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EXECUTIVE SUMMARY 

According to the 2017 ASCE Infrastructure Report Card (ASCE 2017), 9.1% of the U.S. bridges are 
structurally deficient. The majority of deficient bridges are in service on low-traffic volume roads, and 
these bridges should be replaced or repaired for public safety in a timely manner. As an alternative to the 
deficient bridges, a new bridge system made with cross-laminated timber (CLT), which exhibits desirable 
design strength and low environmental impacts, can replace them properly (APA 2016). CLT is the most 
advanced wood panel system comprising several sawn lumber layers oriented in alternating directions and 
bonded holistically with adhesive. The CLT bridge system can be a sustainable solution to expand the use 
of wood products and create new pertinent markets for rural economic development. 

To implement CLT products into a bridge system, this project aimed to develop a novel CLT bridge 
system. The following research objective-oriented tasks were undertaken: 

Task 1: A CLT bridge system was conceptualized through the analysis of findings from a literature 
review: 

a. To investigate the existing CLT applications in bridges and other structures 
b. To create several conceptualized CLT bridge options  
c. To select the most promising CLT bridge system 
d. To perform a literature search on the structural performance of CLT components 

 
Task 2: The selected CLT bridge system was designed according to structural engineering-based 
standards:  

a. To understand the domestic and international CLT design standards 
b. To design the selected CLT bridge system in terms of strength and serviceability following 

available timber bridge design guidelines and CLT structure design specifications 
 

Task 3: Multiple CLT bridge components were manufactured to be used for fabrication of the designed 
bridge system:  

a. To manufacture CLT bridge components at Smartlam, including CLT beams, CLT decking, and 
CLT diaphragms, and transport them to the South Dakota State University (SDSU) Structural 
Laboratory 

b. To fabricate CLT bridge girders using CLT beams with adhesive or adhesive and fasteners 
c. To fabricate the CLT bridge system using the CLT bridge girders and the CLT decking along 

with the CLT diaphragms 

Task 4: The fabricated CLT bridge girders and CLT bridge system were tested to evaluate their 
performance: 

a. To determine ultimate strength of the CLT bridge girders through their testing 
b. To determine ultimate strength of the CLT bridge system under displacement-controlled loading 

until failure  
 

In Task 1, three CLT bridge systems were conceptualized through the literature review on CLT bridge 
applications. Among the conceptualized systems, the most promising CLT bridge system selection was 
made. Specifically, the literature review was conducted with technical documentation pertaining to CLT 
applications to bridges and other structures along with structural performance of CLT components. It was 
found that the existing CLT bridges were able to be broadly categorized into three types: CLT girder 
bridge, CLT deck bridge, and covered CLT bridge. With the findings and the basic information on 
traditional timber bridges in the United States, the research team conceptualized and proposed three 
possible CLT bridge system options, including simply CLT girder bridge, CLT arch bridge, and CLT 
double T-girder bridge. Considering the efficient design, construction, and inspection, the simple CLT 
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girder bridge was selected as the most promising option. To examine CLT bridge performance, a 
supplementary literature review related to CLT load testing was also carried out. It was reported that the 
load testing for CLT components was performed for their individual CLT member strength determination 
(e.g., flexural strength), but as far as the team knew, no full-scale CLT bridge systems have been tested to 
date. 

In Task 2, the simple CLT girder bridge system selected in Task 1 was designed with the traditional 
timber bridge design codes, the CLT building design standards, and the properties of CLT materials 
provided by a local CLT producer, Smartlam. All the following design references included: 1) Timber 
Bridges: Design, Construction, Inspection, and Maintenance (Ritter 1990), 2) National Design 
Specification (NDS) for Wood Construction (AWC 2015), 3) Standard for Performance-Rated Cross-
Laminated Timber (ANSI/APA 2018), 4) American Association of State Highway and Transportation 
Officials (AASHTO) Standard Specifications for Highway Bridges (AASHTO 2002), 5) AASHTO Load 
Resistance Factored Design (LRFD) bridge design specifications (AASHTO 2012) and 6) Eurocode 5: 
Design of Timber Structures - Part 2: Bridges (CEN 2004). The final dimension of the designed CLT 
girder bridge system being composed of one CLT deck, two CLT girders, and two CLT diaphragms was 
6.40m long and 1.22m wide. 

In Task 3, the different CLT components required for the fabrication of the designed bridge system were 
manufactured at Smartlam, and they were transported to the SDSU Structural Laboratory. Included in the 
CLT components were one CLT decking (5-ply), eight CLT beams (each having 7-ply), and two CLT 
diaphragms (each having 7-ply). To support the CLT bridge deck and live loads, a higher strength CLT 
girder than the 7-ply beam was required; thus, a 14-ply CLT girder was proposed in two ways: 1) one 14-
ply CLT girder fabricated by two 7-ply CLT beams with adhesive and 2) one 14-ply CLT girder 
fabricated by two 7-ply CLT beams with adhesive and fasteners. These 14-ply CLT girders were 
fabricated at the SDSU Structural Laboratory using an actuator (500 kN) and clamping system that was 
proposed for this project. The one CLT girder bonded with adhesive and one CLT bonded with adhesive 
and fasteners were used for ultimate strength testing to validate their structural performance. The 
remainder of the CLT girders with adhesive were utilized as the main flexural members by connecting 
them to the CLT bridge decking using adhesive and fasteners. Lastly, the CLT bridge system was built 
with 5-ply CLT decking, two 14-ply CLT girders, and 7-ply CLT diaphragms using connection parts. 
Note, each of the CLT diaphragms was linked to the CLT girders at the end supports using rods and nuts. 

In Task 4, the structural performance of CLT girders and CLT bridge system that were fabricated in Task 
3 was evaluated using a series of ultimate load tests, including 1) CLT girder bonded with only adhesive, 
2) CLT girders bonded with adhesive and fasteners, and 3) CLT bridge system. The adhesively bonded 
CLT girder was first tested to explore its ultimate strength, and then the CLT girder bonded with adhesive 
and fasteners was tested using monotonic loads until failure. It turned out that the ultimate strength of the 
14-ply CLT girder bonded with adhesive and fasteners was 21.47% higher than that with only adhesive. 
The CLT bridge system consisting of the CLT girders with adhesive and fasteners, CLT decking, and 
CLT diaphragms was tested with a concentric displacement-controlled loading at the mid-span until 
failure. It was found that the tested CLT bridge system was able to resist the concentric load up to 262.50 
kN, which means the bridge system will safely withstand an HS20 design truck load equivalent to 177 
kN. Based on the testing results, the research team has demonstrated the possibility of the CLT bridge 
system to be a sustainable and resilient alternative to the U.S. deficient bridges. Note, for all the tests, 
different contact and non-contact sensors were installed to record deformation and strain data along with 
inspection images. The contact sensors included linear variable differential transformers (LVDTs), load 
cells, strain gauges, Bridge Diagnostics, Inc. (BDI) strain sensor, and string pots, while the non-contact 
sensors encompassed digital image correlation (DIC), unmanned aerial vehicle (UAV) installed with a 
gimbal camera, and a manipulator mounted with a smartphone camera.
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1. PROJECT OBJECTIVES, OUTCOMES, AND IMPACTS 

Task 1: CLT bridge system conceptualization  
a. To investigate the existing CLT applications in bridges and other structures 
b. To create several conceptualized CLT bridge options 
c. To select the most promising CLT bridge system 
e. To perform a literature search on the structural performance of CLT components 

To achieve the four objectives of Task 1, CLT bridge system conceptualization was made based on the 
findings from a literature review focusing on existing CLT applications in different types of structures 
such as bridges and buildings. It was found that Canada, Japan, Austria, and Norway have started to apply 
CLT products to partial bridge components, while there have been no CLT bridge applications on the 
U.S. highways. For instance, Hundorp Bridge in Norway, a steel truss bridge, was first built with concrete 
decking that was replaced with a lightweight bridge plank. Significant damage on the plank deck was 
identified, and then it was substituted with a CLT decking system. 

From the literature review, existing CLT bridges can be broken down into three main types: CLT girder 
bridge, CLT deck bridge, and covered CLT bridge. With these three types, our research team 
conceptualized three feasible CLT bridge options for roadways: 1) simple CLT girder bridge, 2) CLT arch 
bridge, and 3) double T-shaped CLT girder bridge. Among the three options, the simple CLT girder 
bridge was considered the most promising CLT bridge system due to its practical design and 
maintenance, especially easy-approaching inspection. 

During the literature review, some studies that attempted to perform load testing for structural 
performance evaluation of CLT components were also investigated. It was reported that some load 
testings have been conducted for CLT component-level and CLT system-level strength determination. For 
instance, Salokangas and Garnier (2013) conducted the ultimate strength testing of CLT beams, and 
Masoudnia et al. (2018) performed the composite bridge made with a CLT panel and laminated veneer 
lumber (LVL) beams. Masoudnia et al. (2018) developed the equation for CLT panel’s effective flange 
width prediction considering the CLT’s dimensions and modulus of elasticity. As far as the research 
team’s investigation of the literature review pertaining to load testing, a full-scale CLT bridge system has 
not yet been tested. 

Task 2: CLT bridge design according to structural engineering-based standards 
a. To understand the domestic and international CLT design standards 
b. To design the selected CLT bridge system in terms of strength and serviceability following 

available timber bridge design guidelines and CLT structure design specifications 

The simple CLT girder bridge system that was selected in Task 1 was designed under Task 2 according 
to various domestic (e.g., AASHTO LRFD bridge design specifications [AASHTO 2012]) and 
international timber bridge design specifications (Eurocode 5: Design of timber structures - Part 2: 
Bridges [CEN 2004]) along with other structures design codes (e.g., NDS for Wood Construction [AWC 
2015]) because the bridge system using CLT is in the early stage in U.S. bridge codes. The CLT bridge 
system made with CLT products available in a local CLT provider, Smartlam (2018a), consisted of one 
CLT decking, two CLT girders, and two CLT diaphragms along with connection parts. The CLT bridge 
system design was completed by designing four main CLT components: 1) CLT girders, 2) CLT decking, 
3) connections between girders and decking, and 4) CLT diaphragms. In accordance with a handbook, 
“Timber Bridges” (Ritter 1990), the CLT girder design was done with respect to flexural and shear 
strength criteria, accounting for the reasonably assumed CLT deck size using engineering judgments. 
After the girder design, the deck size was checked to meet the required flexural and shear strength. Note 
that serviceability about the deflection was also evaluated during both girder and deck design. When the 
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girder and deck design satisfied all strength and serviceability requirements, the connections were 
designed using fasteners to connect the deck to the girders following the NDS requirements. Referring to 
“Standard Plans for Timber Bridge Superstructures” (Wacker and Smith 2001), the diaphragms’ size and 
location were directly determined using the CLT properties.  

Task 3: CLT bridge component and system production 
a. To manufacture CLT bridge components at Smartlam, including CLT beams, CLT decking and 

CLT diaphragms, and transport them to the SDSU Structural Laboratory  
b. To fabricate CLT bridge girders using CLT beams with adhesive or adhesive and fasteners 
c. To fabricate the CLT bridge system using the CLT bridge girders and the CLT decking along 

with the CLT diaphragms 

To achieve the three objectives for Task 3, the research team contacted six CLT manufacturers, including 
Smartlam, DR Johnson, X-LAM USA, Structurlam, Sauter Timber, and Katerra. Considering the cost and 
feasibility of the designed CLT bridge system throughout each of these manufacturers, Smartlam CLT 
products were chosen as full-scale testing materials. In total, eight 7-ply CLT beams were fabricated, the 
CLT decking that was designed in Task 2 was fabricated with one 5-ply CLT panel, and two 7-ply CLT 
diaphragms were manufactured at Smartlam. All the fabricated CLT components were delivered to the 
SDSU Structural Laboratory on April 24, 2019. It should be noted that the eight 7-ply CLT beams were 
used to fabricate four 14-ply CLT girders because individual 7-ply CLT beams made with SL-V4 
available in Smartlam did not have sufficient load carrying capacity to meet the AASHTO strength 
requirements. 

To fabricate the 14-ply CLT girder, two clamping methods were proposed using 1) two 7-ply CLT beams 
bonded with adhesive or 2) two 7-ply CLT beams bonded with adhesive and fasteners. In the 14-ply CLT 
girder fabrication, polyurethane glue used in Smartlam was applied. To bond two 7-ply CLT beams with 
adhesive, pressure ranging from 689 to 1034 kPa was applied along the top of the two girders. Steel 
plates, threaded rods, and nuts required for the beam clamping were designed and manufactured at a local 
steel fabricator in South Dakota. With the developed clamping apparatuses and the actuator (342 kN), the 
fabrication of all the 14-ply CLT girders was made at the SDSU Structural Laboratory. We tested the one 
CLT girder with adhesive and the one CLT with adhesive and fasteners for their ultimate strength 
determination. For the CLT bridge system fabrication, fasteners were used to connect the CLT decking 
with each of the remaining CLT girders with adhesives, while rods were fastened with nuts between the 
CLT girders and CLT diaphragms. 

Task 4: Ultimate load testing  
a. To determine ultimate strength of the CLT bridge girders through its testing 
b. To determine ultimate strength of the CLT bridge system under displacement-controlled loading 

until failure 

Task 4 aimed at performing ultimate load tests of 1) one 14-ply CLT girder bonded with adhesive, 2) one 
14-ply CLT girder bonded with adhesive and fasteners, and 3) one CLT bridge system. It should be noted 
that for the ultimate strength tests, a network of contact sensors, including 13 LVDTs, four load cells, 26 
strain gauges, 12 BDI strain sensors, and two string pots, were installed on the CLT girders and CLT 
bridge system to record their deformation and strain data from each test. Additionally, non-contact 
sensors comprising DIC sensors, UAV equipped with a gimbal camera, and a manipulator with a 
smartphone camera were used for efficient inspections of each specimen. The results obtained from the 
contact sensors were compared with those from the non-contact sensors. 
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The adhesively bonded CLT girder was loaded with monotonic loadings up to failure in an attempt to 
determine its ultimate strength. The CLT girder bonded with both adhesive and fasteners was then applied 
by increased loads until the girder failed. The results showed that the CLT girder bonded with adhesive 
and fasteners had 21.47% higher capacity against the CLT girder bonded with only adhesive. To 
determine the structural performance of the CLT bridge system, monotonic load testing was also 
conducted until the bridge failure occurred. The testing demonstrated that the CLT bridge system had 
262.50 kN load capacity, which was higher than 177kN resulting from the standard design truck load 
(HS20 truck load). With the testing results, we have left open the possibility of replacing U.S. deficient 
bridges with the CLT bridge system as an environmentally sustainable and resilient alternative. 
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2. PROJECT ACTIVITIES 

2.1 CLT Bridge Conceptualization 

This section deals with the findings from the investigation of existing CLT applications, CLT bridge 
conceptualization, and CLT bridge selection along with the literature search on the structural performance 
of CLT components. The details for each are provided in the following subsections. 

2.1.1 Existing CLT Applications 

Utilization of CLT products has been steadily increasing in bridges and other structures such as buildings. 
Past and current applications of CLT to bridges and other structures have been reviewed and summarized 
herein.  

2.1.1.1 Bridges 

The applications of CLT to bridges have been completed with a focus on CLT bridge members combined 
with other traditional timber bridge materials such as glued-laminated timber (glulam), as listed in Table 
2.1. From the literature review, six CLT bridges, including Maicasagi Bridge in Canada, Mistassini 
Bridge in Canada, Hundorp Bridge in Norway, Ishikurazawa Bridge in Japan, River Mur arch bridge in 
Austria, and River Mur covered bridge in Austria, were identified. Note, Hundorp Bridge’s initial decking 
was replaced with a CLT panel during maintenance, while the other CLT bridges were designed and built 
with different elements made with CLT. It was also found that the CLT bridges can be broadly classified 
into three types: 1) CLT girder bridge, 2) CLT deck bridge, and 3) covered CLT bridge. Further details on 
each type are provided as indicated below. 
 
Table 2.1  CLT bridge applications 

Bridge type Bridge Location Built 
year 

Bridge 
length (m) 

Design live 
load (kN) 

CLT girder Maicasagi Bridge Québec, 
Canada 2011 68 1800 

CLT deck with 
truss Hundorp Bridge Gudbrandsdalen, 

Norway 
1924 
(2010) 200 590 

CLT deck with 
girder 

Ishikurazawa 
Bridge 

Akita, 
Japan 2017 7 140 

CLT deck with 
arch 

River Mur Arch 
bridge  

River Mur, 
Austria NA NA NA 

CLT deck with 
girder Mistassini Bridge Québec, 

Canada 2014 160 80 

Covered CLT  River Mur 
Covered Bridge  

River Mur 
 Austria NA NA NA 

Note: Hundorp Bridge was initially built in 1924, but the decking was replaced with CLT in 2010; NA 
indicates not available.
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CLT Girder Bridge 
 
The Maicasagi Bridge is a girder bridge as shown in Figure 2.1a. The Maicasagi Bridge located in 
Québec in Canada is the longest single-span timber bridge in the world (Cecobois 2018). The components 
were assembled at a manufacturing plant and transported to the Maicasagi River bridge site. With the 
prefabricated bridge components, construction was completed in only five weeks from start to finish 
(Cecobois 2018). This bridge was capable of supporting an approximately 1800kN logging truck across a 
68 m span length. To meet the design requirements, this bridge was designed using the combined CLT 
and glulam (Egorov et al. 2018). The bridge’s details are provided in Figure 2.1b. In this figure, the 
glulam is used as two main box girders consisting of the upper and lower chords, while CLT is used for 
connecting the upper and lower chords and for the construction of diaphragms and decking.

  
CLT

CLT

CLT

CLT

CLT

Plywood Wheel fender

Glulam

                                               (a)                                                                          (b) 

Figure 2.1  Maicasagi Bridge (Egorov et al. 2018): (a) overall structure and (b) cross-section 

CLT Deck Bridge 
 
As shown in Table 2.1, Hundorp Bridge in Norway, Ishikurazawa Bridge in Japan, River Mur arch CLT 
deck bridge in Austria and Mistassini Bridge in Canada have utilized CLT as bridge decking. Each is 
detailed herein:  

The Hundorp Bridge located in Gudbrandsdalen, Norway, was built in 1924. This bridge was a 200 m 
long steel truss bridge with concrete decking. In 1980, the concrete decking was replaced with a 
lightweight deck system consisting of corrugated steel plates with coating asphalt. In 2009, a hole in the 
deck was found, indicating the corrugated decking was no longer suitable for the Hundorp Bridge. 
Therefore, the corrugated decking was substituted with CLT decking due to its ease of maintenance 
(Abrahamsen and Nyløkken 2010) as shown in Figures 2.1a and 2.2b. The main purpose of the 
Norwegian Public Roads Administration for the deck replacement was to upgrade the bridge to endure 
higher traffic loads than current load demands. 
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                              (a)                                                                   (b) 

CLT deck 

CLT deck 

Figure 2.2  Hundorp Bridge (Abrahamsen and Nyløkken 2010): (a) superstructure and (b) cross-section 

The Ishikurazawa Bridge in Akita, Japan, is a forest road bridge, which used CLT for the deck as shown 
in Figures 2.3a and 2.3b. This bridge has a dimension of 7 m length and 3.5 m width, and the considered 
design load is 140 kN. Concrete abutments, steel girders, and CLT decking were applied to build the 
bridge system. It is well known that high moisture can cause visible damage on timbers. To improve 
water-resistance of CLT decking, fiber-reinforced plastic (FRP)-based waterproof treatments with spread 
type wood antiseptic, urethane painting, and polymer cement waterproofing were applied to the CLT 
bridge decking. To observe the treatment effects on the bridge, a load test was performed with trucks 
loaded with logs. In addition, Sasaki et al. (2017) carried out a study for practical use of CLT with the 
observation of its coating performance. 
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(a) 

(b) 

CLT deck 

CLT deck 

  

  

Figure 2.3  Ishikurazawa Bridge (Sasaki et al. 2017): (a) overall bridge and (b) cross-section 

Several timber bridges have been constructed over the river Mur in Austria. Among these, two bridges 
were constructed using CLT. For instance, Figure 2.4 shows an arch bridge with the ribbed CLT deck. 
This bridge was constructed for roadway use. Metal cladding was utilized to protect the CLT deck of this 
bridge. 
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Ribbed CLT deck 

  
Figure 2.4  Arch bridge with CLT deck over River Mur, Austria (Behrens and Benner 2015) 

The Mistassini CLT Bridge (refer to Figures 2.5a and 2.5b) built in 2014 is located in Québec, Canada. 
This bridge used CLT as walkway decking (Lefebvre and Richard 2014). This bridge has a total 160m 
length. For the other components, glulams were applied to resist a design truck equivalent to 80 kN.  
 

