.9 1048.8  2663.1 579.4 7053.5 35.5 26.6 8.9 1.5 

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 in Figure 3-14. The calculation of the average change in weight is 

based on the average initial gross weight of the specimen. The epoxy + sand and polyguard layer 

provided certain resistance to moisture intrusion compared to the W specimen, which can be 

observed in  Figure 3-14.  

After the completion of the first wetting cycle, a sudden weight drop is observed, caused 

by the quick surface drying of the UHPC layer. The rate of drying is almost similar for all the 

moisture specimens. From drying cycle-1, it can be observed that the change in weight hasnôt 

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

 

1  1 cm = 0.039 in., and 1000 gm = 2.2 lb 
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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 drying cyle-1 was primarily due to the 

evaporation of moisture in the UHPC layer. Because of the superior impermeability of UHPC, 

the moisture intruded inside CLT didnôt evaporate entirely.  

In wetting cycle-2, it is observed that the residual moisture of CLT and UHPC resulted in 

a decreased potential for moisture intrusion. The peak of wetting cycle-2 is lower than that of 

wetting cycle-1, but the rate of moisture intrusion is almost similar for all specimens in wetting 

cycle-2. The rate of drying cycle-2 is also similar for all specimens, except that the drying cycle 

now takes longer than the wetting cycle to reach equilibrium. It should be noted that all 

specimens experience a similar weight change after completing drying cycles 1 and 2. 

Wetting cycle-3 is even shorter than wetting cycle-2, but the rate of change of weight is 

similar. It is important to note that the peak of wetting cycle-3 is even less than wetting cycle-2. 

A possible explanation for this behavior is a reduction in UHPC permeability potential caused by 

the time-dependent closure of shrinkage cracks [137ï139]. The rate of change in drying cycle-3 

is also consistent across all specimens. Both drying cycle-3 and drying cycle-2 required more 

than 300 hours to reach equilibrium. 

 

Figure 3-14 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 without a UHPC layer were immersed in a 

water tub for a month to test this hypothesis. On average, all specimens absorbed 50ï60% of 

their dry weight. 

3.8.3. Flexural Test 

The specimen EN, with epoxy and nails at the interface was tested first since it had the 

strongest interfacial bond. It was tested under the four-point bending test, and the distance 

between load pins was kept at 610 mm (24 in.). Composite action was achieved until the 

specimen reached the maximum load of 129 kN (29 kips). The specimen, then, experienced 

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 distance between the load pins 

was reduced to 305 mm (12 in.) for the PN and E specimens to avoid the rolling shear failure and 

localize the cracking in UHPC layer in tension. This resulted in increase in failure moment 

capacity as expected with different loading configurations, but the failure mode remained 

unchanged. Both specimens exhibited rolling shear failure at their peak load. The E specimen 

failed at a similar load as the EN specimen. Only flexural microcracks were observed in the 

bottom UHPC layer for both E and EN specimens.  

For the PN specimen, 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 layer at the bottom. However, the 

top layer delamination was not visible during the experiment; thus, 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 layer at 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 shear strength observed from the 

interface shear test is presented in Table 3-8. Experimental average shear stress is obtained as 

shear force divided by cross-section area.  

Table 3-8 Comparison of experimental interface shear stress with the experimental interface 

shear strength 

Specimen 

ID 

Experimental 

shear force, 

kN (Kips) 

Experimental 

average shear 

stress, MPa 

(psi) 

Experimental 

interface shear 

strength, MPa (psi) 

Failure Mode Interface 

failure 

observed 

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 and 

Rolling shear 

Yes 

 

All of the composite deck specimens failed in rolling shear stress. The design rolling 

shear capacity provided by PRG-320 for V2 grade CLT is 0.31 MPa (45 psi) [13]. All three 

composite deck specimens showed 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 provided in Figure 3-15. 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 achieving flexural failure, the load-carrying capacity of all composite 

decks exceeded the single-axle wheel load demand of bridge decks for serviceability and 

ultimate strength condition.  
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(a) (b) 

Figure 3-15 (a) Moment Vs central deflection plot, (b) 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 condition [19]. The experiment done in this paper is on a 

reduced scale. Thus, the corresponding load demand should also be reduced to make a 

comparison. AASHTO LRFD [19] uses an equivalent strip method to distribute the load over the 

decks. The width of the strip is defined as in equation 3-1 for positive bending moment, where S 

is the spacing between the girders. Using S equals to 2.34 m (92 in), W is obtained as 1.94 m (76 

in)  [19].  

W = 26 + 6.6S 3-1 

As per AASHTO LRFD [19], interior decks are investigated for strength-I and service-I 

load combination, for which load combination is as according to Table 3-9, where DC is dead 

load from structural component, DW is dead load of wearing surface, and LL is vehicular live 

load. 

Table 3-9 Load factors for strength and service load combination [19] 

Load combination Combination equation ‎   ‎   ‎   

Strength-I ‎  Ὀὅ  ‎  Ὀὡ  ‎  ὒὒ 1.25 1.5 1.75 

Service-I ‎  Ὀὅ  ‎  Ὀὡ  ‎  ὒὒ 1.0 1.0 1.0 
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The dead load from structural components was calculated using the unit weight of CLT 

as 480.5 kg/m3 (30 pcf) and UHPC as 2483 kg/m3 (155 pcf). The 50.8 mm (2 in.) thick asphalt 

wearing surface of unit weight of 2242.6 kg/m3 (140 pcf) was assumed. The bending moment 

due to factored dead load was calculated according to equation 3-2. 

ὓ  = ‎  Ὀὅ  ‎  ὈὡὛȾρπ 3-2 

The live load moment for interior deck was adopted from Table A4-1 of AASHTO LRFD 

for girder spacing of 2.34 m (92 in) [19]. Table 3-10 summarizes the factored dead and live load 

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

Table 3-10 Summary of bending moment demand corresponding to strength and service limit 

state 

Specimen ID Load 

combination 

Factored dead load 

moment, kN-m/m, 

(kip-ft/ft)  

Factored live load 

moment, kN-m/m, 

(kip-ft/ft)  

Total moment, 

kN-m/m, (kip-

ft/ft)  

E, PN, and 

Bare CLT 

Strength-I 

2.43 (0.55) 45.64 (10.27) 48.1 (10.82) 

E, PN, and 

Bare CLT 

Service-I 

1.8 (0.41) 26.52 (5.97) 28.33 (6.37) 

EN Strength-I 2.43 (0.55) 45.64 (10.27) 48.1 (10.82) 

EN Service-I 1.8 (0.41) 26.52 (5.97) 28.33 (6.37) 

 

Bridge decks are critical in deflection. AASHTO LRFD [19] has provided limits of 

deflection for concrete and wood decks. As per AASHTO LRFD [19], the deflection limit for 

concrete and wood deck is span/1000 and span/425, respectively. Table 3-11 provides a 

comparison of deflection limit and observed deflection in the experiment.  