                              (a)                                                                                 (b) 

CLT walkway 

 

Figure 2.5  Mistassini Bridge (Lefebvre and Richard 2014): (a) picture and (b) sketch 

Covered CLT Bridge 

A covered CLT bridge is located in River Mur, Austria, as shown in Figure 2.6a. This bridge consists of 
CLT deck, CLT walls, and CLT roof as depicted in Figure 2.6b. Metal claddings were employed to 
protect this bridge against environmental attacks (Behrens and Benner 2015). 
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                      (a)                                                                        (b) 

CLT elements 

Figure 2.6  Covered CLT bridge over River Mur, Austria (Behrens and Benner 2015): (a) outside of the 
bridge and (b) inside of the bridge. 

2.1.1.2 Other Structures 

The applications of CLT to other structures, especially buildings, have been observed as listed in Table 
2.2. CLT has been in use from large commercial buildings, such as wholesale marts, to small commercial 
buildings, such as small restaurants and residential buildings. Further, the use of CLT products on 
residential buildings is prevalent in cities due to easy fabrication with prefabricated CLTs. 

There have been many construction projects of buildings made with CLT in Europe, North America, and 
Japan. Among European countries, UK built the five-story CLT structure in 2005, which was the tallest 
residential building in the world at that time. The CLT building constructed under the Waterson Street 
project was a combination of a commercial and residential complex development at Waterson Street in 
London. At first, the CLT was applied to lift the shaft and stair core (Zumbrunnen 2013). Murray Grove, 
in which all the elements (walls, floor, and stairs) of the building were constructed with prefabricated 
CLT, is the first high rise building in London, UK (Table 2.2). Murray Grove showed the potential of 
CLT as an economical and eco-friendly building material. This building motivated the use of CLT in the 
UK and increased its use in the world (Waugh Thistleton Architects 2018). 

Table 2.2  CLT building applications 
Building name Location Built year CLT component Story 
Waterson St. project London, UK 2005 All 5 
Murray Grove London, UK 2009 All 9 
Bridport House London, UK 2010 Wall, floor 8 
Bristol project Bristol, UK 2009 Wall, floor 3 
Holz8 (H8) Bad Aibling, Germany 2011 Wall, floor 8 
Limnologen Project Vaxjo, Sweden 2008 Wall, floor 8 
Forte Melbourne, Australia 2013 Wall, floor 10 
Candlewood Suites Alabama, U.S. 2016 NA 4 
John W. Olver Design 
Building Massachusetts, U.S. 2017 Wall 3 

Ootoyo dormitory Kochi, Japan 2014 Wall, floor 3 



10 
 

The Bridport House was rebuilt for London due to a problem in the planning step. Existing concrete 
frame structures were not allowed due to excessive weight. To simultaneously solve the problem of 
construction deadline and weight, the Bridport House was constructed using CLT. The framework, which 
is expected to take 20-24 weeks with the traditional material and method, was shortened to 10 weeks with 
the CLT. In addition, CLT was the best choice to solve the weight issue. This doubled the height of the 
original concrete building, while the load only increased by 10% compared with the load from the 
original building (Wood for Good 2018). 

The Bristol project showed the possibility of expanding the CLT market through the economic feasibility 
of CLT. After the Waterson Street project, new mid-rise buildings were constructed. In Bristol, UK, a 
social housing project, known as the Bristol project, was built to three stories in 2009. In a price 
competition, the Bristol project proved that the CLT building materials were economically competitive to 
other conventional construction materials (Zumbrunnen 2013). 

In addition to the UK’s CLT buildings, Holz8 in Bad Aibling in Germany was constructed with CLT, as 
shown in Table 2.2. When designing the building with a height of 25 m, according to German building 
codes (Bauordnungsrecht 2016), high requirements for fire protection, statics, and sound insulation were 
considered to use the building for commercial purposes (Schrödter and Breuer 1998). Because of fire 
protection, the building stairs had to be built with reinforced concrete (Detail 2012). 

For the Limnologen Project that was completed in Vaxjo, Sweden, CLT, was used for wall and floor 
construction. Note, the first floor was made with concrete to facilitate anchoring the floor above due to 
increasing self-weight, but all Limnologen exterior walls made of CLT were loadbearing. More than 40 
rods were installed in every building to handle wind pressure uplift. These tension rods were fixed to the 
concrete on the first floor and extended from inside the inner CLT wall to the top (Serrano 2009). 
Meanwhile, Forte is a nine-story CLT building that was completed within 10 months in Melbourne, 
Australia. After the underground construction, including the foundation with concrete frame and pile, the 
upper part of the structure was constructed using CLT.  

In the United States, building projects with CLT use have increased. For instance, the new Candlewood 
Suites at Redstone Arsenal opened in 2016 in Alabama is the first U.S. hotel that used CLT for 
construction. The John W. Olver Design Building, completed in 2017 at the University of Massachusetts 
Amherst, is the first university building in the U.S constructed with CLT (Athena Sustainable Materials 
Institute 2017; Gu and Bergman 2018). 

Japan, an earthquake-prone country, has also increased an interest in the use of CLT. Japan announced a 
roadmap to pave the way to apply CLT in the Japanese construction market. The CLT system allows the 
opportunity to build taller wooden buildings than conventional timber buildings (CBI Ministry of Foreign 
Affairs 2017). The CLT material standard (JAS 3079, Japanese Agricultural Standard 3079) established 
in 2014 oversees CLT quality. In the same year, the first Japanese building constructed with CLT was 
completed and used as a dormitory structure in Ootoyo Town in Kochi Prefecture. CLT was used in the 
structure’s flooring and shear walls (Fumoto 2014). 

2.1.2 CLT Bridge Conceptualization 

This section presents the schematic design and shape of possible CLT bridges. Three CLT bridge options 
proposed based on the literature review findings include: 1) CLT arch bridge, 2) CLT double T-girder 
bridge, and 3) CLT girder bridge. 
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2.1.2.1 CLT Arch Bridge 

Generally, an arch bridge is one in which the beam is supported at both ends and the end supports are 
restrained horizontally. The horizontal reaction force transmits the axial force together with bending 
moments to the main arch through columns. Because the bending moment generated by the horizontal 
reaction force acts to eliminate the bending moment generated by the axial force, only the axial force of 
the compression force occurs in the arch. The arch is more complex than a traditional simple girder 
bridge. The arch bridge has been popular for a while due to its structural efficiency and aesthetic values. 
However, it is believed that it is relatively difficult to maintain a CLT arch bridge in good condition 
economically over their life because of the difficulty of inspecting it in its complexity. Elevation and 
cross-section views of the CLT arch bridge are shown in Figures 2.7a and 2.7b, respectively.  

   
 

                                                      (a)                                                                         (b) 

Deck and Beam 

Arch 

Deck and Beam 

Diaphragm 

Column 

Figure 2.7  CLT arch bridge: (a) elevation view and (b) cross-section 

2.1.2.2 CLT Double T-girder Bridge 

Figures 2.8a and 2.8b show elevation and cross-section views for a representative schematic of the CLT 
double T-girder bridge. This bridge option has similar advantages as the simple girder bridge. The 
simplicity of the bridge makes it more likely to be constructed and less affected by the terrain. For this 
reason, it is suitable for various construction sites. The bridge geometry can simplify the load and external 
conditions to consider in the design process. The strong coupling between the flange (upper horizontal 
part) and two stems (lower vertical part) can increase the capacity of the bridge as shown in Figure 8b. 
Because the double T-girder is known to have a higher load-resisting capacity than a conventional T-
girder, the double T-girder construction using CLT is expected to be more resilient. It is expected that 
damage due to both external forces and moisture can be detected easily. However, the CLT double T-
girder bridge may not have the strong coupling of the CLT flange and CLT stem due to minimal 
composite action between them. 
 

  
                                                      (a)                                                                         (b) 

Flange 
Stem 

Flange 

Stem 
Figure 2.8  CLT double T-girder applied bridge: (a) elevation view and (b) cross-section 

2.1.2.3 CLT Girder Bridge 

A simple CLT girder bridge (Figures 2.9a and 2.9b) consists of the CLT deck that is laid on CLT girder 
and simple rectangular-shape CLT girder. Vehicle wheel loads are transferred to the support points 
through bending, shear, or torsional resistance in the girder and deck members. The girder bridge is one of 
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the bridge types that has high constructability due to its simple shape. Because of its high adaptability, it 
can be used on a wide range of terrains. Since the shape is simple, the loads and external conditions to be 
considered for the design process are simplified. It is possible to minimize instability due to unknown 
external conditions. In addition, when the deck and girder is composited and constructed, the rigidness of 
the cross section is much increased. When compared with other types of bridges, such as concrete 
bridges, CLT bridges are highly vulnerable to moisture. For this reason, it is necessary to easily inspect 
the damage caused by external forces and damage caused by moisture.  

  
      
                                                 (a)                                                                            (b) 

Deck 

Girder Deck 

Girder Diaphragm 

Figure 2.9  Simple CLT girder bridge: (a) elevation view and (b) cross-section 

2.1.3 CLT Bridge Selection 

As presented in Section 2.1.2, the three possible CLT bridge options include CLT arch bridge, CLT 
double T-girder bridge, and CLT girder bridge. Among the three options, the CLT girder bridge with its 
simple geometry was selected as the most promising CLT bridge system for this project because of its 
feasible design and fabrication, practical maintenance, and easy-approaching inspection. In particular, the 
easy-approaching inspection is needed since high moisture can cause significant damage on traditional 
timber bridges like CLT bridges, compared with concrete and steel bridges.  
 
2.1.4 Literature Search on CLT Structural Performance  

To evaluate the structural performance of CLT components, the literature search on CLT load testing was 
conducted. Findings from the search on CLT component-level and CLT system-level tests are discussed 
in the following subsections. 
   
2.1.4.1 CLT Component-level Testing 

Several previous studies have been performed on CLT components with a number of load tests by 
Salokangas and Garnier (2013), He et al. (2018), Buck et al. (2016), and Poulin et al. (2018). In general, 
there are two types of CLT component-level tests: a) CLT beam test and b) CLT panel test. In the CLT 
beam test, CLT has been used as a beam, while the CLT panel test refers to a load test performed on a 
wide plate type CLT, which can be possibly utilized as a bridge deck. 
 
Beam  

Salokangas and Garnier (2013) tested CLT beams at the longitudinal direction, which refers to flatwise 
bending testing, and then at 90° with respect to the longitudinal direction, which means edgewise bending 
testing. The flatwise CLT bending testing was to examine the local failure that may occur, while the 
edgewise CLT bending testing was to examine the overall failure of the beam rather than its local failure. 
Specifically, the flatwise bending test was performed with 1400 mm long x 150 mm wide x 149 mm deep 
beam, whereas the edgewise bending test was conducted with 5990 mm long x 159 mm wide x 300 mm 
deep beam. It was found that rolling shear failure, as shown in Figure 2.10a, was observed at 50 kN in the 
test with the flatwise bending beam. The rolling shear can be defined as shear stress occurring in the 
vertical direction perpendicular to the wood grain (Li 2014), as detailed in Figure 2.10b. The rolling shear 
is not considered as a basic characteristic property of the material in several studies; however, it could be 
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the substitutional smeared shear stiffness of wooden material (Aicher and Dill-Langer 2000). For 
concentrated loads on a short-span bridge, the low capacity of rolling shear stress is considered an 
important factor. Therefore, a sufficient capacity of rolling shear strength needs to be taken into account 
for the CLT beam design (Nie 2015). In addition to the flatwise bending testing, Salokangas and Garnier 
(2013) determined the ultimate strength of the edgewise CLT beam, which failed at 72 kN due to its 
flexural failure, as shown in Figure 2.10c. It was reported that the difference between the failure modes 
was caused by the orientation of the CLT beam, and that the ultimate strength of flatwise bending beam 
failed because the rolling shear was 30.56% lower than that of the edgewise beam. 

 
(a) 

(b) 

(c) 

Rolling shear 

Flexural failure 

 

 

 
Figure 2.10  CLT beam failures: (a) rolling shear; (b) rolling shear failure mechanism; and (c) flexural 

failure (Salokangas and Garnier 2013) 
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He et al. (2018) carried out the four-point bending tests on the CLT beams to evaluate their flexural 
strength on the longitudinal and transverse directions. It was concluded that the average flexural strength 
of the CLT beam in the longitudinal direction was 44 kN, whereas the strength of the CLT beam with 
respect to transverse axis was found to be 23 kN. Furthermore, the outer layer contributed less to the 
flexural strength when the outer wood particles extended perpendicular to the longitudinal direction. Also, 
it was found that the flexural failure was observed on the bottom layer of most CLT beams tested, and the 
rolling shear failure was identified in the inside layers of some CLT beams. 
 
Panel 

Buck et al. (2016) performed an experimental evaluation of a CLT panel laminated at an alternative angle. 
The size of the panel specimen consisting of five CLT layers was 95 mm deep × 590 mm wide × 2000 
mm long. The tested CLT panel has two transverse layers arranged in +45° and -45°. The average 
ultimate load of the newly proposed CLT panel was found to be 148 kN, whereas the average ultimate 
load of the conventional CLT panel stacked crosswise at 90° was 110 kN. It was reported that the bond 
failure due to the initial rolling shear was observed in the conventional CLT panel, and the shear failure in 
the longitudinal direction was found in the alternative CLT panel. 

Poulin et al. (2018) conducted load testing to investigate the out-of-plane behavior of CLT panels, 
including 3-ply and 5-ply panels under static loadings. The rolling shear was observed simultaneously 
with the initial fracture in both 3-ply and 5-ply panels. Additionally, Chen and Lam (2013) carried out a 
four-point flexural strength test to evaluate the stiffness of the CLT panel specimens with different layups, 
such as three-layer cross-laminated plates’ panel and four-layer 45° laminated plates’ panel. It was 
demonstrated that the 45° laminated panel had greater flexural stiffness values as compared with the other 
panels.  
 
2.1.4.2 CLT System-level Testing 

There are few studies regarding the CLT system-level testing (Chen and Lam 2013, Masoudnia et al. 
2018). Chen and Lam (2013) attempted to determine the ultimate strength of box-shaped CLT systems 
subjected to out-of-plane loadings but failed to discover the load-carrying capacity for the majority of 
tested CLT systems. Masoudnia et al. (2018) tested a full-scale timber composite beam system 
comprising a CLT panel and LVL beams with variation in numbers of screws. They found that the 
amount in the monitored slip between the CLT panel and LVL beams decreased due to the reduction in 
the screw numbers, and the test data were used to help validate the numerical model to estimate the 
effective width of various timber composite beams. 
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2.2 CLT Bridge Design According to Structural Engineering-based 
Standards 

The selected simple CLT girder bridge system was designed in compliance with the various domestic and 
international design specifications. The subsections below involve presenting the CLT design standards, 
which provide an overview of the CLT bridge design procedures, and the CLT design details for major 
CLT bridge components and their systems. Note, all design equations used herein were in accordance 
with U.S. customary units, and the dimensions and properties for the CLT girder bridge system were 
collected in U.S. customary units. Therefore, these equations in U.S. customary units were used, but all 
calculated values were converted in the International System of Units to make all units consistent through 
the report.  

2.2.1 CLT Design Standards 

An extensive literature review on the CLT design was completed for the design of the selected CLT 
girder bridge system. Through the literature review, different domestic design standards (e.g., the 
AASHTO and NDS specifications) and international design standards (e.g., Eurocode) were reviewed. It 
was found that the CLT bridge design has not been completed before in the U.S. and was in a rudimentary 
stage in other countries. Hence, the research team used the following conventional CLT design codes and 
timber bridge design specifications: 1) Timber Bridges: Design, Construction, Inspection, and 
Maintenance (Ritter 1990), 2) National Design Specification for Wood Construction (AWC 2015), 3) 
Standard for Performance-Rated Cross-Laminated Timber (ANSI/APA 2018), 4) Standard Specifications 
for Highway Bridges (AASHTO 2002), 5) AASHTO LRFD bridge design specifications (AASHTO 
2012), 6) Wood Handbook (Forest Products Laboratory 2010), 7) CLT Handbook (Karacabeyli and 
Douglas 2013), and 8) Eurocode (EN 1995-2 2004). 

Particularly, the CLT bridge was designed following the procedures provided in Timber Bridge (Ritter 
1990) and some design procedures referenced other CLT design codes such as CLT Handbook, as shown 
in Figure 2.11. For instance, the research team referred to Wood Handbook (Forest Products Laboratory 
2010) and CLT Handbook (Karacabeyli and Douglas 2013) for prediction of deflections of CLT beams 
and decks rather than Timber Bridge (Ritter 1990). This was because the deflection check in Timber 
Bridges (Ritter 1990) was based on the conventional timbers such as glulam and sawn lumber. To check 
deflection in conventional timbers, bending stiffness, 𝐸𝐸𝐸𝐸, was required, while the CLT bridge needed 
apparent modulus of elasticity, 𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎, that can be calculated by the effective bending stiffness, 𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒, and 
the shear deformation adjustment factor. Wood Handbook (Forest Products Laboratory 2010) and CLT 
Handbook (Karacabeyli and Douglas 2013) were referred to obtain the CLT effective bending stiffness 
and shear adjustment factor. Details on how to design the CLT bridge are provided in the next sections. 
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Figure 2.11  CLT bridge design flowchart with design codes 

2.2.2 CLT Bridge Design Details 

The CLT girder bridge that was selected in Section 3.1.3 is designed herein. The dimensions of the bridge 
in the initial design process were 1.22 m x 0.66 m x 6.40 m (width x depth x length). Note that width, 
depth, and length indicate the roadway width, the depth of the bridge system from the bottom of the girder 
to the top of the deck, and the span length of the center-to-center bearing, respectively. The thickness of 
the initially chosen deck was 0.17 m. The bridge was designed for one-lane traffic and the AASHTO 
Load Group I loading with a HS 20-44 vehicle (Figure 2.12) according to Timber Bridge (Ritter 1990). 
Referring to the flowchart shown in Figure 2.11, the design of a CLT girder required the initial 
dimensions of the deck. If an unsolvable design error in the deck and/or girder is found, the deck 
dimensions need to be changed, and then other bridge components should be redesigned. 

4.27 to 9.14 m 4.27 m

142 kN 142 kN 36 kN  
Figure 2.12  Schematic of HS20-44 truck 
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2.2.2.1 CLT Girder Design 

According to the aforementioned bridge design guidelines, particularly Timber Bridge (Ritter 1990) and 
Wood Handbook (Forest Products Laboratory 2010), the design of a CLT bridge girder with the initially 
assumed deck dimensions was completed. Details on the CLT girder design are presented as follows: 

Strength Criteria 

With the deck dimensions determined in Section 3.2.2, two CLT girders with a spacing of 0.61 m and 0.3 
m overhang length was chosen following the design recommendations from Timber Bridge (Ritter 1990). 
Each girder was designed with CLT V4 products available from the local CLT producer Smartlam 
(Smartlam 2018b), having compression strength perpendicular to grain design value (𝐹𝐹𝑐𝑐⊥) = 2.31 MPa 
and shear design values (𝐹𝐹𝑣𝑣,0) = 0.93 MPa. 

CLT girders 0.24 m wide x 0.48 m deep x 6.40 m long were selected at an initial phase. The total dead 
load was calculated considering the weight and thickness of the CLT deck and CLT girder with the girder 
spacing of 0.61 m. Note that the exterior girder was calculated without consideration of vehicular railing 
in this design. The dead load, 𝑤𝑤𝐷𝐷𝐷𝐷, was calculated from the dimension of deck and CLT weight (387.65 
kg/m3). The maximum moment due to the dead load, 𝑀𝑀𝐷𝐷𝐷𝐷, was then calculated in Equation 1. 
 
 
 𝑀𝑀𝐷𝐷𝐷𝐷 =

𝑤𝑤𝐷𝐷𝐷𝐷𝐿𝐿2

8
 (1) 

   
 where 𝑀𝑀𝐷𝐷𝐷𝐷 = the maximum moment due to dead load, kip.  

𝑤𝑤𝐷𝐷𝐷𝐷 = the uniformly distributed dead load, kip.  
𝐿𝐿 = the span length, ft.  

Note: 1 kip = 4.45 kN and 1 ft = 0.3048 m 

The moment resulting from live loads was calculated from Equation 2. There are no requirements on how 
to distribute live loads over the CLT girders in the AASHTO Standard AASHTO Standard (2002) and the 
AASHTO LRFD (2012). It was assumed that live load distribution factors (LLDFs) necessary for the 
determination of live load effects on each CLT girder, which is similar to a glued laminated girder, were 
calculated with 𝑠𝑠𝑔𝑔/10 for the glued laminated panels on glued laminated stringers given in Table 
4.6.2.2.2a-1 of AASHTO LRFD (2012), and the resulting moment was determined given in Table 16-8 of 
Timber Bridges (Ritter 1990). Note, 𝑠𝑠𝑔𝑔 indicates the spacing between the girders. 
 
 𝑀𝑀𝐷𝐷𝐷𝐷𝐷𝐷𝐿𝐿 = 𝑀𝑀𝐷𝐷𝐷𝐷(𝐿𝐿𝐿𝐿𝐿𝐿𝐹𝐹) (2)  
   

where 𝑀𝑀𝐷𝐷𝐷𝐷𝐷𝐷𝐿𝐿 = the maximum moment due to live load with consideration of DF, kip. 
𝑀𝑀𝐷𝐷𝐷𝐷 = the maximum moment due to live load without consideration of DF, kip. 
𝐿𝐿𝐿𝐿𝐿𝐿𝐹𝐹 = the live load distribution factor, 𝑠𝑠𝑔𝑔/10, for glulam deck on glulam beam. 

The initial section modulus, 𝑆𝑆𝑥𝑥, of the CLT girder was calculated based on the moments created by dead 
and live loads from the deck. The initial load distribution factor (𝐶𝐶𝐷𝐷), wet service factor (𝐶𝐶𝑀𝑀), temperature 
factor (𝐶𝐶𝑡𝑡), and beam stability factor (𝐶𝐶𝐷𝐷) were assumed to be 1.0. Lateral stability factor of the girder 𝐶𝐶𝐷𝐷 
is 1.0 due to consideration of a diaphragm designed in National Design Specification for Wood 
Construction (AWC 2015). Note, 𝐹𝐹𝑏𝑏′𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 can be obtained from the CLT product report (𝐹𝐹𝑏𝑏′𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 of 7-lam 
V4 CLT = 32.58 kN-m/m) provided by the local CLT producer Smartlam (2018a). 
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 𝐹𝐹′𝑏𝑏Seff = 𝐹𝐹𝑏𝑏𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒𝐶𝐶𝐷𝐷𝐶𝐶𝑀𝑀𝐶𝐶𝑡𝑡𝐶𝐶𝐷𝐷 (3)  
   

where 𝐹𝐹𝑏𝑏′ = the adjusted bending design value, psi.  
𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = the effective section modulus, in3.  
𝐹𝐹𝑏𝑏 = the reference bending design value, psi.  
𝐶𝐶𝐷𝐷 = the load distribution factor. 
𝐶𝐶𝑀𝑀 = the wet service factor. 
𝐶𝐶𝑡𝑡 = the temperature factor. 
𝐶𝐶𝐷𝐷 = the beam stability factor. 

Note: 1 psi = 6.89 kPa and 1 𝑖𝑖𝑛𝑛3 = 16387.1 𝑚𝑚𝑚𝑚3  

The total moment of the CLT girder subjected to the considered loads is equal to the sum of the moments 
generated by dead and live loads, as shown in Equation 4. 
 
 𝑀𝑀 = 𝑀𝑀𝐷𝐷𝐷𝐷 + 𝑀𝑀𝐷𝐷𝐷𝐷𝐷𝐷𝐿𝐿 (4)  

 
𝑆𝑆𝑥𝑥 can be obtained using the maximum total moment, as shown in Equation 5. The CLT girder size was 
determined using 𝑆𝑆𝑥𝑥 obtained from Equation 5. Adjusted bending design value, 𝐹𝐹𝑏𝑏′, can be calculated 
with 𝐹𝐹𝑏𝑏′ = 𝐹𝐹𝑏𝑏𝐶𝐶𝐷𝐷𝐶𝐶𝑀𝑀𝐶𝐶𝑡𝑡𝐶𝐶𝐷𝐷. 
 

 Sx =
𝑀𝑀
𝐹𝐹𝑏𝑏′

(5)  

   
where 𝑆𝑆𝑥𝑥 = the section modulus, in3.  

𝐹𝐹𝑏𝑏′ = the adjusted bending design value, psi.  

Since 𝑆𝑆𝑥𝑥 from the initial CLT dimensions satisfied the required value of 𝑆𝑆𝑥𝑥 calculated by Equation 5, the 
dimensions with the calculated 𝑆𝑆𝑥𝑥 can be used for the further design. The calculated section properties of 
the CLT girder with 0.24 m wide and 0.48 m deep are as follows: 𝐴𝐴 = 0.1180 m2, 𝑆𝑆𝑥𝑥 = 0.0096 m3, 𝐸𝐸𝑥𝑥 = 
0.0024 m4, and weight = 45.74 kg/m. Note, the depth of the CLT girder was the same as the thickness of 
14-ply CLT that can be fabricated with two 7-ply CLT beams producible in Smartlam. 𝐹𝐹𝑏𝑏′ was calculated 
based on the section properties of the 14-ply CLT girder, as shown in Equation 6. The girder is adequate 
in terms of flexural strength if 𝐹𝐹𝑏𝑏′ is greater than 𝑓𝑓𝑏𝑏. 
 

 𝑓𝑓𝑏𝑏 =
𝑀𝑀
𝑆𝑆𝑥𝑥

(6)  

   
where 𝑓𝑓𝑏𝑏 = actual bending stress, psi.  

The maximum shear of the CLT girder can be calculated from Equation 7. The uniformly distributed 
loads (𝑤𝑤𝐷𝐷𝐷𝐷) in the equation were applied to the total dead load obtained from the moment calculation. The 
𝑤𝑤𝐷𝐷𝐷𝐷 at a distance d from support shall be neglected when wooden members are supported by the bearing 
given in the AASHTO Standard 13.6.5.2 (AASHTO 2002). Figure 2.13 shows the position of 𝑤𝑤𝐷𝐷𝐷𝐷 
neglecting the loads under the depth of girder (𝑑𝑑). 
 

 𝑉𝑉𝐷𝐷𝐷𝐷 = 𝑤𝑤𝐷𝐷𝐷𝐷 �
𝐿𝐿
2
− 𝑑𝑑� (7)  
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where 𝑉𝑉𝐷𝐷𝐷𝐷 = the maximum shear due to dead load at a distance of 𝑑𝑑 from the support, kip. 

𝑑𝑑 = the depth of girder, ft. 

 
wDL

L

d d

RL RR  
Figure 2.13  Applied 𝒘𝒘𝒘𝒘𝒘𝒘 along the CLT girder. 

The AASHTO Standard (2002) suggested that the maximum shear force due to undistributed live load 
(𝑉𝑉𝐷𝐷𝐿𝐿) occurs at the minimum distance of 3d or L/4 from the point (Figure 2.14). Shear LLDF was 
calculated from the Table 4.6.2.2.2a-1 of AASHTO LRFD Bridge (2012).  
 
 𝑉𝑉𝐷𝐷𝐷𝐷 = 𝑉𝑉𝐷𝐷𝐿𝐿(𝐿𝐿𝐿𝐿𝐿𝐿𝐹𝐹) (8)  
   

where 𝑉𝑉𝐷𝐷𝐷𝐷 = the maximum vertical shear at 3d or L/4 due to wheel loads distributed laterally as specified 
for a moment, kip.  
𝑉𝑉𝐷𝐷𝐿𝐿 = the maximum vertical shear at 3d or L/4 due to undistributed wheel loads, kip.  

71 kN 18 kN

L
RL RR

MIN (3d or L/4) 4.27 m
71 kN

4.27 m

 
Figure 2.14  Location of the live load for maximum vertical shear 

𝑉𝑉𝐷𝐷𝐷𝐷 was obtained through Equation 9 that was obtained from the AASHTO Standard 13.6.5.2 (2002) and 
AASHTO LRFD 4.6.2.2a (2012) to determine the maximum shear considering the considered HS 20-44 
vehicle. 
 
 𝑉𝑉𝐷𝐷𝐷𝐷 = 0.5[(0.6𝑉𝑉𝐷𝐷𝐿𝐿) + 𝑉𝑉𝐷𝐷𝐷𝐷] (9)  

 

where 𝑉𝑉𝐷𝐷𝐷𝐷 = the distributed live load vertical shear, kip. 

Shear stress can be calculated from Equation 10, where 𝐴𝐴 is the cross-sectional area of the selected CLT 
girder. The required shear stress (Equation 10) is compared with the reference shear stress, which can be 
determined in Equation 11. The total shear force (𝑉𝑉) is the sum of the values obtained from Equations 7 
(𝑉𝑉𝐷𝐷𝐷𝐷) and 9 (𝑉𝑉𝐷𝐷𝐷𝐷). 
 

 𝑓𝑓𝑣𝑣 =
1.5𝑉𝑉
𝐴𝐴

(10)  
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where 𝑓𝑓𝑣𝑣 = the actual shear stress, psi.  
𝑉𝑉 = 𝑉𝑉𝐷𝐷𝐷𝐷 + 𝑉𝑉𝐷𝐷𝐷𝐷 , kips.  

 
The shear stress 𝐹𝐹𝑣𝑣′ is calculated based on the values of shear LLDF and the assumed wet service and 
temperature on the material properties of the considered CLT girder, as shown in Equation 11. The girder 
is considered adequate in shear if 𝐹𝐹𝑣𝑣′ is larger than 𝑓𝑓𝑣𝑣. 
 
 𝐹𝐹𝑣𝑣′ = 𝐹𝐹𝑣𝑣𝐶𝐶𝐷𝐷𝐶𝐶𝑀𝑀𝐶𝐶𝑡𝑡 (11)  

 

where 𝐹𝐹𝑣𝑣′ = the adjusted shear design value, psi.  
𝐹𝐹𝑣𝑣 = the reference shear design value, psi. 

Area of the bearing can be calculated from Equation 12. The bearing in the girder design was considered 
for dry service condition since the CLT girder bridge was set up for the test inside the laboratory. 
Considering the conditions, wet service factor (𝐶𝐶𝑀𝑀) and temperature factor (𝐶𝐶𝑡𝑡) were selected as 1.0 and 
bearing area factor, 𝐶𝐶𝑏𝑏, was calculated using Equation 13 from NDS (2015). 
 
 𝐹𝐹𝐶𝐶⊥′ = 𝐹𝐹𝐶𝐶⊥𝐶𝐶𝑀𝑀𝐶𝐶𝑡𝑡𝐶𝐶𝑏𝑏 (12)  

 

where 𝐹𝐹𝐶𝐶⊥′ = the adjusted compression design value perpendicular to grain, psi.  
𝐹𝐹𝐶𝐶⊥ = the reference compression design value perpendicular to grain, psi.  

 

 𝐶𝐶𝑏𝑏 =
ℓ𝑏𝑏 + 0.375

ℓ𝑏𝑏
(13) 

where ℓ𝑏𝑏 = the bearing length measured parallel to grain, ft.  

 

 
𝑅𝑅𝐷𝐷𝐷𝐷 and 𝑅𝑅𝐷𝐷𝐷𝐷 need to be calculated to obtain the required bearing length, as shown in Equation 14. 𝑅𝑅𝐷𝐷𝐷𝐷 is 
the reaction force generated by the dead load, and 𝑅𝑅𝐷𝐷𝐷𝐷 is the reaction force generated by the live load 
considering the LLDF. For conservative design considerations and ease of construction, the bearing 
length longer than required was selected. Note, the final girder length (out-to-out) was the sum of initial 
girder length and selected bearing length. 
 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅𝑑𝑑 𝑏𝑏𝑅𝑅𝑏𝑏𝑅𝑅𝑖𝑖𝑛𝑛𝑏𝑏 𝑙𝑙𝑅𝑅𝑛𝑛𝑏𝑏𝑙𝑙ℎ =
𝑅𝑅𝐷𝐷𝐷𝐷 + 𝑅𝑅𝐷𝐷𝐷𝐷
𝑏𝑏(𝐹𝐹𝑐𝑐⊥′)

(14)  

 

where 𝑅𝑅𝐷𝐷𝐷𝐷 = the reaction force due to dead load, kip. 
𝑅𝑅𝐷𝐷𝐷𝐷 = the reaction force due to live load, kip.  
𝑏𝑏 = the width of girder, ft.  

𝐹𝐹𝐶𝐶⊥′ (Equation 12) and 𝑓𝑓𝐶𝐶⊥ (Equation 15) are compared to confirm the stability of the girder with the new 
length. 
 

 𝑓𝑓𝑐𝑐⊥ =
𝑅𝑅𝐷𝐷𝐷𝐷 + 𝑅𝑅𝐷𝐷𝐷𝐷

𝐴𝐴
(15)  
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Deflection Criteria 

The deflection criteria for the CLT girder bridge are not provided in the AASHTO LRFD (2012) and 
Timber Bridge (Ritter 1990). According to the AASHTO LRFD C2.5.2.6.2 (2012), however, deflection 
for timber bridges is recommended to follow the recommendations of Chapters 7, 8, and 9 in Timber 
Bridge (Ritter 1990). Ritter (1990) recommended the maximum deflection for timber bridge design as 
follows: 

1. For live loads, the limitation of maximum deflection is L/360. 
2. For the combination of live load and dead load, limitation of maximum deflection is L/240. 

These recommendations were used for the CLT girder bridge design. To determine deflection of the 
girder on dead load, Equation 16 was utilized. The value of constants ks and kb are obtained from Table 9-
1 of Wood Handbook (2010). These values of constants were determined according to loading conditions, 
girder ends, and position of deflection.  
 

 ΔDL =
𝑘𝑘𝑏𝑏𝑤𝑤𝐿𝐿3

𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒
+
𝑘𝑘𝑠𝑠𝑤𝑤𝐿𝐿
𝐺𝐺𝐴𝐴′

(16)  

 
EI𝑒𝑒𝑒𝑒𝑒𝑒 =

𝑛𝑛

�
𝑖𝑖=1

𝐸𝐸𝑖𝑖 ∙ 𝑏𝑏𝑖𝑖 ∙
ℎ𝑖𝑖3

12
+

𝑛𝑛

�
𝑖𝑖=1

𝐸𝐸𝑖𝑖 ∙ 𝐴𝐴𝑖𝑖 ∙ 𝑧𝑧𝑖𝑖2 (17)  

 

where Δ𝐷𝐷𝐷𝐷 = the deflection of the beam due to dead load, in.  
𝑤𝑤 = the self-weight of CLT, lb.  
𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 = the effective bending stiffness, kip-ft2.  
𝐸𝐸𝑖𝑖 = the modulus of elasticity of each laminated layer, psi.  
𝑏𝑏𝑖𝑖 = the width of each laminated layer, in.  
ℎ𝑖𝑖 = the height of each laminated layer, in.  
𝐴𝐴𝑖𝑖 = the cross-sectional area of each laminated layer, in2.  
𝑧𝑧𝑖𝑖 = the distance of each laminated layer from the neutral axis, in.  

Note: 1 lb = 0.45 kg, 1 kip-ft2 = 2.87 N-m2, 1 in = 25.4 mm, and 1 𝑖𝑖𝑛𝑛2 = 645.16 𝑚𝑚𝑚𝑚2  

 
The deflection of the CLT for live loads was based on the deflection formula of the structural analysis 
method using the effective bending stiffness (𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒) value. The 𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 was calculated from Equation 17, 
where this equation can be found in the CLT Handbook (Karacabeyli and Douglas 2013). The live load-
induced deflection (Δ𝐷𝐷𝐷𝐷) calculated using Equation 18 is considered satisfactory if the deflection is 
smaller than L/360. In addition, the girder is considered safe if the total deflection, which is the sum of 
deflection due to live load (Δ𝐷𝐷𝐷𝐷) and dead load (Δ𝐷𝐷𝐷𝐷), is smaller than L/240. 
 

 ΔLL =
𝑀𝑀

𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒
(18) 

where Δ𝐷𝐷𝐷𝐷 = the deflection of the girder due to live loads, in.  
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2.2.2.2 CLT Deck Design 

Strength Criteria 

The dimensions of the CLT girders determined from Section 2.2.2.1 were used to design the CLT deck. It 
should be noted that the CLT bridge design should be redesigned from the CLT girder design phase to 
meet its overall requirements if the applied strength is larger than the allowable strength in deck design. In 
the AASHTO Standard 3.25.1.2 (2002), the effective deck span (𝑠𝑠𝑒𝑒) was defined as the clear distance 
between the girders plus half of the girder width. It is, however, unacceptable if 𝑠𝑠𝑒𝑒 exceeds the clear span 
distance plus deck thickness. 

Effective section properties of the deck can be calculated with wheel load distribution width in the 
direction of the deck span (𝑏𝑏𝑡𝑡) and wheel load distribution width perpendicular to the deck span (𝑏𝑏𝑑𝑑) 
following the AASHTO Standard 3.25.1 (2000). 𝑏𝑏𝑡𝑡 is shown in Figure 2.15 and can be calculated from 
Equation 19. 
 
 𝑏𝑏𝑡𝑡 = 20 𝑖𝑖𝑛𝑛 (19)  
   

where 𝑏𝑏𝑡𝑡 = the wheel load distribution width in the direction of the deck span, in. 

𝑏𝑏𝑡𝑡

𝑠𝑠𝑒𝑒  
Figure 2.15  Wheel distribution width in the direction of the deck 

 
The wheel load distribution width perpendicular to the deck span, 𝑏𝑏𝑑𝑑, can be calculated from Equation 20. 
Figure 2.16 shows the load distribution width due to wheel load perpendicular to the deck span. 
 
 𝑏𝑏𝑑𝑑 = 𝑙𝑙 + 15 ≤ 𝑝𝑝𝑏𝑏𝑛𝑛𝑅𝑅𝑙𝑙 𝑤𝑤𝑖𝑖𝑑𝑑𝑙𝑙ℎ (20)  
   

where 𝑏𝑏𝑑𝑑 = the wheel load distribution width perpendicular to the deck span, in.  

𝑙𝑙 = the thickness of the deck, in.  
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𝑏𝑏𝑑𝑑  
Figure 2.16  Wheel load distribution width perpendicular to the deck 

The effective area, the effective section modulus, and the effective moment of inertia of deck sections can 
be calculated using Equations 21 through 23. 
 
 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑏𝑏𝑑𝑑𝑙𝑙 (21)  
 

𝑆𝑆𝑦𝑦 =
𝑏𝑏𝑑𝑑t2

6
(22) 

 
 

𝐸𝐸𝑦𝑦 =
𝑏𝑏𝑑𝑑𝑙𝑙3

12
(23) 

 
   

where 𝐴𝐴 = the effective deck area, in2.  

𝑆𝑆𝑦𝑦 = the effective deck section modulus,  in3.  

𝐸𝐸𝑦𝑦 = the effective deck moment of inertia, in4.  

Note: 1 𝑖𝑖𝑛𝑛4 = 416231.43 𝑚𝑚𝑚𝑚4. 

 
The maximum moment caused by the live loads can be calculated according to the effective deck span 
from Equation 24. These equations were developed for a maximum moment considering wheel loads at 
the center of the span by Ritter (1990). 

 

 𝑀𝑀𝐷𝐷𝐷𝐷 = �
3,000𝑠𝑠𝑒𝑒 − 25,983 𝑓𝑓𝑓𝑓𝑅𝑅 17.32′′ < 𝑠𝑠𝑒𝑒 ≤ 122′′

6,000𝑠𝑠𝑒𝑒 +
7,776,000

𝑠𝑠𝑒𝑒
− 457,983 𝑓𝑓𝑓𝑓𝑅𝑅 122′′ < 𝑠𝑠𝑒𝑒  (24) 

   
where 𝑠𝑠𝑒𝑒 = the effective deck span, in. 

 
Similar to the CLT girder design in Section 3.2.2.1.a, the total bending moment for the deck subjected to 
dead and live loads can be calculated from Equation 3. The bending moment capacity with the CLT 
material’s properties provided by Smartlam can be calculated from Equation 3. The CLT properties were 
𝐹𝐹𝑏𝑏,90 = 5.34 MPa, 𝐹𝐹𝑣𝑣,90 = 0.93 MPa, and 𝐸𝐸90 = 7.58 GPa, while the load distribution factor (𝐶𝐶𝐷𝐷), wet 
service factor (𝐶𝐶𝑀𝑀), temperature factor (𝐶𝐶𝑡𝑡), and stability factor (𝐶𝐶𝐷𝐷) were assumed to be 1.0 in 
accordance with NDS (2015). 

As determined in Section 2.2.2.1a, the maximum shear force due to dead loads for the deck can be 
calculated using Equation 7. The shear force due to live loads was calculated along the wheel load 
distribution width (bt) at the distance (𝑑𝑑) from the support, where d is equal to the deck thickness, as 
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shown in Figure 2.17. As described in Section 2.2.2.1a, the shear stress was calculated from Equation 25. 
The AITC (1987) recommended employing 𝐴𝐴𝑣𝑣 with conservative bt for timber bridges such as glulam. 
Note, the AITC does not provide an equation for 𝐴𝐴𝑣𝑣 specific for CLT. For this design, 𝐴𝐴𝑣𝑣 was calculated 
with the recommendation of AITC (1987). The reference shear stress 𝐹𝐹𝑣𝑣′ was calculated by taking the 𝐶𝐶𝐷𝐷, 
𝐶𝐶𝑀𝑀 and 𝐶𝐶𝑡𝑡 values into account for the material properties, as shown in Equation 11. 
 

 𝑓𝑓𝑣𝑣 =
1.5𝑉𝑉
𝐴𝐴𝑣𝑣

(25)  

   
where 𝐴𝐴𝑣𝑣 = 𝑙𝑙(15 + 2𝑙𝑙), in.  

𝑙𝑙 = the thickness of the deck, in.  

t bt

wheel load

bt /2

RL RR

𝑠𝑠𝑒𝑒

  
Figure 2.17  Applied wheel load for horizontal shear 

The design evaluation of the deck overhang for the bending moment and shear force was done by 
applying wheel load 0.3048 m away from the face of the rail, as shown in Figure 2.18. The moment was 
calculated based on the position shifted from the outer edge of the girder by 1/4 of the girder thickness 
toward the center of the girder. 
 