Table 3-11 Comparison of measured live load deflection with AASHTO LRFD [19] limits 

Specimen ID Measured deflection, mm (in.) Deflection limit as per 

AASHTO LRFD, mm 

(in.)[19] 

Remarks 

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 deck specimens. The experimental moment-curvature relationship 

was obtained by calculating the strains from LED targets. The comparison of theoretical and 

experimental moment-curvature and the obtained failure pattern is shown in Figure 3-16 and 

Figure 3-17 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 investigation. All the shear 

failure cracks were within 610 mm (24 in.) of the roller support.  

   
(a) (b) (c) 

Figure 3-16 Comparison of moment-curvature response of (a) EN specimen, (b) PN specimen, 

and (c) E specimen 

   
(a) (b) (c) 

Figure 3-17 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 analyzed. The reading of 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 gauge at first and then strains at the peak load are very close to 

the strains recorded by rebar strain gauges for specimens with epoxy and sand (Figure 3-18). The 

abbreviation óSGô denotes strain gauges in Figure 3-18. Concrete strain gauge of epoxy with 

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 gauge (Figure 3-18 (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 with PN specimen (Figure 3-18 (b)), but theoretically, 

it should be close to yielding. Also, based on the local strains for epoxy with sand specimens, as 

shown in Figure 3-18 (a) and (c), perhaps both specimens were close to the localization of the 

bottom UHPC layer.  

   

 (b) (c) 

Figure 3-18 Load vs strain relationship for CLT-UHPC 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 shear tests, sixteen moisture specimens, and three composite deck 

flexural tests were carried out to investigate the interface behavior, durability, and flexural 

performance of CLT-UHPC composites. Based on the experimental results, the following 

conclusions and recommendations are made. 

¶ Apart from providing mechanical connectors as an interface, artificial textures in the 

form of epoxy with sand have been analyzed in this study. It was observed that the 
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interface shear capacity of a specimen composed of epoxy with sand is superior but 

exhibits brittleness.  

¶ A specimen without any moisture barrier layer, i.e., only with UHPC layer, demonstrated 

excellent moisture resistance. The moisture resistance of the Polyguard and 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 in the CLT-UHPC composite will depend on other variables, like 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 CLT, specimens couldnôt reach their full 

flexural capacity. The contribution of nails in flexural stiffness was almost negligible 

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 CLT-UHPC composite decks exhibited sufficient flexural 

and shear strength to carry a single-axle truck wheel load and hence can be potential 

options for rural bridge decks. The performance of the specimen with epoxy + sand 

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 behavior of this composite system. 
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4. EXPERIMENTAL DETERMINATION OF INTERFACE SHEAR CAPACITY OF CLT-

UHPC COMPOSITE STRUCTURE 

4.1.  Introduction 

Cross-laminated 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 impressive strength-to-weight ratio. 

Because the layers of CLT elements are built orthogonal to each other, each adjacent layer acts 

as a reinforcement of the whole panel, which adds dimensional stability and offers load-carrying 

capacity in both directions [14]. It has compressive strength comparable to normal concrete and 

has superior tensile strength. Since CLT is a timber product, it serves as a long-term 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 minimized on-site 

construction waste. 

Nevertheless, the use of CLT is limited in long-span structures because of excessive 

deflection. The low flexural stiffness of CLT results in higher deflections. The addition of 

concrete on top of timber, commonly known as timber-concrete composite (TCC), has been 

identified as a potential solution to improve the stiffness of the structural system by numerous 

researchers [32,33,140]. 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. 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 
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resisted by the concrete topping. Medium- to long-span (7ï15 m) floor systems can be 

constructed through effective composite action between the two materials, provided by the 

interface connection [141]. Furthermore, TCC systems provide added benefits such as increased 

load-carrying capacity, in-plane 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 ultra-high-performance concrete (UHPC). UHPC is a relatively new 

cementitious material in the concrete industry, offering higher compressive strength, durability, 

and long-term stability than conventional concrete [39].  UHPC cementitious material consists of 

an optimized gradation of granular constituents, a water-to-cementitious material ratio of 0.25 or 

less, and approximately 2% by volume of discontinuous internal fiber reinforcement [40,41]. The 

use of powder and well-graded 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 than 1 ɛm [39].  

The use of CLT-UHPC composites as a special type of TCC system will be more 

efficient in terms of load carried per unit self-weight compared to all-reinforced concrete 

systems. Due to its higher packing density than conventional concrete, UHPC has low 

permeability, which helps restrict moisture ingress into the CLT layers 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 transportation expenses, construction costs, and foundation costs. 

The critical component of all composite systems is the shear transfer between the 

combined materials. The connection must be stiff enough to develop the required amount of 

composite action with minimal slip at the interface under service-level 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 discrete dowel-type 

mechanical connectors. In dowel connectors, shear transfer is achieved through a combination of 

dowel bending and withdrawal forces, depending on the orientation of the dowel relative to the 

timber-concrete interface. Laterally loaded dowel-type connections, with fasteners inserted 

perpendicular to the member face, are primarily governed by the dowel bearing pressure in the 

timber and the fastener's resistance to bending, as described by Johansenôs yield theory [142]. 

This theory was initially adopted by European design specification, later by National design 

specification (NDS) for wood construction, and is known as the European Yield 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. Kavaliauskas et al. [145], Marchi et al. [146], 

and Mirdad et al. [147] extended Johansenôs yield theory [142] of timber connection by 

considering withdrawal resistance of the screws as well as friction of the contact surface in 

inclined screws. The study conducted by Kavaliauskas et al. [145] predicted the capacity of the 

screw using yielding theory but was unable to predict precisely the failure mode. However, 

Mirdad et al. [147] predicted the failure modes accurately, and their strength prediction was 

within an average of 12% for layered timber-concrete composite, even though both of their 

methods was similar. The potential reason is because Kavaliauskas et al. [145] didnôt consider 

the change in 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 poor. Another method for achieving improved composite 

action and stiffness between timber and concrete is the use of glue or adhesives. The most used 
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adhesives for structural bonding are polyurethanes and epoxies. Brunner et al. [148] used two-

component epoxy as a bonding material between concrete and timber components and observed 

a stiff connection between them. Negrao et al. [149] investigated the feasibility of a glued 

timber-concrete-composite system with fresh and precast concrete. They noted a reduction of 

shear strength in the composite when the moisture content of timber was increased. Schafers and 

Seim [150] extended the concept of adhesively bonded timber-concrete composite towards ultra-

high-performance concrete. The major concern with adhesive connection was its negligible post-

peak load-carrying capacity despite significant connection stiffness. Kanocz and Bajzecerova 

[151] used epoxy adhesives to connect the layers of CLT and concrete and observed a rigid 

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 CLT-UHPC composite systems. Nevertheless, the 

mechanics of shear transfer are similar for both TCC and CLT-UHPC composites. The primary 

difference lies in the variation of dowel bearing strength across the width of CLT compared to 

conventional timber. Since CLT consists of layers of lumber oriented in orthogonal directions, 

the dowel bearing strength varies in each layer depending on the wood grain orientation. In 

contrast, conventional timber 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 and ductility for its potential application in bridge decks. Bridge decks are 

medium- to long-span structures where 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 almost no ductility, while 
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dowels have limited strength but higher ductility. Thus, the hybrid connection is expected to 

enhance both peak and post-peak performance of the connection. As per the authorôs knowledge, 

no experiment has been conducted to determine the interface shear capacity using such hybrid 

connection in CLT-UHPC composite.  