 𝑓𝑓𝑏𝑏 =
𝑀𝑀
𝑆𝑆𝑦𝑦

(26)  

 

overhang + b/4 of girder

bt

wheel load

b/4

CL of
outside
beamRail 0.3048 m

  
Figure 2.18  Moment on overhang 

The shear of the deck overhang was also considered to occur at a distance of deck thickness plus one-
fourth of the girder width (t + b/4) from the center of the girder (Figure 2.19). The external forces within 
this distance were not taken into consideration based on the recommendation by Ritter (1990). Since the 
load was superimposed on the distance, a distributed load that was the total load size of 71.17 kN divided 
by the wheel load width was applied to avoid the load in the overlapping distance. The shear force was 
calculated considering both the dead and live loads.  
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wheel load

b/4 + t
CL of

outside girder

Neglected
load

Rail 0.3048 m

   
Figure 2.19  Shear on overhang 

Deflection Criteria 

The maximum deflection of the designed CLT deck under the dead load provided in the CLT Handbook 
(Karacabeyli and Douglas 2013) can be determined, as shown in Equation 27. The shear coefficient form 
factor (𝑘𝑘) is assumed to be 1.2. The effective bending stiffness of composite section (𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒) and effective 
shear stiffness of composite section (𝐺𝐺𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒) are calculated by Equation 17 and 28, respectively. The 
calculation of deflection for the CLT deck considering the live loads was completed with Equation 18. 
 

Δ𝐷𝐷𝐷𝐷 =
5

384
∙
𝑤𝑤𝐿𝐿4

𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒
+

1
8
∙
𝑤𝑤𝐿𝐿2𝑘𝑘
𝐺𝐺𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒

         
(27)  
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� + � ℎ𝑛𝑛

2 ∙ 𝐺𝐺𝑛𝑛 ∙ 𝑏𝑏
��

(28)  

   
where Δ𝐷𝐷𝐷𝐷 = the deflection of the deck due to dead load, kip.  

𝐿𝐿 = the span length of deck, ft.  
𝑘𝑘 = the shear coefficient form factor. 
𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 = the effective bending stiffness, kip-ft2.  
𝐺𝐺𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 = the effective shear stiffness, kip-ft2.  

It was assumed that the CLT deck is considered satisfactory if the maximum deck deflection due to live 
loads is less than L/360 and the deflection due to total dead and live loads is less than L/240.  
 
2.2.2.3 CLT Connection Design 

There are many ways to connect the CLT girders and CLT decking. For example, there are dowel-type 
fasteners such as screws, rivets, spike grids, split rings, epoxy and so on. For this project, the fastener 
connection was used and designed following the design process of Design of Wood Structures—
ASD/LRFD (Breyer et al. 2007) by referencing the properties of the screw from ESR-3179 (2018). 
To select a reference lateral design value (𝑍𝑍), all 𝑍𝑍 values were calculated from Equations 29 through 34 
considering all possible yield failure modes of the connection, as shown in Figure 2.20 and compared 
with each other. The design value was then selected as the smallest value among the calculated 𝑍𝑍 values. 
𝑀𝑀𝑓𝑓𝑑𝑑𝑅𝑅 𝐸𝐸𝑚𝑚 indicates the yield mode of crushing in the main member. 𝑀𝑀𝑓𝑓𝑑𝑑𝑅𝑅 𝐸𝐸𝑠𝑠 stands for the yield mode of 
crushing in the side member. 𝑀𝑀𝑓𝑓𝑑𝑑𝑅𝑅 𝐸𝐸𝐸𝐸 means the yield mode of rotation of the fastener. 𝑀𝑀𝑓𝑓𝑑𝑑𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚 
denotes yield mode of the plastic hinge and crushing in the main member. 𝑀𝑀𝑓𝑓𝑑𝑑𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝑠𝑠 specifes the yield 
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mode of plastic hinge and crushing inside member, whereas, 𝑀𝑀𝑓𝑓𝑑𝑑𝑅𝑅 𝐸𝐸𝑉𝑉 indicates the yield mode of two 
plastic hinges per shear plane.  
 

 𝑍𝑍 =
𝐿𝐿𝑙𝑙𝑚𝑚𝐹𝐹𝑒𝑒𝑚𝑚
𝐾𝐾𝐷𝐷

 for Mode Im (29) 

 𝑍𝑍 =
𝐿𝐿𝑙𝑙𝑠𝑠𝐹𝐹𝑒𝑒𝑠𝑠
𝐾𝐾𝐷𝐷

 for Mode I𝑠𝑠 (30) 

 𝑍𝑍 =
𝑘𝑘1𝐿𝐿𝑙𝑙𝑠𝑠𝐹𝐹𝑒𝑒𝑠𝑠
𝐾𝐾𝐷𝐷

 for Mode II (31) 

 𝑍𝑍 =
𝑘𝑘2𝐿𝐿𝑙𝑙𝑠𝑠𝐹𝐹𝑒𝑒𝑚𝑚

(1 + 2𝑅𝑅𝑒𝑒)𝐾𝐾𝐷𝐷
 for Mode IIIm (32) 

 𝑍𝑍 =
𝑘𝑘3𝐿𝐿𝑙𝑙𝑠𝑠𝐹𝐹𝑒𝑒𝑚𝑚

(2 + 𝑅𝑅𝑒𝑒)𝐾𝐾𝐷𝐷
 for Mode IIIs (33) 

 𝑍𝑍 =
𝐿𝐿2

𝐾𝐾𝐷𝐷
�

2𝐹𝐹𝑒𝑒𝑚𝑚𝐹𝐹𝑦𝑦𝑏𝑏
3(1 + 𝑅𝑅𝑒𝑒)

 for Mode IV (34) 

 

where 𝑍𝑍 = the reference lateral design value, psi.  
𝑙𝑙𝑚𝑚 = the dowel bearing length of connector in main member, in.  
𝑙𝑙𝑠𝑠 = the length of connector, in.  
𝐹𝐹𝑒𝑒𝑠𝑠 = the dowel bearing strength of side member, psi.  
𝐹𝐹𝑒𝑒𝑚𝑚 = the dowel bearing strength of main member, psi.  
𝐹𝐹𝑦𝑦𝑏𝑏 = the bending yield strength of connector, psi.  
𝐿𝐿 = the diameter of connector, in.  
𝐾𝐾𝐷𝐷 = the reduction coefficient for connector. 
 

 = 
�𝑅𝑅𝑒𝑒+2𝑅𝑅𝑒𝑒2�1+𝑅𝑅𝑡𝑡+𝑅𝑅𝑡𝑡2�+𝑅𝑅𝑡𝑡2𝑅𝑅𝑒𝑒

3−𝑅𝑅𝑒𝑒(1+𝑅𝑅𝑡𝑡)

1+𝑅𝑅𝑒𝑒
 

𝑘𝑘2 = −1 + �2(1 + 𝑅𝑅𝑒𝑒) + 2𝐿𝐿𝑦𝑦𝑦𝑦(1+2𝑅𝑅𝑒𝑒)𝐷𝐷2

3𝐿𝐿𝑒𝑒𝑒𝑒𝑙𝑙𝑒𝑒2
 

𝑘𝑘3 = −1 + �2(1+𝑅𝑅𝑒𝑒)
𝑅𝑅𝑒𝑒

+ 2𝐿𝐿𝑦𝑦𝑦𝑦(2+𝑅𝑅𝑒𝑒)𝐷𝐷2

3𝐿𝐿𝑒𝑒𝑒𝑒𝑙𝑙𝑠𝑠2
 

where 𝑅𝑅𝑒𝑒 = 𝐿𝐿𝑒𝑒𝑒𝑒
𝐿𝐿𝑒𝑒𝑠𝑠

  and 𝑅𝑅𝑡𝑡 = 𝑙𝑙𝑒𝑒
𝑙𝑙𝑠𝑠
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Single shear Double shear 

Fastener 
Damage 

Figure 2.20  Basic yield modes in dowel—type connection: (a) Mode 𝑰𝑰𝑰𝑰; (b) Mode 𝑰𝑰𝑰𝑰; (c) Mode 𝑰𝑰𝑰𝑰; 
(d) Mode 𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰; (e) Mode 𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰; and (f) Mode 𝑰𝑰𝑰𝑰.  

The reference shear strength (𝑉𝑉) was deemed as the smaller value of shear strength of the CLT decking 
and girders. The area of the girder was the actual design area of the girder, and the effective width of the 
deck was calculated as shown in Equation 35 specified by Eurocode 5 (2004). There is no guidance for 
determination of the CLT effective deck width in the AASHTO Standard (2002), AASHTO LRFD 
(2012), Ritter’s Timber Bridge (1990), or NDS (2015). Therefore, Eurocode (2004) is referenced to 
calculate the effective width of the CLT deck. As illustrated in Figure 2.21, the width of the loaded area at 
the reference plane in the middle of the deck plate (𝑏𝑏𝑤𝑤,𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑𝑙𝑙𝑒𝑒) was expanded by applying a dispersion 
angle 𝛽𝛽 (45° for CLT) from the top of the deck to the center of the deck. An initial width of the load area 
was 0.5 m, which is the tire contact area of HS 20-44 from the AASHTO Standard (2002). 
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 𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑏𝑏𝑤𝑤,𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑𝑙𝑙𝑒𝑒 + 𝑏𝑏 (35) 
   

where 𝑏𝑏𝑤𝑤 = the width of the loaded area on the contact surface of the deck, in.  
𝑏𝑏𝑤𝑤,𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑𝑙𝑙𝑒𝑒 = the width of the loaded area at the reference plane in the middle of the deck plate, in.  
𝛽𝛽 = the angle of dispersion, 45° for CLT. 
𝑏𝑏 = 0.5 m for CLT (Eurocode). 

𝑏𝑏𝑤𝑤

𝑏𝑏𝑤𝑤,𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑𝑙𝑙𝑒𝑒

CL of
deck

𝜷

 
Figure 2.21  Effective deck width of CLT 

The number of connectors (𝑁𝑁) was determined by the formula 𝑉𝑉/𝑍𝑍′, where Z′ was calculated from 
Equation 36 (AWC 2015). For the Z′ calculation, the following factors considered were load distribution, 
wet service, temperature, end grain, diaphragm, and toe-nail. For a conservative design with ease of 
construction, the fastener interval (rounded-down) was calculated by dividing span length with 
determined N. Then, the N (rounded-up) was obtained using a fastener interval. 
 
 𝑍𝑍′ = 𝑍𝑍𝐶𝐶𝐷𝐷𝐶𝐶𝑀𝑀𝐶𝐶𝑡𝑡𝐶𝐶𝑒𝑒𝑔𝑔𝐶𝐶𝑑𝑑𝑖𝑖𝐶𝐶𝑡𝑡𝑛𝑛 (36) 

 

where 𝑍𝑍′ = the adjusted lateral design value, kip.  
𝐶𝐶𝑒𝑒𝑔𝑔 = the end grain factor. 
𝐶𝐶𝑑𝑑𝑖𝑖 = the diaphragm factor. 
𝐶𝐶𝑡𝑡𝑛𝑛 = the toe-nail factor. 

 
2.2.2.4 CLT Diaphragm 

This section focuses on the design of CLT diaphragm enabling the horizontal stability of the CLT girders. 
According to Timber Bridge (Ritter 1990), the diaphragm was designed separately to design the lateral 
support in detail. 

Assuming a maximum distance of 7.62 m between a lateral support to an end support, a transverse 
bracing or diaphragm should be installed at the end and center of the CLT girders (Ritter 1990). Ritter 
(1990) classified the short (0 < 𝐶𝐶𝑠𝑠 ≤ 10), intermediate (10 < 𝐶𝐶𝑠𝑠 ≤ 𝐶𝐶𝑘𝑘), and long girders (𝐶𝐶𝑘𝑘 < 𝐶𝐶𝑠𝑠 ≤ 50) 
based on the value of 𝐶𝐶𝑠𝑠 (see Equation 37). 
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 C𝑠𝑠 = �ℓ𝑒𝑒𝑑𝑑
𝑏𝑏2

  (37) 

 

where 𝐶𝐶𝑠𝑠 = the slenderness factor for bending member. 
 ℓ𝑒𝑒 = the effective span length of the bending member, in.  

The unsupported distance (ℓ𝑢𝑢) of the designed CLT girder, which is the distance between two lateral 
supports, is 7.62 m for the CLT bridge. Equation 38 for determining the effective span length (ℓ𝑒𝑒) 
followed the formulas in Table 3.3.3 of NDS (AWC 2015). The value of ℓ𝑒𝑒 depends on the size of ℓ𝑢𝑢/𝑑𝑑, 
as shown in this equation.  
 

 ℓe = �
2.06 × ℓ𝑢𝑢 𝑓𝑓𝑓𝑓𝑅𝑅 𝑙𝑙𝑢𝑢 < 7

1.63 × ℓ𝑢𝑢 + 3𝑑𝑑 𝑓𝑓𝑓𝑓𝑅𝑅 𝑙𝑙𝑢𝑢 ≥ 7 (38) 

 

where ℓ𝑒𝑒 = the effective span length of the bending member, in.  
ℓ𝑢𝑢 = the laterally unsupported span length of bending member, in.  

The CLT girder slenderness factor (𝐶𝐶𝑠𝑠) can be calculated using the value of ℓ𝑒𝑒. The calculated 𝐶𝐶𝑠𝑠 was less 
than 10; thus, the designed CLT girder was classified as a short girder. The value of 𝐶𝐶𝑘𝑘 for the CLT 
diaphragm is not given but can be determined in Equation 39 available in Timber Bridges (Ritter 1990). 
The use of modified, 𝐶𝐶𝑘𝑘, is a designer choice, although it is recommended to apply in bridge design 
(Ritter 1990). 
 

 𝐶𝐶𝑘𝑘 = 0.956�
𝐸𝐸′

𝐹𝐹𝑏𝑏′′
 (39) 

where 𝐶𝐶𝑘𝑘 = the slenderness factor defined later for intermediate beams. 
𝐸𝐸′ = 𝐸𝐸𝐶𝐶𝑀𝑀  
𝐹𝐹𝑏𝑏′′ = 𝐹𝐹𝑏𝑏𝐶𝐶𝑀𝑀  

In the USDA FS report (Wacker and Smith 2001), timber diaphragms were suggested for 7.62 m or 
longer timber bridges like glulam bridges. For this project, the CLT diaphragms were designed 
conservatively, similar to the glulam bridge diaphragm design with the CLT bridge properties and 
dimensions. 

The CLT diaphragm design was divided into the design of the CLT diaphragm and design of the tie rod 
connecting the CLT girder and CLT diaphragm. First, the CLT diaphragm was designed to effectively 
resist live loads. The diaphragm design was similar to the CLT girder design and CLT deck in Section 
2.2.2.1 and 2.2.2.2 using the moment and shear strength, respectively. Reference design values of moment 
strength in Equation 3 and shear strength in Equation 11 were compared with the maximum moment 
strength acquired from Equation 6 and shear strength obtained in Equation 10 after determining the initial 
geometry of the CLT diaphragm. The CLT diaphragm geometry can be finalized if the reference moment 
and shear design values are greater than the respective applied strengths. 
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The design of CLT diaphragm connection was analogous to the connection design between the CLT 
girder and CLT deck shown in Section 2.2.2.3. However, the diaphragm design differs from the 
connection design using the tie rod, which means double shear. Equations 40 through 43 for the different 
failure modes of the connector considered in this design are as follows. 

 

 𝑍𝑍 =
𝐿𝐿𝑙𝑙𝑚𝑚𝐹𝐹𝑒𝑒𝑚𝑚

4𝐾𝐾𝜃𝜃
 for Mode Im (40) 

 𝑍𝑍 =
2𝐿𝐿𝑙𝑙𝑠𝑠𝐹𝐹𝑒𝑒𝑠𝑠

4𝐾𝐾𝜃𝜃
 for Mode I𝑠𝑠 (41) 

 𝑍𝑍 =
2𝑘𝑘3𝐿𝐿𝑙𝑙𝑠𝑠𝐹𝐹𝑒𝑒𝑚𝑚

3.2(2 + 𝑅𝑅𝑒𝑒)𝐾𝐾𝜃𝜃
 for Mode IIIs (42) 

 𝑍𝑍 =
2𝐿𝐿2

3.2𝐾𝐾𝜃𝜃
�

2𝐹𝐹𝑒𝑒𝑚𝑚𝐹𝐹𝑦𝑦𝑏𝑏
3(1 + 𝑅𝑅𝑒𝑒)

 for Mode IV (43) 

where 𝑍𝑍 = the reference lateral design value, kip.  
𝑙𝑙𝑚𝑚 = the dowel bearing length of connector in main member, in.  
𝐹𝐹𝑒𝑒𝑠𝑠 = the dowel bearing strength of side member, psi.  
𝑙𝑙𝑠𝑠 = the length of connector, in.  
𝐹𝐹𝑒𝑒𝑚𝑚 = the dowel bearing strength of main member, psi.  
𝐹𝐹𝑦𝑦𝑏𝑏 = the bending yield strength of connector, psi.  
𝐿𝐿 = the diameter of connector, in.  

𝑘𝑘3 = −1 + �2(1+𝑅𝑅𝑒𝑒)
𝑅𝑅𝑒𝑒

+ 2𝐿𝐿𝑦𝑦𝑦𝑦(2+𝑅𝑅𝑒𝑒)𝐷𝐷2

3𝐿𝐿𝑒𝑒𝑒𝑒𝑙𝑙𝑠𝑠2
 

𝐾𝐾𝜃𝜃 = 1 + θ
360

  
𝜃𝜃 = the maximum angle of load to grain for any member in connection. 

where 𝑅𝑅𝑒𝑒 = 𝐿𝐿𝑒𝑒𝑒𝑒
𝐿𝐿𝑒𝑒𝑠𝑠

 

𝑅𝑅𝑡𝑡 = 𝑙𝑙𝑒𝑒
𝑙𝑙𝑠𝑠

  

The smallest value of 𝑍𝑍 was selected from Equations 40 to 43. 𝑍𝑍′ was calculated from Equation 36. The 
shear force due to live loads was considered for determining the diaphragm geometry, as suggested by 
Ritter (1990). The shear force due to live loads was considered the maximum shear force and the number 
of the tie rod (𝑁𝑁) was calculated from V/𝑍𝑍′. For this design, one tie rod in the center of the diaphragm 
met the required strength, but two threaded rods were applied to the diaphragm following the 
recomemednation by the report (Wacker and Smith 2001). 

  



31 
 

2.2.2.5 CLT Bridge Sketch and Details 

The CLT girder bridge system designed through Sections 2.2.2.1 and 2.2.2.4 is illustrated in Figure 2.22. 
The CLT bridge system is a simply supported structure with a span length of 6.4 m. The bridge has two 
CLT girders (0.24 m wide x 0.48 m deep) with 0.61 m girder spacing center-to-center to support the CLT 
decking (0.17 m thick and 1.22 m width) with an overhang length of 0.30 m and two CLT diaphragms 
(0.37 m long x 0.13 wide × 0.24 m deep). Figure 2.22a shows a cross-section of the CLT bridge system 
consisting of one CLT deck, two CLT girders, and two CLT diaphragms. In Figure 2.22b, a plan view of 
the bridge system showing the designed fasteners (12.7 mm diameter and 582.4 mm long with 165.1 mm 
spacing) with adhesives that was used to enhance connectivity between the CLT deck and CLT girders is 
provided. Figure 2.22c displays an elevation view of the bridge system.  
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Figure 2.22  CLT bridge design sketch: (a) cross-section; (b) plan view; and (c) elevation view 
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2.3 CLT Bridge Component and System Production 

After the design of the CLT bridge system in Section 2.2, a local CLT producer was selected to 
manufacture the CLT components required for the CLT bridge system production as mentioned before. 
This section presents CLT component manufacture, CLT girder fabrication, and CLT bridge system 
production.  

2.3.1 CLT Component Manufacture 

With the designed CLT bridge system, the research team contacted several CLT manufacturers in the U.S. 
and Canada for the fabrication of CLT, including Smartlam, DR Johnson, X-LAM USA, Structurlam, 
Sauter Timber, and Katerra. Smartlam was considered the most ideal CLT manufacturer for this project 
because it has many years of experience in CLT production and is located in Montana, which is more 
cost-saving than the other manufacturers for delivery and CLT production.  

Along with Smartlam’s producible CLT V4 made with visually graded No. 2 SPF-S (spruce-pine-fir 
south), the CLT bridge system design was completed as described in Section 2.2. Specifically, the CLT 
material properties provided by Smartlam were incorporated into the entire design process of the CLT 
girder bridge. Again, the two 7-ply CLT beams were utilized to create a new 14-ply CLT girder because a 
7-ply beam had insufficient strength to support the dead and live loads that were considered. The CLT 
material properties required for the CLT bridge design are detailed in Appendix A.  

All the CLT components with the complete dimensions, including eight 7-ply CLT beams, one 5-ply CLT 
panel, and two 7-ply CLT diaphragms, were manufactured in Smartlam, and they were delivered to the 
SDSU Structural Laboratory on April 24, 2019. The CLT components were then stacked in the SDSU 
Structural Lab with a forklift crane vehicle (Figures 2.23a, 2.23b, and 2.23c). After the CLT components 
were delivered, all the dimensions of each CLT component were measured to ensure the manufactured 
and measured dimensions were identical, as shown in Figure 2.23d. The quotation of all the delivered 
CLT components is shown in Appendix B.  

  
                                     (b) 

CLT panel 

(a)                                    
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   (c)                                                 

 
                  (d) 

7-ply CLT 
diaphragm 5-ply CLT deck 

7-ply CLT beams 

Figure 2.23  CLT shipment: (a) CLT move from the truck; (b) CLT move with the forklift crane; (c) the 
shipped CLT panels; and (d) dimension check. 

2.3.2 CLT Girder Fabrication 

The eight 7-ply CLT beams manufactured by Smartlam were utilized to assemble four 14-ply CLT 
girders. The CLT girders were fabricated using two methods: 1) a CLT girder with adhesive, which 
means adhesive was only applied across connected surfaces between two 7-ply beams to be bonded, and 
2) a CLT girder with adhesive and fasteners, where both adhesive and fasteners were used to bond two 7-
ply beams. Each is detailed in the subsections.  
 
2.3.2.1 CLT Girder with Adhesive 

According to polyurethane adhesive’s specification (see Appendix C), pressure ranging between 689 to 
1034 kPa is required to appropriately bond two 7-ply CLT beams for one 14-ply CLT girder. The process 
of fabricating CLT girders with adhesive is illustrated in Figure 2.24 with schematic drawings. The CLT 
beams were first placed in alignment, as displayed in Figure 2.24a. The polyurethane adhesive was spread 
on top of the bottom CLT girder with a roller (Figure 2.24b) and clamped with steel plates to apply 
consistent pressure of 689 kPa to both CLT beams (Figure 2.24c). Floor anchor bolts, nuts, steel plates, 
and load cells were used for effective loadings during clamping, as shown in Figure 2.25. During the 
clamping, floor anchor bolts were fastened into the floor holes. Note, the load cells were installed 
between the steel plates tightened with nuts to the anchor bolts after the application of adhesive and 
placing both CLT beams in alignment. The required pressure on the CLT beams was controlled by 
monitoring the load recorded by load cells. In total, four 14-ply CLT girders with adhesive were built 
through the fabrication process. 
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Figure 2.24  Schematic drawing of CLT bonded using adhesive: (a) beam moving and alignment; (b) adhesive spreading; and (c) clamping 
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Figure 2.25  CLT beams clamping cross-section 

As shown in Figure 2.26, fabrication of CLT girders with bonding of the CLT beams was conducted in 
five steps based on the aforementioned clamping processes: 1) CLT beam shipping; 2) CLT bonding set-
up; 3) spreading adhesive on CLT beam; 4) clamping two CLT beams; and 5) adhesive curing. 
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(c)                                                                         (d) 
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Figure 2.26  Adhesive CLT girder fabrication: (a) CLT beams shipping; (b) CLT bonding set-up; 

(c) spreading adhesive glue on CLT beam; (d) clamping two CLT beams; and (e) adhesive 
curing. 

All the CLT beams were moved using a crane in the SDSU Structural Lab, as shown in Figure 2.26a. For 
safety, all members wore steel toe shoes and hard hats while working in the lab during fabrication of 
girders. All items necessary for clamping, including steel plates, anchor bolts, nuts, and load cells, were 
placed on the side of the CLT beams after moving the CLT beam, as shown in Figure 2.26b. Spreading 
adhesive (Figure 2.26c) and clamping two CLT beams (Figure 2.26d) were accomplished within 45 
minutes following the guidelines of polyurethane adhesive specification (Appendix C). According to the 
adhesive guidelines, the CLT girders were clamped with the loads for four hours and left to cure for 
additional two hours (Figure 2.26e). 

With all dimensions, the process of clamping the CLT beams for the CLT girder fabrication is further 
depicted in Figure 2.27. The steel plates were placed on CLT beams (Figure 2.27a), and 75.93 kN was 
evenly applied to the CLT beams by tightening the anchor bolts, as shown in Figure 2.27b. Note, the 
center portion of the CLT beams was loaded with 253.15 kN through the actuator during clamping. The 
detailed elevation views for clamping are displayed in Figures 2.27c and 2.27d.  
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Figure 2.27  CLT beam clamping sketch: (a) plan view; (b) elevation view; (c) detailed clamping with load cell; and (d) detailed clamping 
without load cell
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The research team monitored the clamping loads from six load cells marked with numbers in order 
(Figure 2.27b) for the entire period of curing for each of the 14-ply CLT girders. Figure 2.28 shows the 
average clamping loads measured from each load cell in bar charts. It appears that all the average 
clamping loads measured from each, per CLT girder, reach or slightly exceed the required load of 75.93 
kN (gray dashed line).  
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(c)                                                                       (d) 
Figure 2.28  Average clamping load for each load cell: (a) CLT girder 1; (b) CLT girder 2; (c) CLT 

girder 3; and (d) CLT girder 4. 

2.3.2.2 CLT Girder with Adhesive and Fasteners 

To improve the bond strength of the CLT girders, one demonstration CLT girder with adhesive was 
further built using carbon steel fasteners (Appendix D). Figure 2.29 shows an entire procedure on how to 
fabricate the CLT girder with adhesive and fasteners. As shown in Figures 2.29a through 2.29c, the 
procedure is the same as that of the adhesively bonded CLT girder. After fabrication of the adhesively 
bonded CLT girder, the fasteners 12.7 mm in diameter and 381 mm in length, as selected in Section 
2.2.2.3, were screwed into the CLT girder, as shown in Figure 2.29d. Note, maintaining 90° between the 
girder and screw is of utmost importance while screwing.



39 
 

 
(a) 

 
(b) 

 

 
(c) 

 

 
(d) 

Crane

CLT
beam

CLT
beam

Block
(temporarily
remove)

Adhesive

CLT
beam

Actuator

Steel
plate

Anchor bolt

CLT
girder

Steel frame

Adhesive

FastenersCLT
girder

Adhesive

 
Figure 2.29  Schematic drawing of CLT bonded using adhesive: (a) girder moving and alignment; (b) adhesive spreading; (c) clamping; 

and (d) fastening screws
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To screw fasteners perpendicularly into the CLT girder, a drill guide was built using a 3D printer, as 
shown in Figure 2.30a. A sketch of the drill guide is provided in Figure 2.30b. The research team aligned 
the center of the drill guide using four outside holes and marks on the girder, and then put the drill bit into 
the center hole of the drill guide.  

  
(a)                                                                         (b) 

Figure 2.30  Drill guide fabrication using 3D printer: (a) 3D printer and (b) 3D sketch of drill guide 

Fabrication of the adhesive CLT girders with fasteners has eight steps (Figure 2.31): 1) marking hole 
locations on the girder; 2) making pre-drill holes; 3) tightening the fasteners; 4) cleaning girder surface; 5) 
filling the gap between the hole and fastener using epoxy glue; 6) curing epoxy glue; 7) filling the holes 
using the epoxy-based wood filler; and 8) curing epoxy-based wood filler. 
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(g)                                                                         (h) 
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Figure 2.31  CLT girder fabrication using fasteners: (a) marking hole locations on the girder; (b) making 
pre-drill holes; (c) tightening the fasteners; (d) cleaning girder surface; (e) filling the gap 
between the hole and fastener using epoxy glue; (f) curing epoxy glue; (g) filling the holes 
using the epoxy-based wood filler; and (h) curing epoxy-based wood filler. 

As described above, the research team first marked the hole locations on the CLT girder, as shown in 
Figure 2.31a. The team made pre-drill holes using the 3D printed drill guide, as shown in Figure 2.31b. A 
drill bit 6.35 mm in diameter and 457.2 mm in length was used to make pre-drill holes (Figure 2.31c). 
The fasteners 12.7 mm diameter and 381 mm length were screwed into the CLT girder after pre-drilling 
(Figure 2.31c). Because drill holes in the timber can, in general, cause decay, the team used two different 
epoxy-based products, including epoxy glue (Appendix E) and epoxy-based wood filler (Appendix F), to 
fill the holes. This application of epoxy products to the drill holds was based on the finding by Avent 
(1985), recommending that sealing the hole gaps with epoxy helped prevent timber decay. The surface of 
the girder was cleaned up (Figure 2.31d) to pour the epoxy glue in the gaps between holes and fasteners, 
as displayed in Figure 2.31e. The epoxy was applied first since it can penetrate the small gaps due to low 
viscosity. The surface was left for one hour for effective epoxy curing, as exhibited in Figure 2.31f. The 
holes were further filled with epoxy-based wood filler (Figure 2.31g) and cured for an additional six 
hours, as illustrated in Figure 2.31h. 
 
2.3.3 CLT Bridge System Production 

The CLT bridge system was produced with two adhesive-bonded 14-ply CLT girders, two 7-ply CLT 
diaphragms, and a 5-ply CLT deck. The fabrication of a CLT bridge system is explained in two major 
subsections described below.  
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2.3.3.1 Installation of CLT Diaphragm 

Two 14-ply CLT girders were aligned on the floor first. Two 7-ply diaphragms were installed at a 
distance of 0.91 m from both ends of the CLT girder. The size of CLT diaphragm that was designed in 
Section 2.2.2.4 is 0.12 m width, 0.23 m depth, and 0.36 m length. The CLT diaphragms and CLT girders 
were marked at appropriate locations for making the holes (Figure 2.32a). Two sets of holes were drilled 
in the CLT girders at a distance of 914.4 mm from both ends of the girders (Figure 2.32b), and two sets of 
holes were also drilled in each diaphragm at designated locations (Figure 2.32c). Note, a drill bit of 15.88 
mm in diameter was used for making the holes. The CLT diaphragms were positioned between the two 
CLT girders, as illustrated in Figure 2.32d. Two rods 12.7 mm in diameter were inserted through the 
girders and diaphragms and tightened with nuts and adjustable wrenches (Figure 2.32e). Figure 2.32f 
shows the installed CLT diaphragm between the two CLT girders. 
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(e)                                                                         (f) 

Rod 

Diaphragm 

Girder 

Figure 2.32  Installation of CLT diaphragm: (a) hole location mark; (b) drill holes on the girder; 
(c) drill holes on the diaphragm; (d) diaphragm installation using rods; (e) rod tightening; 
and (f) girder and diaphragm connection. 

2.3.3.2 Installation of CLT Deck 

The 5-ply CLT deck 6400.8 mm long, 1219.2 mm wide, and 174.63 mm deep was used to fabricate the 
entire CLT girder bridge system. Both polyurethane glue, adhesive (Appendix C), and carbon steel 
fasteners (Appendix D) for wood connection purposes were used to make a connection between the CLT 
girders and CLT deck. The 14-ply CLT girders were fabricated with the adhesive, as referred to in 
Section 2.3.2. The CLT girders and CLT deck were marked at specific locations where the carbon steel 
fasteners 12.7 mm in diameter and 584.2 mm in length needed to be screwed (Figure 2.33a). Each marked 
location on the girders and deck was pre-drilled with 9.53 mm holes for effective screwing of the 
fasteners (Figure 2.33b). The deck was moved on top of the girders and wood blocks were placed 
between the deck and girder temporarily (Figure 2.33c). The adhesive was spread on top of the girder and 
wood blocks were removed (Figure 2.33d). The carbon steel fasteners 12.7 mm in diameter and 584.2 mm 
in length were screwed through the deck and girder (Figure 2.33e). In total, 39 fasteners were screwed for 
each of the CLT girders for fabrication of the CLT bridge system. The research team further applied 
epoxy glue to the gaps in the holes to prevent any decay in the timber (Figure 2.33f). Figures 2.33g and 
2.33h show the epoxy filler curing on the CLT girder and the fabricated CLT bridge system, respectively.   
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(g)                                                                         (h) 

Epoxy-based 
wood filler curing 

CLT bridge system 

Figure 2.33  Installation of CLT deck: (a) hole location mark; (b) drill holes on the deck; (c) deck moving 
on the girder; (d) adhesive application; (e) tightening the fasteners; (f) epoxy-based wood 
filler application; (g) epoxy-based wood filler curing; and (h) fabricated CLT bridge system 

2.4 Ultimate Load Testing 

Both the CLT girders and CLT bridge system designed in Section 2.2 and fabricated in Section 2.3 were 
tested to determine their ultimate strength. In detail, the ultimate strength testing was performed on 1) the 
CLT girder bonded with adhesive; 2) the CLT girder bonded with adhesive and fasteners; and 3) the CLT 
bridge system. Details on each testing are provided as indicated below:  
 
2.4.1 Performance on CLT Girder with Adhesive 

This section covers instrumentation for ultimate strength testing for the CLT girder bonded with adhesive, 
testing procedure, and results and discussion.  

2.4.1.1 Instrumentation 

The full-scale laboratory testing of the adhesively bonded 14-ply CLT girder, which has 14 lams, is 
shown in Figure 2.34a. The CLT girder’s dimensions are 6.40 m length, 0.48 m depth, and 0.24 m width. 
The 14 lams in the girder were designated as GL01 through GL14 from the bottom lam, as shown in 
Figure 2.34b. To measure testing data, such as deflection, strain, and slippage, and capture inspection 
images, both contact and non-contact sensors were installed on the CLT girder. The contact sensors 
included strain gauges (PFL-30-115LJC), BDI strain sensors (ST350), string pot, and LVDTs, while the 
non-contact sensors encompassed UAV DJI Phantom 4 (Appendix G) installed with a gimbal camera 
(12.4 mega pixels), a manipulator mounted with a smartphone camera (iPhone 6s Plus) (Appendix H), a 
digital camera, and DIC (Digital Image Correlation) camera (Basler acA1600-20um camera [Appendix I] 
and Computar M5028-MPW2 lens [Appendix J]). 

A data acquisition system named “7000-128-SM” (Figure 2.34c) was used to record the data from the 
contact sensors during the ultimate strength test of the CLT girder. The actuator and data logger system 
connected with the contact sensors were controlled through computers in the testing control room, as 
shown in Figure 2.34d. Imagery from the non-contact sensors such as the UAV camera (Figure 2.34e) 
were captured from the cameras mounted in each robot during the test. The overall instrumentation is 
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shown in Figure 2.35. Figure 2.35a shows the plan view of this testing setup. Figure 2.35b displays the 
location of the strain gauges and BDI strain sensors installed on the west side of the CLT girder. The DIC 
system and solar panels mounted on the east side of the CLT girder are shown in Figure 2.35c. In this 
figure, the CLT girder was inspected with the UAV and manipulator on the southeast side. Figure 2.35d 
shows the string pot installed underneath the CLT girder and strain gages attached to the CLT girder, and 
the schematic of LVDTs to measure horizontal displacements marked “H” is provided in Figure 2.35e. 

 
(a) 

Strain gauge 

Spreader beam 

BDI strain sensor 

DIC 

Solar panel 

Manipulator 
Actuator 

  



48 
 

 
                           (b)                                                               (c)  

 
(d)                                                                           (e) 

Actuator control PC Data collect PC 

UAV 

Girder 

GL14 
GL13 
GL12 
GL11 
GL10 
GL09 
GL08 
GL07 

GL05 

GL03 
GL02 
GL01 

GL04 

GL06 

 

 

      

Figure 2.34  CLT girder test with adhesive bond: (a) test setup; (b) girder lam number designation; 
(c) data acquisition system; (d) control room; and (e) UAV-enabled inspection. 
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Figure 2.35  Instrumentation plan for girder testing: (a) plan view; (b) elevation view (west side); 

(c) elevation view (east side); (d) string pot and strain gauges at mid-span; and (e) LVDTs at 
the south edge. 

Regarding the contact sensor installation, the 12 strain gauges and 9 BDI strain sensors were attached to 
the west side of the CLT girder (Figure 2.35b). The six strain gauges were installed at a distance of 𝑑𝑑 
from the support at the north end of the CLT girder and the three strain gauges were installed at a distance 
of 3𝑑𝑑 from the support at the north end of the CLT girder. It should be noted that 𝑑𝑑 indicates the design 
depth of the CLT girder. The remainder of the strain gauges were attached to the mid-span of the CLT 
girder. Similarly, the six BDI strain sensors were mounted at a distance of 𝑑𝑑 from the support at the south 
end of the girder, and the remaining three sensors were installed at 3𝑑𝑑 from the south support end. The 
strain gauges and BDI strain sensors were installed at a distance 𝑑𝑑 and 3𝑑𝑑 from the support to analyze the 
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shear strain in the CLT girder where the maximum shear is expected (AASHTO, 2012). The strain gauges 
and BDI strain sensors were also installed at 3𝑑𝑑 from the support of the girder where the critical shear 
may occur (AASHTO 2012). In Figure 2.35b, the string pot was installed in the center at the bottom of 
the CLT girder to collect deflection, and six LVDTs were instrumented at the south edge of the CLT 
girder to measure slippage between CLT lams. Specifically, two LVDTs installed on the upper side 
(GL13 and GL14) and two LVDTs installed on the lower side (GL01 and GL02) recorded local slip 
between lams, while two LVDTs located in the middle of the CLT girder (GL07 and GL08) recorded slip 
between two 7-ply CLT beams to evaluate its bonding performance.  

Figure 2.36 illustrates the installed strain sensors and LVDTs in the CLT girder on the west side. Figures 
2.36a, 2.36b, and 2.36c show strain gauges SG-1 through SG-3 installed at the mid-span, SG-4 through 
SG-6 at 3𝑑𝑑 from the north support, and SG-7 through SG-12 at 𝑑𝑑 from the north support. Figures 2.36d 
and 2.36e display BDI strain sensors BDI-1 through BDI-6 at 𝑑𝑑 from the south support and BDI-7 
through BDI-9 at 3𝑑𝑑 from the south support. Figures 2.36f and 2.36g present six LVDTs on the south face 
and one string pot installed at the center, respectively. Note, two strain gauges were mounted at a 30° 
angle between gauges to precisely record shear strain, as shown in Figures 2.36c and 2.36d, respectively. 
According to the strain gauge installation manual (micro-measurement, 2010), shear strain is calculated 
from Equation 44. The schematic for the installation of strain gauges to determine shear strain is shown in 
Figure 2.36h. 
 𝛾𝛾𝑥𝑥𝑦𝑦 =

𝜖𝜖1 − 𝜖𝜖2
𝑠𝑠𝑖𝑖𝑛𝑛2𝑏𝑏

 (44) 
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(c)                                                                           (d) 
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Figure 2.36  Contact sensor installation: (a) strain gauges at mid-span; (b) strain gauges at distance 3𝒅𝒅 
from north support; (c) strain gauges at distance 𝒅𝒅 from north support; (d) BDI strain sensors 
at distance 𝒅𝒅 from south support; (e) BDI strain sensors at distance 3𝒅𝒅 from south support; 
(f) LVDTs at south edge; (g) string pot; and (h) shear strain gauge mechanism. 
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The non-contact sensors, which contained the UAV Phantom 4 equipped with the gimbal camera, the 
manipulator with the smart phone camera, and the DIC camera, were installed on the east side of the CLT 
girder, as shown in Figure 2.35c. In this figure, the UAV and manipulator collected numerous images on 
the southeast surface of the CLT girder during individual inspections, while the DIC system was installed 
on the northeast side of the CLT girder at a distance 𝑑𝑑 from the north support. It should be noted that the 
images from the UAV and manipulator were used to identify damage and estimate deflections at the mid-
span of the girder in a new fashion. On the other hand, images to estimate corresponding strain values 
were collected from the DIC system. Note that the image-based strain values were compared with those 
from the contact sensors installed on northwest side of the CLT girder at the same distance from the north 
support. The installation of the non-contact sensors is shown in Figures 37a for the DIC system and 37b 
for the UAV and manipulator. 

In addition to the contact and non-contact sensor installation, two solar panels (Nuzamas portable 20W, 
Appendix K) were installed on the east side of the CLT girder to examine the correlation between solar 
energy harvesting and girder behavior resulting from the testing, as seen in Figure 2.35c. In Figure 2.37c, 
one solar panel, “solar panel 1,” was located at a distance of 2.55 m to collect the solar energy at the most 
critical damage location, while the other solar panel, “solar panel 2,” was mounted 1.33 m from the north 
edge of the girder. To explore an amount of solar energy harvested during the testing, two lights were 
installed, where each was capable of harvesting the maximum voltage of 16.91 V. 
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Figure 2.37  Non-contact sensor: (a) DIC system; (b) UAV and manipulator; and (c) solar panel 

 
2.4.1.2 Testing Procedure 

A flowchart presenting the procedure of the test is shown in Figure 2.38. The test was performed in three 
major steps: 1) loading, 2) measurement, and 3) inspection. As the first step, the CLT girder was loaded 
until failure. The actuator with a capacity of 500 kN was used to apply a monotonic load on the top of the 
girder at mid-span with displacement control.  