This study also validates experimental shear capacity with a simpler analytical method 

for the proposed hybrid system. Additionally, a novel method of interface connection is 

introduced in this paper, where an artificial friction source is introduced between the surfaces to 

improve the connection strength. In this method, liquid adhesives and sand is mixed to form 

adhesive mortar, which is then rolled on the face of the CLT. The application of adhesive mortar 

on the face of CLT provides artificial roughness and helps increase the frictional force. Frictional 

force will contribute to increasing shear strength and stiffness in the system. Artificial  textures 

and roughness have been used by several researchers  [60,69,152] to increase the interface shear 

strength in concrete surface, but they havenôt been utilized in timber surface.  

4.3.  Interface Shear Test 

4.3.1. Materials 

Exterior grade timber screws manufactured by Simpson-Ties, SDWH 27400, was used as 

the mechanical dowel shear connector. Nails could have also been used as dowels in this hybrid 

connection, but screws offer better withdrawal resistance compared to nails. The screws used 

have galvanized coating, which will give higher resistance to corrosion and is suitable for 

exterior application. These partially threaded screws are 101 mm long with a root diameter of 

6.22 mm (0.245 in.) and thread length of 76.2 mm (3 in.). The outer thread diameter of the screw 

is 10.1 mm (0.398 in.), and the shank diameter is 7.0 mm (0.276 in.). These screws are also 

provided with a diameter 23.1 mm (0.91 in.) washer head, which will aid anchorage with in 

UHPC. The mechanical characteristic of the screw was adopted from the manufacturerôs 
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catalogue. The tensile load capacity of the screw is 9.12 kN (2.05 kips), and the bending yield 

strength is 1007 MPa (146 ksi) [153].  

The CLT used was non-edge glued, three-layered, V3-graded, and made from southern 

pine with a total thickness of 105 mm (4.125 in.). The same grade and sized dimensional lumber 

were used in longitudinal and transverse layers. The cross-section dimension of dimensional 

lumber was 38.1 x 184 mm, commonly called 2 x 8s. The reported average moisture content is 

12 ±  3%. The CLT panels used were certified according to ANSI PRG-320 [13]. 

SmartUP®, a proprietary UHPC mix design was used as the UHPC material in this 

research. The fiber volume concentration was set at 2.0% by volume, as suggested by the 

producers, and the dimensions of fibers were 0.2 mm x 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 summarized in Table 4-1. 

Table 4-1 Proprietary mix proportions for 1-cubic meter volume  

Components Weight, kg (lb) Percentage Contribution by 

weight (%) 

Premix (Vicat) 59.04 (130.2) 83.62 

Superplasticizer (Tempo 10) 0.65 (1.5) 0.92 

Accelerator (Set-4) 0.23 (0.6) 0.32 

Water 5.1 (11.3) 7.22 

Fibers (Hiper Fiber) 5.59 (12.4) 7.92 

 

Sikadur-32 Hi-Mod, a two-component structural adhesive, was selected to bond wet 

UHPC with CLT. According to the producerôs technical data sheet, it develops a shear strength 

of 43 MPa (6.24 ksi) after 14 days of curing at normal temperature. Its pot life is 30 minutes, 

which is sufficient for the fabrication process. The spread area of liquid epoxy was set as 1.9 sq. 

meters/liter (80 sq. ft./gallon) as per the producerôs manual. Sikaur-32 epoxy is mixed with 

natural sand passing through U.S. sieve size 25 (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 test, small-scale tests to determine the moisture 

intrusion in CLT after applying liquid epoxy was conducted. A total of six small-scale CLT 

specimens with dimensions of 5 in. x 6 in. x 4.125 in. (125 mm x 150 mm x 105 mm) were 

prepared by applying liquid epoxy on all faces. The spread rate of liquid epoxy was 80 sq. 

ft/gallon, as per the recommendation of the epoxy manufacturer. 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 between 13.3% and 33%. The reason for such 

variation is that after around 60 days, the epoxy started cracking and moisture intrusion 

increased. To prevent floating of the specimen in water, concrete cylinders were kept on top of 

the specimen as shown in Figure 4-1.  

 

 

 
(a) (b) 

Figure 4-1 Moisture specimen (a) in water tub, (b) with epoxy cracked surface 

Apart from that, six CLT specimens of the same dimension were also kept in a water tub 

later on with epoxy applied only on the top and bottom surfaces. The 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 presented in Figure 4-2. From the figure it can be 
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observed that the rate of moisture intrusion was high for two-face 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 progressing after epoxy coating 

starts forming cracks. 

  
(a) (b) 

Figure 4-2 Moisture specimens (a) weight variation percentage, (b) rate of moisture intrusion 

The specimens subjected to the moisture intrusion test were continuously submerged in 

the water tub for more than 45 days. Although this doesnôt reflect the realistic scenario, it can, 

however, be concluded that liquid epoxy acts as a good solution 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 in the interface shear test was cut from a 4.16 m long by 1.14 m 

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 lumber, the CLT panel was cut along the longitudinal joint by a hand-held 

miter saw to obtain the individual CLT specimen.  

The lumber used for CLT is non-glued in the adjacent layer and glued only in the 

interlayer. During manufacturing, due to imperfections in lumber, gaps exist between adjacent 
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lumber edges. As per PRG-320, the edge joint gaps should not exceed 6.4 mm (0.25 in), while 

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 of the gap in every CLT block is a variable, and it is difficult to quantify the 

contribution of those shear keys in shear strength. Thus, caulk was used as filler to close the face 

gap. This approach will not allow formation of a shear key, and results will be conservative. 

Although the width of the CLT specimen was 368 mm (14.5 in.), UHPC was poured in 

only middle 254 mm (10 in.), to allow for instrumentation to measure the interface slip during 

testing. There is no standard that specifies the dimensions of the CLT-UHPC interface shear test 

or even the timber-concrete interface shear test. Based on experimental tests and results available 

in open literature, FPInnovations has proposed a minimum interface shear length of 400 mm per 

shear plane [154]. This provision aligns with the findings of Schafers and Seim [150], where 

they concluded that ultimate shear loads do not increase after a bond length of 400 mm. As per 

FPInnovations, the thickness of concrete for the shear test should be the same thickness as 

concrete on the floor. Usually, concrete thickness in timber-concrete composite applications is 

higher than 70 mm when normal concrete is used, and it can be made lower when UHPC is used 

[154]. This provision is based on the vibration control requirement for use in building slabs. 

ACI-318 [71] requires the topping slab 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 ACI-318 assume concrete in the top only, while in this paper, UHPC is 

present in both top and bottom; 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 performing a sand-patch test 

according to standard procedure [127]. The average roughness depth of the texture was equal to 

0.75 mm. In a concrete substrate with UHPC overlay, the 28-day bond strength requirements as 

required by ACI 546.3R were achieved when a 0.6 mm texture depth was applied for repair 

works [155]. Thus, an average roughness depth of 0.75 mm was deemed satisfactory in the CLT-

UHPC composite system. 

The screws were inserted at both sides of the three-layered CLT at the spacing of 127 mm 

(5 in.) as shown in Figure 4-3.  Typical UHPC overlay depth usually ranges from 25-50 mm (1-2 

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 

UHPC [59]. Since the 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 

different elevations on opposite sides. The edge distance and end distance from the screws 

satisfied the requirements provided in NDS and recommendations from 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 studies [156ï161] 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 be either in tension or in compression. As per 
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Bejtka [162], there is no significant difference between tension and compression; the capacity of 

one screw can be doubled. The findings of Bejtka [162] contradict the 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 inclined at 45 degrees 

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

stiffness while testing screws at varying inclined angles by Blass and Bejtka [157] in timber-

timber connection. The dimension of the specimen is provided in Figure 4-3. 

  
 

 

(a) (b) (c) 

Figure 4-3 Longitudinal section of CLT-UHPC composite specimen with screw orientation (a) 

perpendicular, (b) inclined, and (c) plan of CLT-UHPC composite specimen 

4.3.4. Test Matrix 

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

for bonding the interface. Apart from that, two different orientations of screws was used to 

determine the influence of screw orientation angle on interface strength. The screw orientation 

angles considered in this study is 90 and 45 degrees. Typically, a 90-degree orientation of the 

screw with respect to the outer layer grain direction of CLT is common and is practical in real 

applications as well. For observing the variation in interface capacity while orienting screws at 

an angle, the test matrix included specimens with screws loaded at an angle of 45 degrees in 

tension.  
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The test matrix also included a base specimen with only screws as well. For the base 

specimens, a thin plastic 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 by [165,166], where they used a plastic separation sheet and 

polyurethane film, respectively, to avoid the interaction of concrete with timber while evaluating 

the shear capacity of the fastener. However, for other specimen types, no plastic sheet was 

applied at the interface. The details of the test matrix are provided in Table 4-2. 

Table 4-2 Test matrix for interface shear test 

Specimen ID No. of replicates Screw Orientation 

(degrees) 

Description 

E 4 NA Liquid epoxy specimens 

EIS 4 45  Liquid epoxy with inclined screws 

ES 4 90 Liquid epoxy with perpendicular screws 

EM 4 NA Epoxy mortar 

EMIS 4 45 Epoxy mortar with inclined screws 

EMS 4 90 Epoxy mortar with perpendicular screws 

S 3 90 Only screw 

IS 3 45 Only inclined screw 

 

UHPC was poured in two sequences. At first, the top side of the CLT was poured with 

UHPC. It was allowed to cure for 24 hours in standard room temperature and humidity 

conditions, after which the formwork was removed and CLT was flipped. The UHPC on other 

side was poured after 7 days. The 7-day compressive strength of UHPC was obtained as 107 

MPa (15.5 ksi) while performing cylinder compressive strength test.  

The images of all the sample specimen is presented in Figure 4-4 to Figure 4-6. 

 

 

 

(a) (b) (c) 



 

 90 

 

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

 

  

(a) (b) (c) 

Figure 4-5 Specimen before UHPC pour (a) EIS, (b) ES, and (c) E 

  

(a) (b) 

Figure 4-6 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 were post-tensioned using 31.75 mm 

(1.25 in.) diameter high-strength threaded bars using a hollow core hydraulic jack. Each column 

of the reaction frame was post-tensioned 400 kN (90 kips). The specimens rested on a specially 

built UHPC chair, which is shown in the figure below. The UHPC used for making the chair had 

a compressive strength of 131 MPa (19 ksi) in 28 days. The entire specimen was supported by an 

I-shaped steel column 686 mm (27 in.) tall and had end plates 25.4 mm (1 in.) thick. A load 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 in.) a thick base steel plate was placed, above which UHPC chairs and 

the specimen were rested. UHPC chairs were clamped to the steel base plate using pipe clamps 

to protect the floor in case of a sudden fall of the chair. Two steel loading plates of thickness 

63.5 mm (2.5 in.) in total was kept on the top, covering the entire area of the CLT.  
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Ten pairs of LED markers were attached to the front face of the specimen at equal 

spacing. The NDI Optotrak system recorded 3D coordinates of the LED markers at a frequency 

of 10 Hz. The difference in the coordinates of LED markers was utilized to measure the interface 

slip of the interface. Additionally, ten pairs of 12.7 mm (0.5 in.) dots were drawn on the backside 

of the specimen, and photographs of the dots were taken every second. This approach is known 

as photogrammetry and based on the position of dots in every second, interface slip and dilation 

was calculated. Photogrammetric dots were additional backup instrumentation to the Optotrak 

system. 

Loading was applied using a hydraulic jack of 890 kN (200 kips) capacity. Jack was 

pumped manually. A pressure sensor was attached to monitor the pressure of the oil in the jack. 

The image of test setup is presented in Figure 4-7. 

 
Figure 4-7 Interface shear test setup details 
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4.3.6. Test Results and Discussion 

This section presents the test results of all specimens. Since 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 in the US regarding maximum slip in CLT-UHPC composite or even 

in timber-concrete composite; thus, EN 26891 is referred to, which states maximum allowable 

slip as 15 mm (0.6 in.) in timber-concrete composite [167]. Hence, curtailing the graph at 25 mm 

(1 in.) is reasonable. 

The load vs slip diagram of EMIS, EMS, and EM specimen is summarized in Figure 4-8.  

   
(a) (b) (c) 

Figure 4-8 Force Vs slip result for (a) EMIS specimens, (b) EMS specimens, and (c) EM 

specimens 

From Figure 4-8, it can be observed that all EMIS specimens exhibited stiff behavior up 

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 (67.5 kips), load 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. The post-peak 

strength dropped steeply in these specimens. EMIS4 specimen was accidently loaded in 

compression thus itôs result is not presented here.  

The EMS specimen types also exhibited stiff behavior like EMIS. The EMS3 specimen 

didnôt show any sudden reduction in load after first epoxy mortar bond break. Perhaps both the 



 

 93 

 

bond broke at the same time and screw started taking the load in this case. In EMS4, first bond 

broke at 208.6 kN (46.9 kips) and second bond broke at 422.6 (95 kips). There was a sudden slip 

after 422.6 kips (95 kips), after which screw started taking the load. Alike in EMIS specimens, 

screw started taking load after breaking the epoxy mortar bond in EMS specimens as well. 

However, post-peak strength didnôt degrade as rapidly as EMIS specimens. 

The EM specimen displayed high variability in load with the roughness of the interface. 

Surprisingly, EM1 failed at only 60 kN (13.5 kips), while EM3 and EM4 carried more than 311.4 

kN (70 kips) load even though the roughness depth of the specimen varied between 0.68 and 

0.81 mm. The reason behind this is because the epoxy mortar bond was strong for EM3 and EM4 

specimens, and for failure it had to shear some portion of wood as well. This is illustrated in the 

failure images. Thus, only EM1 and EM2 displayed pure interface failure.  

The dependance of bond strength on the roughness depth of the epoxy mortar is presented 

in Table 4-3. Interface shear strength is calculated as the ratio of half the peak load divided by 

area of a single shear plane. 