As the second step, data from all the contact sensors, such as strain gauges and LVDTs, were recorded 
during loadings; whereas, the non-contact sensors, including DIC system, UAV camera, and camera 
mounted on the manipulator, were employed to capture images at each inspection phase. Note, the DIC 
system was used to capture strain quantities through multiple images from the testing. Voltage data from 
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each of the solar panels were recorded manually from a multimeter at each loading step. All of the contact 
sensors were networked to the data acquisition system with 128 channels. This data acquisition system 
can record 10 sets of data per second for each channel. All data, including load, deflection, and strain 
responses, were recorded for each test run. Voltage and current data from each solar panel were also 
manually recorded through the multimeter for each test run. 

As the final step, the CLT girder was inspected at regular loading intervals. When it was necessary to 
identify damage and/or to capture associated images at a certain test run, visual inspection was conducted. 
For example, when a cracking sound was heard, the inspection was carried out. The visual inspection was 
performed on all sides of the girders using the UAV, manipulator, and digital cameras. During this test, 
the girder was tested with 185 test runs and 14 inspections, including the initial inspection before the 
testing was conducted.  
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Figure 2.38  Testing and data collection procedure of CLT girder with adhesive 
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2.4.1.3 Results and Discussion 

This section describes data obtained from the ultimate strength testing for the CLT girder bonded with 
adhesive. All the data obtained from the contact and non-contact sensors, including strain, slippage, 
deflection, voltage, and imagery, have been analyzed in-depth to evaluate structural performance of the 
tested CLT girder 
 
Data from Contact Sensors 

A load-displacement curve is presented in Figure 2.39, where two different failures, slippage failure at 
49.53 mm resulting from 62.74 kN and flexural failure at 73.66 mm corresponding to 52.32 kN, can be 
observed.  
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Figure 2.39  Load-displacement curve of CLT girder with adhesive 

As illustrated in Figure 2.40a, the first failure was spotted with the slippage between the top and bottom 
of 7-ply CLT beams. The second flexure failure was observed at the bottom of the girder at mid-span, as 
shown in Figure 2.40b. Based on the results, the ultimate strength of the CLT girder bonded with 
adhesive was found to be 62.74 kN at slippage failure. The strength of the tested CLT girder is 43.74% 
higher than AASHTO's strength I limit and 65.73% higher than AASHTO's service I limit strength, 
respectively. The AASHTO strengths are also included in Figure 2.39. Note, the AASHTO strength I 
limit strength and service I limit strength were calculated using Equations 45 and 46 (Appendix L). 
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 𝐴𝐴𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑙𝑙𝑅𝑅𝑅𝑅𝑛𝑛𝑏𝑏𝑙𝑙ℎ 𝐸𝐸 𝑙𝑙𝑖𝑖𝑚𝑚𝑖𝑖𝑙𝑙 = 1.25 𝐿𝐿𝐶𝐶 + 1.75 𝐿𝐿𝐿𝐿 (45) 
 𝐴𝐴𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑅𝑅𝑅𝑅𝑆𝑆𝑖𝑖𝑆𝑆𝑅𝑅 𝐸𝐸 𝑙𝑙𝑖𝑖𝑚𝑚𝑖𝑖𝑙𝑙 = 1.0 𝐿𝐿𝐶𝐶 + 1.0 𝐿𝐿𝐿𝐿 + 0.3 𝑊𝑊𝑆𝑆 (46) 

 
where DC = component self-weight 

LL = vehicle live load 
WS = wind load on structure 

  
                        (a)                                                                           (b) 

Slippage Flexure 

Figure 2.40  Representative CLT girder failure images: (a) slippage failure at south edge and (b) flexural 
failure at mid-span on west side 

As mentioned previously, six LVDTs were installed to collect lateral displacements of six lams. The 
LVDTs were located at GL01, GL02, GL07, GL08, GL13, and GL14 (Figure 2.41), where GL indicates 
“Girder Lam.” For example, GL01 means the first lam in the girder from the bottom. Again, three sets of 
LVDTs were installed at the top of the girder (GL13 and GL14), in the middle of the girder (GL08 and 
GL07), and at the lowest two lams (GL02 and GL01). These LVDTs recorded local slippage defined as 
the difference in two lams’ lateral displacements, as shown in Figure 2.41. In Figure 2.41, the slippage 
was expressed in terms of positive and negative signs. One set of LVDTs observed slippage between the 
lams, as shown in Figure 2.41. If the displacement in the upper lam is greater than the displacement in the 
lower lam, the value is considered as a positive slippage, while negative slippage is considered when the 
lower lam’s displacement is larger. 
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Figure 2.41  Slippage sign convention 

In Figure 2.41, the LVDT sets showed positive values of slippage except for the initial negative slippage 
at the top of the girder during the test. As expected, as the load increased, the slippages increased at the 
top, middle, and bottom of the CLT girder, as shown in this figure. Note, the LVDTs were removed 
before the first failure due to slippage to avoid any damage to the instruments. The maximum slippages at 
the top, middle, and bottom of the girder were 0.48 mm, 0.56 mm, and 0.41 mm, respectively, before the 
first failure. With these results, it was concluded that the maximum value was reached before the slippage 
failure between the two 7-ply beams (GL07 and GL08).  
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Figure 2.42  Slippage between lams obtained by LVDTs 

Figure 2.43a shows the strain profile along the distance from the bottom of the CLT girder to evaluate the 
neutral axis of the CLT girder at mid-span. Three strain gauges collected strain data on the west side at 
mid-span of the CLT girder. As stated before, the strain gauges were installed at the top of the girder (SG-
1), in the middle of the girder (SG-2), and at the bottom of the girder (SG-3). Before the slippage failure, 
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strain values at 20 mm and 40 mm deflections indicated that the neutral axes were located at 235.41 mm 
and 233.11 mm from the bottom of the CLT girder, respectively. It was proved that the neutral axes were 
near the center of the CLT girder depth before the slippage failure; however, the neutral axis moved down 
to the bottom of the CLT girder after the slippage failure at deflections of 50 mm, 60 mm, and 74 mm. In 
Figure 2.43b, SG-1 and SG-2 showed significant change in the strain at 62.74 kN due to the slippage 
failure, whereas SG-3 showed change in the strain at 51.02 kN corresponding to 36.93 mm. Based on 
these observations, loss of section properties in the CLT girder was found to be initiated from 36.93 mm 
deflection, and additional significant section properties losses were found after slippage failure. 
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Figure 2.43  Strain gauges installed in mid-span of girder: (a) strain profile and (b) load-strain curves 

Figure 2.44a shows the strain values based on the distance from the bottom of the CLT girder to evaluate 
its neutral axis at 3𝑑𝑑 from the north support. Three strain gauges installed at the top (SG-4), in the middle 
(SG-5), and at the bottom (SG-6) of the CLT girder collected strain data on the west side of the girder at 
3𝑑𝑑 from the north support. The average neutral axis at the deflections of 20 mm through 74 mm was 
located at 236.44 mm from the bottom of the CLT girder, where all the neutral axes were located near the 
center of the girder depth, which indicated it did not move significantly during the testing. It has been 
demonstrated that the slippage failure has insignificantly affected the neutral axis of the CLT girder at 3𝑑𝑑 
from the north support. In Figure 2.44b, negative strain in compression can be seen, as anticipated, at the 
SG-4 and SG-5 location, whereas positive strain in tension was found at the SG-6 location. A significant 
change in the strain was observed in all strain gauge locations due to slippage failure after the load 
reached 62.74 kN. From the results, substantial section property loss of the CLT girder at the bottom and 
remarkable strain value changes were observed at slippage failure. 
 



60 
 

 
(a)  

 
(b) 

0

50

100

150

200

250

300

350

400

450

-900 -400 100 600 1100

D
is

ta
nc

e 
fro

m
 b

ot
to

m
 (m

m
)

Strain (µɛ)

20 mm

40 mm

50 mm (slippage)

60 mm

74 mm (flexure)

GL14
GL13
GL12
GL11
GL10
GL09
GL08
GL07
GL06
GL05
GL04
GL03
GL02
GL01

d

0

10

20

30

40

50

60

70

-1000 -500 0 500 1000 1500

Lo
ad

 (k
N

)

Strain (µɛ)

SG-4

SG-5

SG-6 SG-6

SG-5

SG-4

Support

3d

Figure 2.44  Strain gauges installed at 3𝒅𝒅 from the north support: (a) strain profile and (b) load-strain 
curves. 
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As shown in Figure 2.45, strain profiles were plotted from the data measured from the strain gauges 
installed at 𝑑𝑑 from the north support. The strain gauges were installed at the top (SG-7 and SG-8), in the 
middle (SG-9 and SG-10), and at the bottom (SG-11 and SG-12) of the CLT girder. Note, SG-7, SG-9, 
and SG-11 in Figures 2.45a and 2.45c indicate upper gauges installed at a 15° up angle with respect to a 
reference horizontal line of the CLT girder, whereas SG-8, SG-10, and SG-12 in Figures 2.45b and 2.45d 
indicate lower gauges mounted on a 15° down angle from the reference line.  

In Figures 2.45a, the average neutral axis at the deflections of 50 mm through 74 mm was located at 
419.24 mm from the bottom of the CLT girder. The neutral axes corresponding to 50 mm, 60 mm, and 74 
mm were positioned near the top of girder depth. In Figure 2.45c, negative strain values in compression 
are observed in all strain gauges after the slippage failure (62.74 kN) except at SG-7. As shown in Figure 
2.45b, at the deflections of 20 mm through 74 mm, the neutral axis was out of boundary of the CLT girder 
depth. No significant change in the position of neutral axes was found during the test. All strain gauges 
observed positive strain values in tension, as shown in Figure 2.45d. Figures 2.45c and 2.45d show that 
the strain values change abruptly after the slippage failure at 62.74 kN load.  
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Figure 2.45  Strain gauges installed at 𝒅𝒅 from the north support: (a) strain profile (upper); (b) strain 
profile (lower); (c) load-strain curves (upper); and (d) load-strain curves (lower) 

The shear strains calculated using the data from a pair of two strain gauges installed at 30° (e.g., SG-7 and 
SG-8) through Equation 44 are plotted in Figure 2.46a for the strain profile and Figure 2.46b for the load-
strain curve. At the deflections of 20 mm through 74 mm, the neutral axis was not able to be found within 
the girder depth in Figure 2.46a. As shown in Figure 2.46b, the maximum shear strain appears at the top 
of the girder because of the slippage failure between GL07 and GL08. This trend is not consistent with 
the fact that maximum shear strain occurs at the center of normal girders that do not tend to have any 
slippage failure. 
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Figure 2.46  Shear strain on 𝒅𝒅 from the north support: (a) strain profile and (b) load-strain curves 

Figures 2.47 and 2.48 display the strain profile and load-strain curves recorded from BDI strain sensors at 
𝑑𝑑 from the south support of the CLT girder. The strain sensors were installed at the top (BDI-1 and BDI-
2), in the middle (BDI-3 and BDI-4), and at the bottom (BDI-5 and BDI-6) of the girder. Note, BDI-1, 
BDI-3, and BDI-5 in Figures 2.47a and 2.47c indicate upper gauges installed at a 15° up angle with 
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respect to the reference line, whereas BDI-2, BDI-4, and BDI-6 in Figures 2.47b and 2.47d stand for 
lower gauges mounted at a 15° down angle from the reference line at 𝑑𝑑 from the south edge. 
In Figure 2.47a, the average neutral axis was situated at 171.23 mm from the bottom of the CLT girder at 
the deflections of 20 mm through 74 mm. The results demonstrated no significant movement of the 
neutral axis. In Figure 2.47c, negative strain in compression can be observed at the BDI-1 and BDI-3 
location, whereas positive strain in tension can be found at the BDI-5 position. As illustrated in Figure 
2.47b, the neutral axes were positioned at 364.50 mm and 431.24 mm from the bottom of the CLT girder 
at the deflections of 20 mm to 40 mm, respectively. As seen in Figure 2.47d, BDI-2 appears to be in 
compression with the negative strain, whereas BDI-4 and BDI-6 are found to be in tension with the 
positive strain until the slippage failure at 62.74 kN. BDI-4 showed a significant change of strain from 
tension to compression after the slippage failure.  
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Figure 2.47  BDI strain sensors (upper) installed on 𝒅𝒅 from the south support: (a) strain profile (upper); 
(b) strain profile (lower); (c) load-strain curves (upper); and (d) load-strain curves (lower) 

Figure 2.48 shows the shear strain values calculated using the data from a pair of two strain gauges 
mounted at 30° through Equation 44. As shown in Figure 2.48a, the neutral axes were positioned at 
436.21 mm, 430.25 mm, and 82.24 mm corresponding to the deflections of 20 mm, 40 mm, and 50 mm. 
The maximum shear strain is found to be at the middle of the CLT girder before the slippage failure, as 
shown in Figure 2.48b. This follows the evidence, where maximum shear strain occurs at the center of 
conventional girders such as concrete girders (Hearn 1997). 



64 
 

 
(a) 

 
(b) 

0

50

100

150

200

250

300

350

400

450

-6000 -4000 -2000 0 2000 4000 6000

D
is

ta
nc

e 
fro

m
 b

ot
to

m
 (m

m
)

Strain (µɛ)

20 mm

40 mm

50 mm (slippage)

60 mm

74 mm (flexure)

GL14
GL13
GL12
GL11
GL10
GL09
GL08
GL07
GL06
GL05
GL04
GL03
GL02
GL01

d

0

10

20

30

40

50

60

70

-6000 -4000 -2000 0 2000 4000 6000

Lo
ad

 (k
N

)

Strain (µɛ)

Top

Middle

Bottom

30°

BDI-1

BDI-6

BDI-4

BDI-3
BDI-2

BDI-5

Support

d

Top

Middle

Bottom

Figure 2.48  Shear strain on 𝒅𝒅 from the south support: (a) strain profile and (b) load-strain curves 

Strain values recorded from the BDI sensors installed at 3𝑑𝑑 from the south support are shown in Figure 
2.49. Figure 2.49a shows the average neutral axis for the deflections of 60 mm and 74 mm, indicating that 
the post slippage failure is located 3.13 mm from the bottom of the CLT girder. BDI-7 showed negative 
strain on compression, while BDI-9 showed positive strain in tension during the test, as shown in Figure 
49b. BDI-8, however, changed the sign of strain from positive (tension) to negative (compression) during 
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the test. A significant change in the strain values was found in all BDI strain sensors after the slippage 
failure at 62.74 kN.  
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Figure 2.49  BDI strain sensors installed on 3𝒅𝒅 from the south support: (a) strain profile and 
(b) load-strain curves 

Data from Non-contact Sensors 

During the testing, the CLT girder was inspected at regular intervals with the non-contact sensors, as 
shown in Figure 2.50. The manipulator (Figure 2.50a), UAV Phantom 4 (Figure 2.50b), and DIC system 
(Figure 2.50c) along with the digital camera were used during the individual inspections. As stated earlier, 
14 inspections, encompassing the initial inspection prior to the testing, were performed on all sides of the 
CLT girder. Numerous images were taken with the iPhone 6s Plus mounted on the manipulator and the 
gimbal camera installed on the UAV to not only measure the deflections, but also quantify damage from 
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image analysis at each interval. For the image analysis, image analysis software, ImageJ, which is capable 
of measuring a relative length between two points based on the number of pixels in an image, was 
employed. To obtain an actual length, a reference length such as depth of the girder and lam thickness 
was needed. The actual length of the target measurements such as deflection was calculated from a ratio 
of the pixel number of the reference length to the pixel number of the target length.  
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(c)                                                                              

Manipulator 

Image sensor 

DIC pattern 

DIC sensor 
Light 

UAV 

Figure 2.50  Non-contact sensor operation: (a) manipulator; (b) UAV; and (c) DIC system 

Figure 2.51 shows an example to measure a relative length in red within ImageJ. When measuring 
deflection from the image analysis with the inspection images from the manipulator and UAV, a lam 
thickness of 34.93 mm was taken as a reference length. 
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Damage measurement (red line) 
using ImageJ 

Figure 2.51  Relative length measurement procedure on one side of the CLT girder 

A comparison of the mid-span deflections of the girder calculated from the image analysis of the 
inspection images from the manipulator and UAV and those recorded from the actuator was made, as 
shown in Figure 2.52. Overall, the deflections acquired from the manipulator and UAV agree with those 
recorded from the actuator. The average difference between the deflections measured from the 
manipulator and UAV and the directly measured deflections through the actuator over the testing was 
found to be 2.09 mm and 2.01 mm, respectively, and corresponding average percentage errors were 
17.49% and 16.72%. The maximum difference in the deflection between the manipulator and UAV and 
the actuator were found to be only 5.23 mm and 4.89 mm, correspondingly. Therefore, the results 
demonstrated that the level of precision the image analysis with the inspection images from the 
manipulator and UAV was capable of acquiring, along with the average percentage errors for the 
deflection. 
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Figure 2.52  Deflection comparison between manipulator, UAV, and actuator 
 
The inspection images selected for the mid-span deflection measurement are shown in Figure 2.53. 
Figures 2.53a through 2.53d show the clear inspection images at the mid-span of the CLT girder were 
captured by the manipulator. Along with the inspection, images used as input images were necessary for 
the image analysis to be capable of producing mid-span deflections. As shown in Figures 2.53e and 2.53f, 
original inspection images captured by the UAV have a lack of brightness. These low-quality images did 
not enable the clear identification of the position of the actuator and the accurate measurement of the mid-
span deflections. Therefore, these images were adjusted with the brightness of 85% and contrast of -10%, 
as shown in Figures 2.53g and 2.53h. With the adjusted images, the CLT girder and other structural 
components were identified visibly and then the mid-span deflections were also calculated through the 
image analysis.  
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Figure 2.53  Inspection images captured by the manipulator and UAV: (a) 0 mm (manipulator); 
(b) 13.97 mm (manipulator); (c) 22.10 mm (manipulator); (d) 37.34 mm (manipulator); 
(e) 0 mm (UAV); (f) 37.34 mm (UAV); (g) Figure 53e adjusted with brightness 85% and 
contrast -10%; and (h) Figure 53f adjusted with brightness 85% and contrast -10%. 
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Damage on the CLT girder was also identified from the inspection images obtained from the manipulator, 
as shown in Figures 2.54 and 2.55. For the damage identification, the CLT girder imaged by the 
manipulator was divided into eight sections from the south support. Figure 2.54 shows the inspection 
images of the girder side view before the testing, while Figure 2.55 displays corresponding images after 
the testing. During the testing, some damage was found to be propagated significantly in sections 4 and 5. 
Note that white lines in these figures indicate the existing damage on the CLT girder. 
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(e)                                 (f)                                 (g)                                  (h) 

Actuator 

Figure 2.54  Southeast sections of CLT girder before the testing was captured by manipulator: (a) section 
1; (b) section 2; (c) section 3; (d) section 4; (e) section 5; (f) section 6; (g) section 7; and 
(h) section 8. 
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Actuator 

Figure 2.55  Southeast sections of CLT girder after the testing was captured by manipulator: 
(a) section 1; (b) section 2; (c) section 3; (d) section 4; (e) section 5; (f) section 6; 
(g) section 7; and (h) section 8 

The damage identified by the manipulator was also identified from the inspection images obtained from 
UAV. Figure 2.56 shows the detailed inspection images. Due to the low brightness of original UAV 
inspection images (Figures 2.56a, 2.56c, and 2.56e), the brightness and contrast of the original images 
were adjusted, as displayed in Figures 2.56b, 2.56d, and 2.56f. Figures 2.56a and 2.56c were adjusted 
with the brightness of 70% and contrast of -10%, as shown in Figures 56b and 56d, respectively, whereas 
Figure 2.56e was adjusted by increasing 60% brightness and 10% contrast, as depicted in Figure 2.56f. 
The damage was identified from the adjusted images of the CLT girder. 
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(a)                                                                      (b) 

  
(c)                                                                      (d) 

  
(e)                                                                      (f) 

Figure 2.56  Southeast sections of CLT girder before the testing was captured by UAV: (a) Sections 1 
through 4; (b) Figure 2.56a adjusted with brightness 70% and contrast -10%; (c) Sections 2 
through 6; (d) Figure 2.56c adjusted with brightness 70% and contrast -10%; (e) Sections 4 
through 8; and (f) Figure 2.56e adjusted with brightness 60% and contrast 10%.  