Table 4-3 Dependance of epoxy mortar bond strength with roughness depth 

Specimen 

Type 

Epoxy mortar 

bond 

capacity, kN 

(kips) 

Epoxy 

mortar bond 

strength, 

MPa (psi) 

Peak load, kN 

(kips) 

Interface shear 

capacity, MPa 

(psi) 

Minimum 

Roughness depth 

of shear plane, 

mm (in.) 

EMIS1 NA NA 312.9 (70.4) 1.52 (220.4) 0.69 (0.027) 

EMIS2 NA NA 340.9 (76.7) 1.65 (239.3) 0.7 (0.028) 

EMIS3 NA NA 336.5 (75.71) 1.63 (236.4) 0.69 (0.027) 

EMIS4 NA NA 312.9 (70.4) 1.52 (220.4) 0.65 (0.026) 

EMS1 NA NA 322.3 (72.52) 1.56 (226.2) 0.72 (0.028) 

EMS2 NA NA 265.8 (59.81) 1.29 (187.1) 0.7 (0.028) 

EMS3 NA NA 266.7 (60.01) 1.29 (187.1) 0.7 (0.028) 

EMS4 NA NA 422.3 (95.02) 2.05 (297.3) 0.87 (0.034) 

EM1 60 (13.5) 0.29 (42.1) 60 (13.5) 0.29 (42.1) 0.68 (0.027) 

EM2 150.7 (33.91) 0.73 (105.9) 150.7 (33.91) 0.73 (105.9) 0.75 (0.03) 

EM3 323.6 (72.81) 1.57 (227.7) 323.6 (72.81) 1.57 (227.7) 0.81 (0.032) 

EM4 327.6 (73.71) 1.59 (230.6) 327.6 (73.71) 1.59 (230.6) 0.76 (0.03) 
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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 equation 4-1, where, c  is 

cohesion strength (MPa), and r is minimum roughness depth (mm). 

ὧ πȢςωφȢςψφzὶ πȢφψ 4-1 

The load Vs slip graph of the EIS, ES, and E specimen is presented in figure below. EIS 

specimen was extremely stiff, and UHPC layer didnôt undergo any slip even after applying 712 

kN (160 kips) load. The test was stopped at that point because the reaction frames 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 (160 kips) load corresponds to average shear 

strength of 3.45 MPa (500 psi) for CLT-UHPC composite system which is almost 10 times the 

design shear strength of V3 grade CLT [13]. The design shear strength of V3 grade CLT is 55 

psi [13]. So, when EIS 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 observations as 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), which was brittle and sudden drop of the load was observed. The UHPC 

pieces were still intact, and they were held 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 were not loaded beyond 534 

kN (120 kips).  The E specimen was relatively more flexible than 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 strength observed was approximately 3.31 MPa (480 
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psi). It can be 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 summarized in Figure 4-9.  

   
(a) (b) (c) 

Figure 4-9 Force Vs slip 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 stiffness of inclined screws 

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

and Bejtka [157] where they observed upto 12 times difference in connection stiffness while 

testing perpendicular and inclined screws at 45 degrees in timber-timber connection. Maximum 

load capacity of S specimen was 169 kN (38.0 kips) with standard deviation of 0.67% while 

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 summarized in Figure 4-10.  

  
(a) (b) 

Figure 4-10 Force Vs slip 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 in Table 4-4. 

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

Specimen ID2 Peak load, kN (kips) Interface shear capacity, MPa (psi) 

EIS1* 712 (160.2) NA 

EIS2 703 (158.2) 3.4 (493) 

EIS3* 712 (160.2) NA 

EIS4* 712 (160.2) NA 

ES1* 713 (160.4) NA 

ES2 666 (149.9) 3.22 (467) 

ES3* 714 (160.7) NA 

ES4* 715 (160.9) NA 

E1 649 (146) 3.14 (455.3) 

E2 721 (162.2) 3.49 (506.1) 

E3* 534 (120.2) NA 

E4* 534 (120.2) NA 

S1 168 (37.8) 0.81 (117.5) 

S2 173 (38.9) 0.84 (121.8) 

S3 167 (37.6) 0.81 (117.5) 

IS1 249 (56) 1.21 (175.5) 

IS2 235 (52.9) 1.14 (165.3) 

IS3 246 (55.4) 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 the interface shear test 

it was observed that the 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 less than 0.5 mm, thus is not reported 

here. After post-peak load, inclined screws undergo withdrawal action while perpendicular 

 

2 * Test stopped for protection of instrumentation 
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screws undergo bending. This resulted in higher dilation in specimens with inclined screws. The 

Force Vs Dilation results are summarized in Figure 4-11. 

    
(a) (b) (c) (d) 

Figure 4-11 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 presented in Figure 4-12, 

Figure 4-13, and Figure 4-14. 

   
(a) (b) (c) 

Figure 4-12 (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 

   
(a) (b) (c) 

Figure 4-13 (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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(a) (b) 

Figure 4-14 (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. Johansenôs yield theory cannot be directly applied for predicting interface shear strength 

as it does not consider friction contribution. Assumption of negligible friction was valid for 

timber-timber joint, and even to concrete-timber 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 shearing force acts in CLT-UHPC-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 

compression [168] in the UHPC across the plane. This creates clamping pressure and introduces 

frictional resistance to the shear force, also referred to as 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 rigid-plastic behavior of screw in bending, 

and (3) screw part in UHPC is fixed so that no deformation exists. The idealized rigid-plastic 



 

 99 

 

behavior of timber in bearing and screw in bending is adopted assumption from Johansenôs yield 

theory. 

Failure in CLT-UHPC composite will occur through occurrence of single plastic hinge at 

the interface. The penetrated screw in the CLT rotates as a stiff member and exerts dowel 

bearing pressure in CLT. The rigid behavior of screw in UHPC will result development of 

withdrawal force (Fw), bearing force (Fb), and bending moment (My) in screw at the interface. fw 

is withdrawal stress distribution while fb is bearing pressure distribution. The cohesion strength 

between the two materials is defined as Fc. In equations 4-2 and 4-3, d is the outer diameter of 

the screw, and l is the adjusted penetration length of screw in CLT, which is penetrated length 

excluding tip of the screw. The tip length of the screw is kept as d as according to NDS. 

Ὂ  ὪὨὰ 4-2 

Ὂ  ὪὨὰ  4-3 

 

Figure 4-15 shows the stress distribution in CLT-UHPC screw connection when screw is 

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

UHPC, the ultimate shear load (Ὂ  can be generalized as equation 4-5. 

 
Figure 4-15 Stress distribution in CLT-UHPC screw connection with yielding of screw at the 

interface 

Ὂ  Ὂ  ὊÃÏÓ‌  ὊÓÉÎ‌ ‘ὊÓÉÎ‌ ὊÃÏÓ‌ 4-4 

Ὂ  Ὂ Ὂ ÃÏÓ‌  ‘ÓÉÎ‌ Ὂ ÓÉÎ‌ ‘ÃÏÓ‌ 4-5 
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Expressing equation 4-5 in terms of bearing pressure distribution, withdrawal stress 

distribution, and cohesion strength, c, we get equation 4-6, where, ‘ is coefficient of friction 

between the interfaces, and Acv is area of interface. 

Ὂ  ὧὃ ὪὨὰÃÏÓ‌  ‘ÓÉÎ‌ ὪὨὰÓÉÎ‌ ‘ÃÏÓ‌ 4-6 

 

Yielding of screw will occur at the interface of CLT-UHPC composite. Using 

equilibrium of forces at the interface point, yield moment of screw is obtained as equation 4-7.  

ὓ πȢυὪὨὼ ὪὨὰ ὼ ὼ ὰ ὼȾς 4-7 

 

Solving for x, we get 

ὼ ὰȾς ὓȾὪὨ 
4-8 

 

 

Therefore, 

Ὂ  ὪὨὼ ὪὨὰ ὼ 4-9 

Ὂ ὪὨς ὰȾς ὓȾὪὨ ὰ 
4-10 

 

 

Putting value of x from equation 4-8 to equation 4-6, we get, 

Ὂ  ὧὃ ὪὨὰÃÏÓ‌  ‘ÓÉÎ‌ ὪὨς ὰȾς ὓȾὪὨ ὰ ÓÉÎ‌

‘ÃÏÓ‌ 

4-11 

 

 

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 CLT is a layered product of longitudinal and transverse layers, the dowel bearing 

strength is different between these layers. The dowel bearing strength of lumber depends on the 
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specific gravity and diameter of the dowel [17]. It is higher when dowels are oriented parallel to 

the wood grain, 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 D4442-20 [169] and specific gravity using ASTM D2395-17 [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 gravity tests. The average moisture content of all CLT samples was 9.0%, 

and the average oven-dry 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 similarity in specific 

gravity value, the NDS value of 0.55 [17] was used for reference during the experiment.  

The dowel bearing strength test was performed according to the half-hole test procedure 

in ASTM D5764 [171]. The screw was 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 source of 

CLT used in the interface shear test. The tests were conducted at a constant displacement rate of 

1 mm/min in a standard closed-loop MTS testing machine. The load and displacement were 

recorded during the tests, and the acquired data were analyzed. The dowel bearing strength, also 

known as 5% offset yield strength, was 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 load-displacement curve is called dowel-bearing strength [17,143,144]. Figure 4-16 

shows the test setup of the experiment and the definition of dowel bearing strength.  
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(a) (b) (c) 

Figure 4-16 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 equation 4-12, where, Ὂ  is the yield 

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

Ὢ  
Ὂ

Ὠὸ
 

4-12 

 

Dowel bearing strength couldnôt be determined for 45 degrees experimentally in the 

laboratory because of resource limitations. When dowels are inclined at an angle with wood 

grain, NDS suggests using Hankinsonôs formula to obtain dowel bearing strength, which is also 

applied in this paper. In equation 4-13, Ὂ  is dowel bearing strength of timber when it is loaded 

at an angle, — is the angle between the direction of load and direction of grain, Ὂȟ   is dowel 

bearing strength of timber parallel to the grain, and Ὂȟ  is dowel bearing strength of timber 

perpendicular to the grain.  

Ὂ  
Ὂȟ  Ὂȟ

Ὂȟ ÓÉÎ— Ὂȟ ÃÏÓ—
 

4-13 

 

 

To simplify the calculation of capacity in the analytical model, the average dowel bearing 

strength of entire CLT was also determined. Eight replicates of entire CLT was tested. A similar 

test procedure as explained for the individual layer was adopted, and dowel bearing strength was 

calculated using the 5% offset diameter method. For entire CLT specimen, only threaded length, 
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i.e., 75 mm (3 in.), was inserted in the half hole. Mean width, t, was calculated by excluding the 

tip length. Tip length is kept as d as according to NDS.  

The summary of dowel bearing strength is presented in the Table 4-5. The dowel bearing 

strength for entire CLT is used in analytical prediction depending upon the screw orientation. 

Table 4-5 Summary of dowel bearing strength test 

Specimen 

type 

Screw 

Orientation 

Mean 

diameter, d, 

mm, (in.) 

Mean width, 

t, mm (in.) 

Mean 

strength, 

MPa, (ksi)  

COV 

(%) 

Obtained 

from  

Individual 

layer 

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

Individual 

layer 

Perpendicular 

 

10.1 (0.4) 32.6 (1.3) 32.4 (4.7) 17.3 Experiment 

Entire 

CLT  

45 degrees 10.1 (0.4) NA 34.5 (5.0) NA Hankinsons 

formula 

[17] 

Entire 

CLT 

Perpendicular 10.1 (0.4) 66.0 (2.6) 34.8 (5.05) 21.6 Experiment 

 

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 determining the dowel bearing strength of 12.6 mm screw in southern pine CLT with 

almost similar moisture content and specific gravity of CLT. Hindman et al. [172] observed that 

the dowel bearing strength perpendicular to the grain is 80% 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 to the side face and perpendicular to the end grain of CLT lumber. Withdrawal 

strength of inclined screws couldnôt be determined because of the limitation in the laboratory 

resources. 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 104.8 mm (16 x 6 x 4.125 in.), 

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

source of CLT.  

The screw was 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 using a hydraulic jack, and the applied 

load was measured by 222 kN (50 kips) load cell continuously. The steel chair was used to 

support the load cell. The entire setup rested in the wide flange of a steel beam. The withdrawal 

displacement was captured using photogrammetric dots. Photographs of dots was taken every 

second, and withdrawal displacement was calculated based on the difference in the relative 

position of the dots. The mean density of the CLT used for withdrawal strength was 525 kg/m3 

(33 pcf) with 8.8% moisture content.  

 

 

  

(a) (b) (c) (d) 

Figure 4-17 (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 to end grain 

The withdrawal strength was calculated using the equation 4-14, where Ὂ  is the 

maximum load, d is the outer thread diameter of the screw and ὰ is the 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  

Table 4-6. Higher variation in withdrawal strength was observed for perpendicular to end 

grain insertion, which is expected. 

Ὢ  
Ὂ

“Ὠὰ
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Table 4-6 Summary of withdrawal test 

Specimen ID Screw Orientation 

Perpendicular to 

Maximum 

Force 

(Ὂ ), kN 

(kips) 

Withdrawal 

Strength (Ὢ ȟ 
MPa (ksi) 

Mean 

strength, MPa 

(ksi) 

COV (%) 

SP1 Side face 15.9 (3.6) 6.34 (0.9)  

 

8.08 (1.2) 

 

 

16.1 

SP2 Side face 20.3 (4.6) 8.07 (1.2) 

SP3  Side face 19.8 (4.5) 8 (1.2) 

SP4 Side face 19.8 (4.5) 8 (1.2) 

SP5 Side face 25.1 (5.6) 10 (1.5) 

SPT1 End grain 22.1 (5) 8.75 (1.3)  

 

6.27 (0.9) 

 

 

38.2 
SPT2 End grain 12 (2.7) 4.75 (0.7) 

SPT3 End grain 22.6 (5.1) 9.03 (1.3) 

SPT4 End grain 11.1 (2.5) 4.41 (0.6) 

SPT5 End grain 11.1 (2.5) 4.41 (0.6) 

 

NDS doesnôt provide any guidance regarding the withdrawal strength of the screws at an 

angle. The withdrawal strength of the screws at an angle is less than when inserted perpendicular 

to the side face [145]. Hankinsonôs formula, provided in equation 4-13 was utilized to obtain the 

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

ksi).  