A comprehensive damage map was developed using the damage identified from the inspection images 
from the manipulator, as shown in Figure 2.57. It appears that locations and sizes of the identified damage 
can be observed in the image-based drawing. Figure 2.57a shows the existing damage on the girder before 
the testing, whereas Figure 2.57b displays the extended damage in the girder after the testing. In these 
figures, red lines indicate the existing damage, whereas blue lines indicate the propagated damage from 
the initial inspection. Damage propagations marked “crack 1” and “crack 2” were observed, as shown in 
Figure 2.57b.
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Figure 2.57  Damage map on the CLT girder with adhesive: (a) before the testing and (b) after the testing
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Along with the identified propagated damage (i.e., cracks 1 and 2) on the southeast side of the girder, 
these cracks were quantified using the inspection images from the manipulator and UAV. The details of 
the propagated damage are tabulated in Table 2.3. For example, the propagated lengths of cracks 1 and 2 
obtained from the manipulator are 60.23 mm and 34.93mm, and those from the UAV are 61.13 mm and 
33.52 mm after the testing. As shown in Figure 2.57a, the existing crack 1 consisting of two horizontal, 
small cracks (12.37 mm and 43.85 mm measured by the manipulator and 12.32 mm and 43.81mm 
measured by the UAV), which have a total of length of 56.22 mm from the manipulator and 56.13 mm 
gained from the UAV, were not connected before the testing. As shown in Figure 2.57b, the two 
horizontal, small cracks were connected to the extended crack 1 after the testing; thus, the propagated 
length of crack 1, Δ𝑙𝑙, ends up becoming 4.01 mm from the manipulator and 5.00 mm from the UAV. 
Similarly, the propagated length of crack 2, Δ𝑙𝑙, is 8.06 mm and 7.61 mm resulting from the manipulator 
and UAV, respectively.  
 
Table 2.3  Details of identified propagated damage of CLT girder with adhesive 

Damage 

Initial 
length 
(mm) 

Propagated 
length 
(mm) 

Δ𝑙𝑙 
(mm) 

Initial 
thickness 

(mm) 

Propagated 
thickness 

(mm) 
Δ𝑙𝑙 

(mm) 
Crack 1 

(manipulator) 
12.37 and 

43.85 60.23 4.01 1.03 1.10 0.07 

Crack 2 
(manipulator) 26.87 34.93 8.06 0.79 0.85 0.06 

Crack 1 
(UAV) 

12.32 and 
43.81 61.13 5.00 1.45 1.51 0.06 

Crack 2 
(UAV) 25.91 33.52 7.61 0.92 1.00 0.08 

 
During the testing, the DIC system was also applied to collect images on the east side of the CLT girder at 
a distance of 𝑑𝑑 from the north support. The DIC system was programmed to record two images per 
second, irrespective of the displacement of the actuator. The collected images were used to calculate the 
deformation and strain at 𝑑𝑑 from the north support based on a DIC algorithm. The DIC algorithm was 
designed to measure the movement of the target section based on the changes in the surface. For instance, 
a distance between P1 and P2 in a reference pattern of the section (Figure 2.58a) was initially measured 
with a separate distance of u and v. Note that the distances u and v indicate the relative distance in the 
horizontal and vertical directions, respectively. After any deformation on the surface of the section, the 
distance between P1' and P2' in a deformed pattern (Figure 2.58b) was measured using the deformed 
distances u' and v'. The relative deformation (or strain) between the two points was measured by 
calculating the difference between the initial and deformed distances. 
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Figure 2.58  DIC algorithm: (a) reference pattern and (b) deformed pattern 

Through the integrated DIC system and algorithm, the strain corresponding to the images was determined 
and plotted in Figure 2.59. It appears that the change in the strain direction is observed at the 1,184th, 
4,208th, and 8,663rd images. The slippage failure was found at the 4208th image, which means that it alters 
the strain direction in the section. Note that the DIC strain profile was not able to be plotted against the 
actuator load; thus, the profile could not be compared with the strain profile obtained from the contact 
sensors, strain gages (SG-9 and SG-10). 
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Figure 2.59  Strain profile calculated from DIC system applied to the CLT girder with adhesive 
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Data from Solar Panels 

As mentioned before, the two solar panels, including solar panels 1 and 2, were installed on the east side 
of the CLT girder to evaluate the efficiency of energy harvesting during the ultimate load test. Voltages 
from the solar panels were recorded manually for every test run. Note that there were 185 test runs. Figure 
2.60 shows a relationship between voltages from each solar panel and the mid-span displacements 
measured from the actuator. In this figure, the voltages in both the solar panels are observed to be 
decreased with an increase in the mid-span displacement of the girder. This trend was attributed to the 
fact that both solar panels were shifted downward from the light source as the tested girder was deflected 
with the increased load. The amount of voltage generated between solar panels 1 and 2 are found to be 
slightly different. Specifically, the voltage of solar panel 1 appears to have decreased significantly at 
49.53 mm after the slippage failure, whereas the voltage of solar panel 2 is found to have increased 
abruptly at 49.53 mm deflection due to its upward movement after the slippage failure. Note that both 
solar panels were not damaged during the test. Based upon the voltage-displacement relationship, it can 
be concluded that the efficiency of energy harvesting was dependent on the location of solar panels from 
the applied load under the same conditions as the light source.  
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Figure 2.60  Relationship between voltage and displacement of CLT girder with adhesive 
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2.4.2 Performance on CLT Girder with Adhesive and Fasteners 

This section deals with instrumentation for ultimate strength testing, testing procedure, and results and 
discussion for the CLT girder bonded with adhesive and fasteners.  
 
2.4.2.1 Instrumentation 

The full-sized laboratory testing of the bonded CLT girder comprising 14 lams with adhesive and 
fasteners is shown in Figure 2.61a The CLT girder with fasteners has dimensions of 6.40 m length, 0.48 
m depth, and 0.24 m width, and the applied fasteners have dimensions of 12.7 mm diameter and 381 mm 
length. As described in the previous section for the adhesive CLT girder testing, the 14 lams in the girder 
were also designated as GL01 through GL14 from the bottom lam, as shown in Figure 2.61b. To take 
measurements of deflection, strain, and slippage, as well as pictures, both contact and non-contact sensors 
used in the adhesively bonded CLT girder testing were installed on the tested CLT girder with adhesive 
and fasteners. 

The 7000-128-SM data acquisition system (Figure 2.61c) was used to collect the data from the contact 
sensors during the ultimate strength test of the CLT girder. The actuator and data logger system linked to 
the contact sensors were controlled through the computers in the control room, as shown in Figure 2.61d. 
Images from the non-contact sensors, such as the manipulator camera, (Figure 2.61e) were captured from 
the cameras installed on each robot during the test.  
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Figure 2.61  CLT girder test with adhesive and fastener bond: (a) test setup; (b) girder lam number 
designation; (c) data acquisition system; (d) control room; and (e) manipulator 

The overall instrumentation is shown in Figure 2.62. Figure 2.62a shows the plan view of the fastener 
CLT testing setup. Figure 2.62b presents the location of the strain gauges and BDI strain sensors installed 
on the west side of the CLT girder. The DIC system and solar panels mounted on the east side of the CLT 
girder are shown in Figure 2.62c. In this figure, the CLT girder was inspected with UAV and manipulator 
on the southeast side. Figure 2.62d shows the string pot installed underneath the CLT girder and strain 
gages attached to the CLT girder, and the schematic of LVDTs is provided in Figure 2.62e. 
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Figure 2.62  Instrumentation plan for girder testing: (a) plan view; (b) elevation view (west side); 

(c) elevation view (east side); (d) string pot and strain gauges at mid-span; and (e) LVDTs 
at the south edge. 

Figure 2.63 shows the location of the strain and BDI sensors along with string pot in the CLT fastener 
girder on the west side. The 13 strain gauges (e.g., SG-1) and nine BDI (e.g., BDI-1) strain sensors were 
attached to the west side of the CLT girder (Figure 2.63b). The strain gauges SG-1, SG-2-1, SG-2-2, and 
SG-3 were installed at the mid-span (Figure 2.63a), SG-4 through SG-6 were installed at 3𝑑𝑑 from the 
north support (Figures 2.63b and 2.63c), and SG-7 through SG-12 were installed at 𝑑𝑑 from the north 
support (Figure 2.63d). Again, 𝑑𝑑 indicates the design depth of the CLT girder. Note, there was a knot on 
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the bottom of the girder centerline, but not a knot on the top of it; thus, both SG-2-1 and SG-2-2 were 
mounted on both the bottom and top of the CLT girder. Also, SG-4 was installed on the girder's top 
surface in lieu of (or "in the event of") its top side having existing damage to avoid the possibility of noisy 
data caused by the damage, as shown in Figure 2.63b. 

Similarly, the BDI strain sensors BDI-1 through BDI-6 were mounted at 𝑑𝑑 from the south support (Figure 
2.63e), and BDI-7 through BDI-9 were installed at 3𝑑𝑑 from the south support (Figure 2.63f). As 
mentioned before, the strain gauges and BDI sensors were installed at 𝑑𝑑 and 3𝑑𝑑 from the support to 
analyze the shear strain in the CLT girder where the maximum shear is expected (AASHTO, 2012). To 
reiterate, two strain gauges were mounted at a 30° angle between gauges at 𝑑𝑑 to take records of shear 
strain, as shown in Figures 2.63d and 2.63e, respectively. According to the strain gauge installation 
manual (micro-measurement, 2010), shear strain can be calculated from Equation 44. 

Six LVDTs were attached on the south face of the CLT girder, as displayed in Figure 2.63g. Strictly 
speaking, two LVDTs installed on the upper side (GL13 and GL14) and two LVDTs installed on the 
lower side (GL01 and GL02) recorded local slip between lams, while two LVDTs located in the middle of 
girder (GL07 and GL08) recorded slip between two 7-ply CLT beams to evaluate its bonding 
performance. As shown in Figure 63h, the string pot was mounted in the center at the bottom of the CLT 
girder to measure deflection data.  
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(g)                                                                           (h) 
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Figure 2.63  Contact sensor installation: (a) strain gauges at mid-span; (b) SG-4 at distance 3𝒅𝒅 from north 
support; (c) strain gauges at distance 3𝒅𝒅 from north support; (d) strain gauges at distance 𝒅𝒅 
from north support; (e) BDI strain sensors at distance 𝒅𝒅 from south support; (f) BDI strain 
sensors at distance 3𝒅𝒅 from south support; (g) LVDTs at south edge; and (h) string pot 

 As shown in Figure 2.64, the non-contact sensors (i.e., the UAV Phantom 4, the manipulator, and the 
DIC camera) were set up on the east side of the fastener CLT girder. The installation of the DIC system 
and the UAV and manipulator are shown in Figures 2.64a and 2.64b, correspondingly. The UAV and 
manipulator equipped with the mini digital cameras collected a number of images on the southeast surface 
of the girder for each inspection phase, while the DIC system was installed on the northeast side of the 
girder at 𝑑𝑑 from the north support. Again, the images from UAV and manipulator were used to identify 
damage and estimate deflections at the mid-span of the girder in another way. The DIC system was 
employed to capture images for the strain estimate. The DIC-aided strain values were compared with 
those from the contact sensors.  

Two solar panels (Nuzamas portable 20W, Appendix K) were mounted on the east side of the CLT girder 
to explore the relationship between solar energy harvesting and CLT girder behavior, as seen in Figure 
2.62c. In Figure 2.64c, one solar panel marked “solar panel 1” was located 2.55 m from the north support 
of the girder to collect solar energy at the most critical damage location, while the other solar panel 
marked “solar panel 2” was attached 1.33 m away from the north support of the girder. To collect an 
amount of solar energy harvested during the test, a light was installed at a 0.15 m distance from each solar 
panel, where each was capable of harvesting the maximum voltage of 16.64 V. 
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Figure 2.64  Non-contact sensors: (a) DIC system; (b) UAV and manipulator; and (c) solar panel 

 
2.4.2.2 Testing Procedure 

A flowchart showing the test procedure of the CLT girder with fasteners is shown in Figure 2.65. The test 
was performed in three major steps: 1) loading, 2) measurement, and 3) inspection. The first step was to 
load the girder until failure. The actuator with a capacity of 500 kN applied a monotonic load on the top 
of the CLT girder at mid-span with displacement control.  

The second step was to record data from all the contact sensors (e.g., strain gauges and LVDTs) during 
loading, whereas the non-contact sensors (e.g., DIC system and UAV camera) were used to capture 
images at each inspection phase. As mentioned in the testing of the adhesively bonded CLT girder, the 
DIC system was also utilized to determine strain quantities through images from the testing, and voltage 
data from each solar panel were simultaneously recorded manually from a multimeter at each loading 
step. All of the contact sensors were connected to the data acquisition system. The acquisition system was 
able to record 10 sets of data per second for each channel. All loads, deflections, and strain responses 
were recorded for each test run, and voltage and current data from each solar panel were also collected by 
hand for each test run. 
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The fastener CLT girder was inspected at regular intervals of the test run and when a cracking sound was 
heard. Manual inspections and robotic-aided inspections using the UAV and manipulator were performed 
on all sides of the girder. The CLT girder was tested with a total of 170 test runs and nine inspections, 
including initial inspection performed prior to the testing. 
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Figure 2.65  Testing and data collection procedure of CLT girder with adhesive and fasteners 

 
2.4.2.3 Results and Discussion 

This section describes data obtained from the ultimate strength testing for the CLT girder bonded with 
adhesive and fasteners. All the data, including strain, slippage, deflection, and voltage, along with 
imagery, obtained from the contact and non-contact sensors have been analyzed to evaluate performance 
of the fastener CLT girder. 
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Data from Contact Sensors 

A load-displacement curve is presented in Figure 2.66, where significant flexural cracking at 45.34 mm 
resulting from 74.77 kN and complete flexural failure at 58.45 mm corresponding to 79.89 kN, are 
observed at the bottom of the CLT girder in the mid-span.  
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Figure 2.66  Load-displacement curve of CLT girder with adhesive and fasteners 

As illustrated in Figure 2.67a, flexural cracking was observed at the bottom of the CLT girder at mid-
span. As seen in Figure 2.67b, the actuator was tilted due to the damage in compression on the top of the 
girder at mid-span. The damage can be seen in Figure 2.67c. The actuator was adjusted in place, and 
testing was continued until the girder failure. The significant flexural cracking was propagated from the 
bottom lam to the bottom surface at mid-span, as shown in Figure 2.67d. Along with analysis of the 
results, the ultimate strength of the CLT girder bonded with adhesive and fasteners was found to be 79.89 
kN at the flexural failure. The strength of the tested CLT girder is 55.81% higher than the AASHTO 
strength I limit strength and 73.09% higher than the AASHTO service I limit strength, respectively. The 
AASHTO strength values are also incorporated into Figure 2.66. Note, the AASHTO strength I limit 
strength and service I limit strength were calculated using Equations 47 and 48 (see the detailed 
calculation of strength in Appendix L). 
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 𝐴𝐴𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑙𝑙𝑅𝑅𝑅𝑅𝑛𝑛𝑏𝑏𝑙𝑙ℎ 𝐸𝐸 𝑙𝑙𝑖𝑖𝑚𝑚𝑖𝑖𝑙𝑙 = 1.25 𝐿𝐿𝐶𝐶 + 1.75 𝐿𝐿𝐿𝐿 (47) 
 𝐴𝐴𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑅𝑅𝑅𝑅𝑆𝑆𝑖𝑖𝑆𝑆𝑅𝑅 𝐸𝐸 𝑙𝑙𝑖𝑖𝑚𝑚𝑖𝑖𝑙𝑙 = 1.0 𝐿𝐿𝐶𝐶 + 1.0 𝐿𝐿𝐿𝐿 + 0.3 𝑊𝑊𝑆𝑆 (48) 

 
where DC = component self-weight 

LL = vehicle live load 
WS = wind load on structure 

  
(a)                                                                             (b) 

  
(c)                                                                             (d) 

Tilting of actuator Flexural cracking 

Flexural failure 

Damage due to tilting of actuator 

Figure 2.67  Representative damage images: (a) flexural cracking on the east side of the girder at mid-
span; (b) tilting of actuator; (c) damage due to tilting of actuator; (d) flexural failure on the 
west side of the girder at mid-span 

As shown in Figure 2.68, three sets of LVDTs were installed at the top of the girder (GL13 and GL14), in 
the middle of the girder (GL08 and GL07), and at the lowest two lams (GL02 and GL01). This figure also 
includes the slippage sign convention for the tested girder with adhesive and fasteners.  
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Figure 2.68  Slippage sign convention 

Figure 2.69 illustrates the slippage between the considered lams, where all the LVDT sets show positive 
values of slippage, excluding the initial negative slippage at the top of the girder during the test. As 
previously demonstrated, as the load increases, the slippages increase at the top, middle, and bottom of 
the girder. Note, the LVDTs were removed prior to the significant flexure cracking to prevent the LVDTs 
slippage. The maximum slippage values at the top, middle, and bottom of the girder were 0.84 mm, 0.43 
mm, and 0.41 mm, respectively. The largest maximum slippage at the top of the girder occurred due to 
the lower bonding strength between the unscrewed two top lams (GL13 and GL14) compared with the 
screwed lams. 
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Figure 2.69  Slip between lams obtained by LVDTs 

Figure 2.70a shows the strain profile along the depth from the bottom of the girder to evaluate the neutral 
axis of the girder at mid-span. Three strain gauges collected strain data on the west side at mid-span of the 
girder. As stated before, the gauges were installed at the top of the girder (SG-1), in the middle of the 
girder (SG-2-1 and SG-2-2), and at the bottom of the girder (SG-3). Before the flexural failure, the strain 
values at 20 mm, 40 mm, and 45 mm deflections indicated that the neutral axes were located at 293.29 
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mm, 273.79 mm, and 270.88 mm from the bottom of the girder, respectively. It was demonstrated that the 
neutral axes were near the center of the girder depth before the flexural failure; however, the neutral axis 
shifted down to the bottom of the girder at 58 mm deflection after the flexural failure. In Figure 2.70b, all 
strain gauges show significant change in the strain at 74.77kN due to the flexural cracking and at 79.89 
kN due to the flexural failure. The strain values observed in SG-3 were changed meaningfully from 
positive to negative due to the flexural cracking and failure.  
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Figure 2.70  Strain gauges installed on mid-span of girder: (a) strain profile and (b) load-strain curves 

Figure 2.71a shows the strain values based on the distance from the bottom of the girder to determine the 
neutral axis of the girder at 3𝑑𝑑 from the north support. As stated earlier, the strain gauges were installed at 
the top of the girder (SG-4), in the middle of the girder (SG-5), and at the bottom of the girder (SG-6). 
The average neutral axis at the deflections of 20 mm through 58 mm was located at 224.20 mm from the 
bottom of the girder, where all the neutral axes were located near the center of the girder depth, which 
indicated it did not move significantly during the testing. It was demonstrated that the flexural failure has 
insignificantly affected the neutral axis of the girder at 3𝑑𝑑 from the north support. In Figure 2.71b, 
negative strain in compression can be seen at the location of SG-4 and SG-5, whereas positive strain in 
tension was found at the location of SG-6. A significant change in the strain was observed in all strain 
gauge locations due to flexural cracking and failure.  
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Figure 2.71  Strain gauges installed on 3𝒅𝒅 from the north support: (a) strain profile and 
(b) load-strain curves 

 
Figure 2.72 displays strain profiles plotted from data measured from the strain gauges attached to 𝑑𝑑 from 
the north support of the girder. Figures 2.72a through 2.72d present strain patterns specific to each gauge. 
The strain gauges were installed at the top of girder (SG-7 and SG-8), in the middle of the girder (SG-9 
and SG-10), and at the bottom of the girder (SG-11 and SG-12). SG-7, SG-9, and SG-11 in Figures 2.72a 
and 2.72c indicate the upper gauges installed at a 15° up angle with respect to a reference horizontal line, 
whereas SG-8, SG-10, and SG-12 in Figures 2.72b and 2.72d denote the lower gauges mounted on a 15° 
down angle from the reference line. 
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In Figure 2.72a, the neutral axes at the deflections of 45 mm and 58 mm were individually located at 
128.97 mm and 202.28 mm from the bottom of the girder. No neutral axis was observed at the deflections 
of 20 mm and 40 mm. In Figure 2.72c, negative strain in compression is observed in all strain gauges 
except at SG-11. As shown in Figure 2.72b, at the deflection of 58 mm (flexural failure), the neutral axis 
was out of boundary of the girder depth. All the gauges observed negative strain in compression except at 
SG-12, as shown in Figures 2.72d. Figures 2.72c and 2.72d show that the strain values changed abruptly 
after the flexural cracking at 74.77kN and flexural failure at 79.89 kN.  
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Figure 2.72  Strain gauges installed on 𝒅𝒅 from the north support: (a) strain profile (upper); (b) strain 
profile (lower); (c) load-strain curves (upper); and (d) load-strain curves (lower) 

The shear strain calculated using the strain values gained from a pair of two strain gauges installed at 30° 
(e.g., SG-7 and SG-8) through Equation 44 are created in Figure 2.73a for the strain profile and Figure 
73b for the load-strain curve. In Figure 2.73a, it appears that the neutral axes are not found within the 
girder depth at the deflections of 20 mm, 40 mm, and 58 mm. As shown in Figure 2.73b, the maximum 
shear strain is found at the bottom of the girder.  
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Figure 2.73  Shear strain on 𝒅𝒅 from the north support: (a) strain profile and (b) load-strain curves 

Figure 2.74 displays the strain profiles and load-strain curves recorded from BDI strain sensors at 𝑑𝑑 from 
the south support of the girder. Figures 2.74a and 2.74b show the strain profiles along the girder depth, 
while Figures 2.74c and 2.74d present the load-strain curves. In Figure 2.74a, the average neutral axis was 
situated at 214.94 mm from the bottom of the girder at the deflections of 45 mm through 58 mm. The 
results demonstrated no significant movement of the neutral axis. In Figure 2.74c, negative strain in 
compression can be observed at the location of BDI-1 and BDI-3, whereas negative and positive strain 
(i.e., compression and tension) can be found at the position of BDI-5. As illustrated in Figure 2.74b, the 
average neutral axis was positioned at 403.39 mm from the bottom of the girder at the deflections of 20 
mm through 58 mm. As seen in Figure 2.74d, BDI-2 appears to be in compression with the negative 
strain, whereas BDI-4 and BDI-6 are found to be in tension with the positive strain. 
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Figure 2.74  BDI strain sensors (upper) installed on 𝒅𝒅 from the south support: (a) strain profile (upper); 
(b) strain profile (lower); (c) load-strain curves (upper); and (d) load-strain curves (lower) 

Figure 2.75 presents the shear strain values calculated from Equation 44 using the data from each pair of 
the up and down angle gauges. Figure 2.74a shows the relation between the distance from the bottom of 
the girder and all the shear strains. In this figure, the neutral axes were not positioned within the girder 
depth at all the deflections of 20 mm through 58 mm. As displayed in Figure 2.75b, the maximum shear 
strain is found at the center of the girder before the flexural cracking and failure. This follows the 
evidence, where maximum shear strain occurs at the center of conventional girders (Hearn 1997). 
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Figure 2.75  Shear strain on 𝒅𝒅 from the south support: (a) strain profile and (b) load-strain curves 

Figure 2.76 graphically describes strain recorded from the BDI strain sensors installed at 3𝑑𝑑 from the 
south support. Figure 2.76a shows the average neutral axis for the deflections of 20 mm and 58 mm is 
located at 218.16 mm from the bottom of the girder. As exhibited in Figure 2.76b, BDI-7 and BDI-8 
present negative strain in compression, while BDI-9 showed positive strain in tension up to the flexural 
failure. A large change in the strain was found in all BDI strain sensors after the flexural cracking and 
failure. These results suggest that the substantial section property loss of the girder, especially for the 
bottom of the girder, occurred due to both the flexural cracking and failure. 
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Data from Non-contact Sensors 

During the testing, the CLT girder with adhesive and fasteners was regularly inspected with the non-
contact sensors, as shown in Figure 2.77.  
 