4.7.  Comparison With Theoretical Prediction 

The observed interface capacity from the experiment was compared with the analytical 

model provided in equation 4-11. Yielding of the screws was observed for both perpendicular 

and inclined screws at the interface. For roughness depth smaller than 6.4 mm (0.25 in)., friction 
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coefficient, ‘, of 0.6 is adopted from the AASHTO LRFD UHPC code [62]. Cohesion strength, 

ὧ, is determined from the minimum measured roughness depth using equation 4-1. The cohesion 

strength is kept as zero when the interface between the UHPC and CLT is covered by plastic 

film. The bending yield moment of screw is calculated from the bending yield strength provided 

by the manufacturer and is computed from equation 4-15. 

ὓ  Ὂ  zὨ Ⱦφ 4-15 

 

The numerical values of different variables used in equation 4-11 is adopted from 

previous sections describe d earlier and summarized in Table 4-7. The comparison of the 

predicted interface shear capacity from the analytical model and experimental capacity is 

presented in Table 4-8. 

Table 4-7 Summary of numerical value of variable used in numerical model 

Variables Numerical value Remarks 

ὰ, mm (in.) 78.74 (3.1) For all specimen 

Ὠ, mm (in.) 10.1 (0.4) For all specimen 

ὓ , kN-mm, (kip-in) 40.43 (0.36) For all specimen 

ὃ , sq. cm, (sq. in) 1032.25 (160) For all specimen 

Ὢȟ MPa, (ksi) 8.08 (1.2) For S and EMS specimen 

Ὢ, MPa, (ksi) 7.03 (1.02) For IS and EMIS specimen 

Ὢ, MPa, (ksi) 34.8 (5.05) For S and EMS specimen 

Ὢ, MPa, (ksi) 34.5 (5.0) For IS and EMIS specimen 

‘ 0.6 For IS and EMIS specimen 
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Table 4-8 Comparison of experimental capacity and predicted capacity 

Specimen ID Cohesion 

strength (c), 

MPa, (psi) 

Predicted 

capacity, kN, 

(kips) 

Experimental 

capacity, kN, 

(kips) 

Deviation (%) 

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 

IS3 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) -7.7 

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 

 

From Table 4-8, 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, epoxy-mortar, or those in combination were used 

as interface connection. Using epoxy-mortar only as an interface connection proved to be highly 

unpredictable, with capacity depending significantly on roughness depth. Superior strength was 

observed while using epoxy mortar with screws. Post-peak strength degradation was less steep 

and fairly ductile when screws were oriented perpendicular rather than inclined screws in epoxy 

mortar specimens. Because of limitations of the facilities, interface shear strength couldnôt be 

determined for specimens involving epoxy and hybrid combination of screw-epoxy. 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 used as an interface connection in CLT-UHPC 

composite structure subjected to out-of-plane bending load, like building slabs and bridge decks, 

the failure of CLT will govern the design rather than the interface shear capacity. Finally, 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 CLT-UHPC 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 exposure to harsh climatic 

conditions, repeated loading cycles, and direct vehicular impacts. Bridge decks must be built to 

provide acceptable safety and durability throughout their service life under both static and 

fatigue loading circumstances [173]. 

Fatigue is the tendency of a material to break, or the process of damage accumulation, 

under cyclic loading [174]. Approximately 80-90% of structural failures are generated by fatigue 

mechanisms [175], hence, fatigue plays an important role in engineering design. Extensive 

research has already been done on fatigue behavior of concrete bridge decks. Several 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 decks. Gao and Fam have summarized research conducted 

around the world related to the fatigue performance of RC bridge decks [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 

timber-concrete composite beams [177,178]. The anisotropic and viscoelastic properties of 

timber, along with its hygro-expansion tendency and mechano-sorptive 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 microstructure, including growth rings and 

defects such as knots and fiber deviations, which 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 scales [180].  

5.2.  Background on CLT and UHPC 

CLT was developed in Europe in the 1990s and has since been introduced in the global 

market. It is a mass-timber product where an odd number of lumber boards are stacked in 

orthogonal directions and glued together on their wide faces (typically) and sometimes on the 

narrow faces as well [13].  The crosswise layering gives high in-plane dimensional stability and 

high in-plane and out-of-plane strength and stiffness [181,182]. The CLT panel typically has a 

width up to 3 m (10 ft), a length up to 18 m (59 ft), and a thickness of 80-400 mm (3-16 in.). It is 

being used in various elements of buildings and bridges in Europe, while there are only a few 

high-rise buildings where CLT is used in the US. CLT was introduced in the International 

Building Code (IBC) in 2015 AD, which now allows CLT to be used in the construction of 

buildings up to 18 stories tall. However, it still hasnôt been included in the US bridge design 

AASHTO LRFD code [19]. 

UHPC was also developed in the 1990s, which consists of portland cement, fine 

aggregates, silica fume, steel fibers, water, and admixtures. The constituents of UHPC 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 have a minimum compressive strength of 120 MPa (17.5 ksi) and a minimum 

tensile cracking strength of 5.2 MPa (0.75 ksi) [62].   

The Federal Highway Administration (FHWA) began working with states to consider 

UHPC deployment in bridges since 2003. Since then, more than 400 bridges have incorporated 
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UHPC [183], mostly for field-cast connections between prefabricated components or for 

preservation and repair. Currently, it is being used for the construction of the bridgeôs primary 

structural components as well. Recently, AASHTO issued a guide specification for structural 

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

 

 

 

 

(a) (b) 

Figure 5-1 (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 on-site. Advancing this concept, the present study introduces a 

novel modular bridge deck system composed of a hybrid combination of cross-laminated timber 

(CLT) and ultra-high-performance concrete (UHPC) and investigates its fatigue performance. 

Key advantages of CLT-UHPC composite decks include a high strength-to-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 CLT-UHPC composite deck. Two reduced-scale specimens, one with three-

layered CLT and the other with five-layered CLT will be constructed, and their fatigue 

performance will be assessed experimentally. Fatigue loading will follow the AASHTO LRFD 

Bridge Design Specifications [19], 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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adjacent deck panels. The joint between two deck panels is rectangular in shape and is composed 

of UHPC and screws. Both longitudinal and transverse joint connections are tested in this 

research. 

5.4.  Fatigue Test 

5.4.1. Materials 

The CLT used was non-edge glued, three-layered, V3-graded, and made from southern 

pine with a total thickness of 105 mm (4.125 in.). The same grade and sized dimensional lumber 

were used in longitudinal and transverse layers. The cross-section dimension of dimensional 

lumber was 38.1 x 184 mm, commonly called 2 x 8s. The lumber was not glued in the narrow 

face and glued only in the wide face. The reported average moisture content is 12 ±  3%. The 

CLT panels used were certified according to ANSI PRG-320 [13]. 

SmartUP ®, a proprietary UHPC mix was used as the UHPC material in this research. 

The fiber volume concentration was set at 2 % per volume, as suggested by the producers, and 

the dimensions of the fibers were 0.2 mm x 13 mm (0.0079 in. 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 summarized in Table 5-1 . 

Table 5-1 Proprietary mix proportions for 1-cubic-meter volume (Vicat) 

Components Weight, kg (lb) Percentage Contribution by 

weight (%) 

Premix 59.04 (130.2) 83.62 

Superplasticizer (Tempo 10) 0.65 (1.5) 0.92 

Accelerator (Set-4) 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 before the 

specimen was tested. The average 28-day compressive strength of UHPC was 22 ksi.  
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Sikadur-32 Hi-Mod, a two-component structural adhesive, was selected to bond wet 

UHPC with CLT. According to the producerôs technical data sheet, it develops a shear strength 

of 43 MPa (6.24 ksi) after 14 days of curing at normal temperature. Its 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/liter (80 sq. ft./gallon) as per the producerôs manual.  

5.4.2. Specimen Preparation 

Both three-layered and five-layered CLT used in the fatigue test was 4.16 m x 1.14 m 

(164 in. x 45 in.). The screws were inserted at every 0.3 m (12 in.) distance in both the 

longitudinal and transverse directions. A 32 mm (1.25 in.) thick UHPC layer was applied to both 

the top and bottom surfaces of each specimen.  

Figure 5-2 to Figure 5-4 provides the longitudinal and cross-sectional dimensions of both 

five-layered and three-layered CLT-UHPC composite deck specimen. 

 
Figure 5-2 Longitudinal section of five-layered CLT-UHPC deck specimen 

 
Figure 5-3 Longitudinal section of three-layered CLT-UHPC deck specimen 

  
(a) (b) 

Figure 5-4 Cross-section details of CLT-UHPC deck specimen (a) five-layered, (b) three-layered 

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 allowed to air-cure 
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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 in modular deck 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.  

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

5.4.3. Test Setup and Methodology 

This section presents the details of the test setup, instrumentation, and equipment used to 

operate and monitor the performance of the composite deck. 156 kN (35 kips) rated closed-loop-

servo-hydraulic actuators were used to conduct fatigue experiments with load control protocols. 

At the hinge of the actuator, a UHPC block of dimension 25 cm x 25 cm (10 in. x 10 in.) was 

attached to adjust the height of the test setup. The UHPC block ultimately loaded the specimen 

through a 13 mm (0.5 in.) thick neoprene rubber pad.  

The deck specimen was supported on three steel support blocks representing a two-span 

continuous slab system. Each effective span was 1.83 m (6 ft) and had a 0.25 m (10 in.) overhang 

on either side. The width of the specimen was 1.15 m (45 in.). A 25.4 mm (1 in.) thick and 203.2 

mm (8 in.) wide steel plate was kept on top of a 50.8 mm (2 in.) diameter roller in each support 
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as a bearing plate. Span-1 had pinned and roller support, while span-2 was both on roller support. 

Figure 5-6 shows the side and top view of the fatigue test setup. 

  
(a) (b) 

Figure 5-6 Test setup for fatigue test (a) Side view, (b) Top view 

For performing the failure test, a 1.83 m (6 ft.) long and 0.381 m (15 in.) deep steel 

loading beam made of a double-C-section was kept on top of the specimen. A 254 x 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. High-strength threaded post-tensioning rods were passed 

through the holes of the crossbeam and were tied down at the bottom of the strong floor. Two 

hydraulic jacks, each of 534 KN (120 kips) capacity, were used to push down the crossbeam, and 

a load was applied to the deck. The reason for changing the test setup during the failure test was 

because of the limitation of the capacity of the actuator. Also, to force the specimen to 

experience flexural failure, the middle support was removed to increase the span length, and the 

deck was simply supported between two end supports. The effective span of the deck was 3.66 m 

(12 ft.) with a 0.25 m (10 in.) overhang on either side. Figure 5-7 shows side view of failure test 

setup. 
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Figure 5-7 Test setup for failure test 

The testing protocol followed for all the specimens is provided in the Table 5-2. 

Table 5-2 Load protocol for testing of CLT-UHPC composite deck 

Test description Structure type Load 

application 

Peak load, 

kN, (kips) 

Loading 

shape 

Number 

of cycles 

Fatigue test Continuous-

Three supports 

Center of each 

span 

64.9 (14.6) Sinusoidal 

@ 2Hz 

frequency 

1 million 

Stiffness test Continuous-

Three supports 

Center of each 

span 

64.9 (14.6) Ramp 3 per test 

Overload test Continuous-

Three supports 

Center of each 

span 

129.9 

(29.2) 

Ramp 3  

Failure test Simply 

supported 

Center of the 

span 

Varies Load applied 

manually 

1 

 

The peak load value for the fatigue test was calculated using half of the design truck live 

load for each axle provided by AASHTO LRFD [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 AASHTO LRFD [19] equivalent strip method. This procedure was adopted due to the 

reduced width of deck specimens compared to full-scale bridge decks.  

During the fatigue test of the specimen, testing was stopped after 175k, 375k, 500k, and 

750k cycles, and a stiffness test was conducted to observe the change in stiffness during the 
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process. A stiffness test 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 

different types of strain gauges (i.e., concrete, rebar, and wood) were applied in each specimen at 

different critical locations. Ten string potentiometers were installed to record the deflection at 

various locations, like the quarter point and midpoint of each span. Apart from that, direct 

current differential transducers (DCDTs) were installed to measure the interface slip between the 

UHPC and CLT. During the fatigue, stiffness, and overload test, load was applied through 

hydraulic actuators and was constantly recorded.  

 

Figure 5-8 String potentiometer layout during fatigue test 

  
(a) (b) 

Figure 5-9 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 testing continued for several 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) from the raw dataset. These segments 

were compiled, and relevant calculations were performed to generate the final plots. 

The peak deflection and strain observed during the fatigue test are presented in this 

section. Based on the difference of their corresponding values at peak load of 64.9 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 even up to failure of the specimen; thus, results from 

DCDT are not presented. From Figure 5-10, there was no significant change in peak deflection 

observed during entire fatigue test, for both five-layered specimen and three-layered specimens. 

In Figure 5-10, Q-span means quarter span and TQ-span means three-quarter span. 

  
(a) (b) 

Figure 5-10 Peak deflection observed during fatigue test (a) five-layered specimen, and (b) three-

layered specimen 

The peak strain response at the mid-support region and center of each span during the 

fatigue test is presented from Figure 5-11 to Figure 5-13. As expected, higher strain values were 

observed at mid-support region compared to the 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 three-layered composite deck. This corresponds 

to around 5% of the yield strain of steel reinforcement for five-layered specimen and around 

7.5% of the yield strain of steel reinforcement for three-layered specimen. The strains should be 

theoretically identical in span-1 and span-2 for both specimens. The strains were identical in 

five-layered specimen. The strains, however, were little higher in span-2 compared to span-1 for 

three-layered specimen. In Figure 5-11 to Figure 5-13, RSG stands for rebar strain gauge, WSG 

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

  
(a) (b) 

Figure 5-11 Peak strain observed during fatigue test at mid-support region for (a) five-layered 

specimen, and (b) three-layered specimen 

  
(a) (b) 

Figure 5-12 Peak strain observed during fatigue test at center of span-1 for (a) five-layered 

specimen, and (b) three-layered specimen 






































































