   
(a)                                                                            (b) 

  
(c)                                                                              

Manipulator 

Image sensor 

DIC pattern 

DIC system 

Light 

UAV 

Figure 2.77  Non-contact sensor operation: (a) manipulator; (b) UAV; and (c) DIC system 

In this testing, the manipulator (Figure 2.77a), UAV (Figure 2.77b), and DIC system (Figure 2.77c), as 
well as the digital camera, were applied for the regular inspections. Nine inspections were performed on 
the tested adhesive and fastener CLT girder. A number of images were captured from the iPhone 6s Plus 
installed on the manipulator and the gimbal camera attached to UAV Phantom 4 to measure the deflection 
and quantify damage from rigorous image analysis. ImageJ coupled with the same algorithm was used as 
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in the previous adhesive CLT girder testing to measure the deflection and damage in the adhesive and 
fastener girder. A sample picture of the damage quantification for the tested girder using ImageJ can be 
seen in Figure 2.78.  
 

Damage measurement 
(red line) using ImageJ 

  
Figure 2.78 Damage quantification procedure for adhesive and fastener CLT girder 

A graphical comparison of the deflections in the mid-span recorded from the manipulator, UAV, and 
actuator is shown in Figure 2.79. The average differences between the deflections measured individually 
through image analysis of the inspection images captured from the manipulator and UAV and the 
actuator’s deflection were 5.45 mm and 6.60 mm, and respective average percentage errors of 18.46% 
and 18.66% were observed. The maximum difference in the deflections obtained from the manipulator 
and actuator against the actuator’s deflection was found to be 13.31 mm and 13.48 mm, respectively. The 
results indicated that the image analysis, coupled with the manipulator-based and UAV-based inspection 
images, was able to estimate the mid-span deflections of the CLT girder with a reasonable level of 
accuracy. 
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Figure 2.79  Deflection comparison between manipulator, UAV, and actuator 

Figure 2.80 depicts the inspection images obtained from the manipulator and UAV, which were used for 
the deflection measurement. Figures 2.80a through 2.80d show the inspection images at the mid-span of 
the girder captured by the manipulator at different deflections of the actuator. As shown in Figures 2.80e 
and 2.80f, original inspection images taken by the UAV at 0 mm and 37.34 mm deflection lack 
brightness. As delineated earlier, these low-quality images were not able to efficiently identify the 
position of the actuator and accurately determine the mid-span deflections. Hence, these images were 
amended with the brightness of 85% and contrast of -10%, as shown in Figures 2.80g and 2.80h. Along 
with the amended images, all the testing items and the adhesive and fastener CLT girder were identified 
in an efficient manner, and then the mid-span deflections were determined through the image analysis.  
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(a)                                   (b)                                  (c)                                   (d) 

  
(e)                                                                      (f) 

  
(g)                                                                      (h) 

Actuator 
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Solar panel 

Actuator 

Light 
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Actuator Actuator Actuator 
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Light 
Solar panel 

Actuator 

Light 
Solar panel 

Figure 2.80  Inspection images captured by the manipulator and UAV: (a) 0 mm (manipulator); (b) 13.97 
mm (manipulator); (c) 22.10 mm (manipulator); (d) 37.34 mm (manipulator); (e) 0 mm 
(UAV); (f) 37.34 mm (UAV); (g) Figure 2.80e adjusted with brightness 85% and contrast -
10%; and (h) Figure 2.80f adjusted with brightness 85% and contrast -10% 

With the inspection images obtained from manipulator, all visible cracks on the CLT girder with adhesive 
and fasteners are observed, as shown in Figures 2.81 and 2.82. The CLT girder was divided into eight 
sections between the south support and mid-span. Figures 2.81 and 2.82 show the inspection images 
before the testing and after the testing, respectively. During the testing, significant damage propagation 
was detected on sections 4 and 5. Note, the white lines in both figures indicate cracks on the tested CLT 
girder. 
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(a)                                (b)                                 (c)                                 (d) 

    
 (e)                                 (f)                                 (g)                                  (h) 

Figure 2.81  Southeast sections of CLT girder before the testing captured by manipulator: (a) section 1; 
(b) section 2; (c) section 3; (d) section 4; (e) section 5; (f) section 6; (g) section 7; and 
(h) section 8 
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(a)                                (b)                                 (c)                                 (d) 

    
(e)                                 (f)                                 (g)                                  (h) 

Figure 2.82  Southeast sections of CLT girder after the testing captured by manipulator: (a) section 1; 
(b) section 2; (c) section 3; (d) section 4; (e) section 5; (f) section 6; (g) section 7; and 
(h) section 8. 

The cracks detected by the manipulator were also identified through the inspection images taken by the 
UAV. Figure 2.83 depicts the inspection images from the UAV. Due to low brightness in the original 
inspection images (Figures 2.83a, 2.83c, and 2.83e), brightness and contrast of the images were modified, 
as shown in Figures 2.83b, 2.83d, and 2.83f. Figures 2.83a and 2.83c were modified with brightness of 
70% and contrast of -10%, as shown in Figures 2.83b and 2.83d, respectively. Figure 2.83e was modified 
with increments of 60% brightness and 10% contrast, as shown in Figure 2.83f.  
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(a)                                                                      (b) 

  
(c)                                                                      (d) 

  
(e)                                                                      (f) 

Figure 2.83  Southeast sections of CLT girder before the testing captured by UAV: (a) Sections 1 through 
4; (b) Figure 2.83a adjusted with brightness 70% and contrast -10%; (c) Sections 2 through 
6; (d) Figure 2.83c adjusted with brightness 70% and contrast -10%; (e) Sections 4 through 
8; and (f) Figure 2.83e adjusted with brightness 60% and contrast 10%.  

A detailed damage map (including all cracks) created using the cracks detected from the inspection 
images from the manipulator can be seen in Figure 2.84a for prior testing and 2.84b for the post testing. 
These figures show the locations and sizes of the identified cracks. Figure 2.84a and 2.84b show the 
existing cracks and the existing and propagated cracks on the southeast sections of the CLT girder, 
respectively. Note that red lines signify the existing cracks, whereas blue lines denote the propagated 
cracks from the initial cracks. The propagated cracks marked “crack 1,” “crack 2,” and “crack 3” and 
corresponding pictures are seen in Figure 2.84b. 
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Figure 2.84  Damage map on the CLT girder with adhesive and fasteners: (a) before the testing and (b) after the testing

    
     

    



104 
 

As stated before, the damage was identified on the south east side of the girder. During this damage 
identification and quantification, crack propagation was found and measured. As shown in Figure 2.84, 
the marked Cracks 1 and 2 (22.45 mm and 14.32 mm, respectively) on Section 3 were propagated to 
30.22 mm and 35.31 mm, respectively. Another crack propagation on Section 4 was observed as shown in 
Figure 2.84. Initial length of the marked cracks (11.23 mm and 20.87 mm) were not connected before the 
test, but the marked cracks, 36.23 mm, was propagated and connected during the testing which can be 
seen in the image of the girder after the test as displayed in Figure 2.84. The details related to damage 
propagation is provided in Table 2.4. 

Based on the identified propagated cracks (i.e., cracks 1, 2, and 3) on the south east side of the girder, 
these cracks were quantified using the inspection images from the manipulator and UAV. The details of 
the propagated damage are listed in Table 2.4. For instance, the propagated lengths of cracks 1, 2, and 3 
obtained from the manipulator are 30.22 mm, 35.31 mm, and 40.13 mm, and those from the UAV are 
31.42 mm, 37.22 mm, and 39.25 mm after the testing. As shown in Figure 2.84a, the existing crack 1 has 
a total of length of 22.45 mm from the manipulator and 24.27 mm gained from the UAV before the 
testing. As shown in Figure 2.84b, the propagated length of crack 1, Δ𝑙𝑙, become 7.77 mm from the 
manipulator and 7.15 mm from the UAV. Likewise, the propagated length of crack 2, Δ𝑙𝑙, is 20.99 mm 
and 20.98 mm resulting from the manipulator and UAV, respectively. The existing crack 3 comprising 
two horizontal, small cracks (11.23 mm and 20.87 mm measured by the manipulator and 10.87 mm and 
19.97 mm measured by the UAV), which has a total of length of 32.10 mm from the manipulator and 
30.84 mm acquired from the UAV, were not connected before the testing. The two horizontal, small 
cracks were connected to the extended crack 3 after the testing; thus, the propagated length of crack 3, Δ𝑙𝑙, 
results in 8.03 mm from the manipulator and 8.41 mm from the UAV. 
 
Table 2.4  Details of identified propagated damage of CLT girder with adhesive and fasteners 

Damage 

Initial 
length 
(mm) 

Propagated 
length 
(mm) 

Δ𝑙𝑙 
(mm) 

Initial 
thickness 

(mm) 

Propagated 
thickness 

(mm) 
Δ𝑙𝑙 

(mm) 
Crack 1 

(manipulator) 22.45 30.22 7.77 0.87 0.99 0.12 

Crack 2 
(manipulator) 14.32 35.31 20.99 1.00 1.10 0.10 

Crack 3 
(manipulator) 

11.23 and 
20.87 40.13 8.03 2.45 2.60 0.15 

Crack 1 
(UAV) 24.27 31.42 7.15 0.91 1.04 0.13 

Crack 2 
(UAV) 16.24 37.22 20.98 1.07 1.20 0.13 

Crack 3 
(UAV) 

10.87 and 
19.97 39.25 8.41 2.34 2.55 0.16 

 
The DIC system was applied to the CLT girder, in an attempt to measure the strain on the east side of the 
girder. Again, the DIC system was designed to record two images per second regardless of the 
displacement controlled by the actuator during the testing. A plot of strain versus number of images 
collected by the DIC system is presented in Figure 2.85. It is apparent that significant changes in the 
strain are found at 6001st and 8001st image. In detail, the cause of significant change in the direction of the 
strain at 6001st was found to be the flexural cracking that occurred during the testing. It is learned that the 
flexural cracking altered the strain in the tested CLT girder. It should be noted that the strain acquired 
from the DIC system could not be plotted against the actuator load. Therefore, the DIC-based strain 
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profile was not be able to be compared with the strain profile obtained from the contact sensors, strain 
gages (SG-9 and SG-10) in particular.  
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Figure 2.85  Strain profile calculated from DIC system applied on the CLT girder with adhesive and 
fasteners 

Data from Solar Panels 

As aforementioned, the two solar panels, solar panels 1 and 2, were attached to the east side of the CLT 
girder to evaluate the efficiency of energy harvesting during the ultimate load test. Voltages from the 
solar panels were recorded manually for all test runs (170 runs in total). Figure 2.86 displays a 
relationship between voltages from each panel and the mid-span displacements recorded from the 
actuator. In this figure, the voltages in both panels are found to be declined with an increment in the mid-
span displacement of the girder. This tendency was due to the downward movement of both panels from 
the light source as the deflection of the girder loaded with the actuator increased. The amounts of voltage 
created between the panels 1 and 2 are observed to be slightly different. Specifically, the panel 1 exhibits 
the significant increase in the voltage at 45.34 mm deflection as a result of its upward movement after the 
flexural cracking, whereas the voltage of the solar panel 2 did not appear to be significant changed at that 
deflection. Note that both panels were not damaged during this test. Along with the voltage-displacement 
relationship, it can be interpreted that the efficiency of energy harvesting relied on the location of solar 
panels from the applied load under the same condition of the light source. 
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Figure 2.86  Relationship between voltage and displacement of CLT girder with adhesive and fasteners 

 
2.4.3 Performance on CLT Bridge System 

This section involves summarizing instrumentation for ultimate strength testing of the CLT bridge 
system, testing procedure, and results and discussion. 
  
2.4.3.1 Instrumentation 

The full-scale laboratory testing of CLT bridge system fabricated with one CLT deck, two CLT girders, 
and two CLT diaphragms is shown in Figure 2.87.  
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Figure 2.87  Testing setup for CLT bridge system 

The CLT deck having 5 lams has dimensions of 6.40 m long, 0.17 m deep, and 1.22 m wide, while the 
CLT girder having 14 lams has dimensions of 6.40 m length, 0.48 m depth, and 0.24 m width. The CLT 
diaphragm made with 7 lams has dimensions of 0.36 m length, 0.23 m depth, and 0.12 m width. As 
shown in Figure 2.88a, the 14 lams in the CLT girder were designated as GL01 to GL14 from the bottom 
lam, while the 5 lams in the deck were designated as DL01 to DL05 from the bottom lam. GL indicates 
“Girder Lam” and DL is defined as “Deck Lam”. To measure testing data such as strain and imagery, 
both the contact and non-contact sensors used for the previous CLT girder testings were installed on the 
CLT bridge system as well. The data acquisition system (see Figure 2.88b) was utilized to record the data 
from the contact sensors during the test of the CLT bridge system. The actuator and data acquisition 
system connected with the contact sensors were controlled through the computers in the control room as 
shown in Figure 2.88c. Imagery from the non-contact sensors such as DIC system (see Figure 2.88d) were 
collected during the test.  
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Figure 2.88  Testing setup for CLT bridge system: (a) bridge lam number designation; (b) data 
acquisition system; (c) control room; and (d) DIC system 

The general instrumentation is shown in Figure 2.89. Figure 2.89a shows the plan view of this testing 
setup. Figure 2.89b displays the location of the strain gauges and BDI strain sensors installed on the west 
side of the bridge. DIC system and solar panels mounted on the east side of the bridge are shown in 
Figure 2.89c. In this figure, the bridge was inspected with UAV on the southeast side. Figure 2.89d shows 
the schematic of LVDTs, the string pot installed underneath the deck, and load cells installed underneath 
the girder. 
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Figure 2.89  Instrumentation plan for bridge testing: (a) plan view; (b) elevation view (west); 
(c) elevation view (east); and (d) instrumentation at the south edge of the bridge 

For the installation of contact sensors, 29 strain gauges and 8 BDI strain sensors were installed on the 
bridge (see Figures 2.89a and 2.89b). The 10 strain gauges were installed at a distance of 𝑑𝑑, and the 6 
strain gauges were installed at a distance of 3𝑑𝑑 from the north support on the west side of the bridge 
system. The 9 strain gauges were attached to the mid-span of the bridge, where 𝑑𝑑 indicates the design 
depth of the girder. The 4 strain gauges were installed on the top and bottom of each diaphragm. 
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Similarly, 8 BDI strain sensors were only mounted at a distance of 𝑑𝑑 from the support at the south end of 
the bridge due to the limited capability of the data acquisition system. As delineated before, the maximum 
shear is expected at a distance of 𝑑𝑑 from the support (AASHTO 2012), where the strain gauges and BDI 
strain sensors were installed to analyze the shear strain at those locations. The strain gauges were also 
installed at a distance 3𝑑𝑑 from the support of the girder where the critical shear may occur (AASHTO 
2012). 

The string pot was installed in the center underneath the deck at the south support of the bridge to collect 
displacement. 7 LVDTs were instrumented at the south edge of the bridge to measure slippage between 
CLT lams. In detail, two LVDTs installed on the lower side of the girder (GL01 and GL02) recorded local 
slip between lams. The bonding performance of the girder was evaluated by examining the slip between 
two 7-ply CLT beams recorded from two LVDTs located in the middle of girder (GL07 and GL08). To 
evaluate the bonding performance between the girder and deck, two LVDTs recorded slip between deck 
and girder installed at the bottom of the deck (DL01) and the top of the girder (GL14). One LVDT was 
further attached to the upper side of the deck (DL04) to check the slippage between the deck and the 
girder. 

Figure 2.90 shows the location of all the contact sensors instrumented in the bridge. Strain gauges SG-1 
through SG-5 and SG-25 were mounted in mid-span (see Figure 2.90a), SG-6 through SG-10 were 
installed at 3𝑑𝑑 from the north support (see Figure 2.90b), and SG-11 through SG-18 were installed at 𝑑𝑑 
from the north support (see Figure 2.90c). To assess the load distribution, SG-19 and SG-20 were 
installed in the mid-span underneath the west and east girder, respectively (see Figures 2.90d and 2.90e). 
SG-21 through SG-24 were attached on the top and bottom of the diaphragms installed at north and south 
side of the bridge as shown in Figures 2.90f and 2.90g. BDI strain sensors BDI-1 through BDI-8 were 
mounted at 𝑑𝑑 from the south support (see Figure 2.90h). 7 LVDTs, one string pot, and two load cells were 
installed on the south edge of the bridge as displayed in Figure 90i. Note, a total of four load cells 
recorded reaction force underneath each girder at the north and south edge of the bridge. The 7 LVDTs 
were attached on the south face of the bridge as seen in Figure 2.90j. As described earlier, two strain 
gauges were mounted at an angle of 30 degree between gauges to accurately measure shear strain as 
shown in Figures 2.90c and 2.90h, respectively. According to the strain gauge installation manual (micro-
measurement, 2010), the shear strain is calculated from Equation 44. 
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Figure 2.90  Contact sensor installation for CLT bridge system: (a) strain gauges at mid-span; (b) strain 
gauges at distance 3𝒅𝒅 from north support; (c) strain gauges at distance 𝒅𝒅 from north support; 
(d) strain gauge underneath west girder; (e) strain gauge underneath east girder; (f) strain 
gauges on north diaphragm; (g) strain gauges on south diaphragm; (h) BDI strain sensors at 
distance 𝒅𝒅 from south support; (i) LVDTs, string pot, and load cells at south edge; and 
(j) LVDTs at south edge 

For the non-contact sensor installation, UAV Phantom 4 equipped with a camera (Appendix G) and DIC 
camera (Appendix I and J) were applied to the east side of the bridge. The camera mounted on UAV 
collected images on the south east surface of the bridge during inspection, while the DIC system was 
installed on the north east side of the bridge at 𝑑𝑑 from the north support to record images for the 
calculation of strain (see Figure 2.91a). Note that the images from UAV were used to identify damage and 
estimate deflection at the mid-span of the bridge and the DIC image-based strain values were compared 
with the strains recorded from the contact sensors installed on the north-west side of the bridge at the 
same distance from the north support. The installation of the non-contact sensors is shown in Figure 2.91a 
for DIC system and Figure 2.91b for UAV. 

Additionally, two solar panels were installed on the east side of the girder to examine the correlation 
between solar energy harvesting and bridge behavior resulting from the testing. In Figure 2.91c, one solar 
panel designated “solar panel 1” was glued 0.15 m away from the center of the girder to collect the solar 
energy harvesting under critical location, while another solar panel named “solar panel 2” was mounted 
1.83 m away from the north edge of the bridge to compare energy harvesting. To collect an amount of 
solar energy harvesting during the testing, a light was installed at 0.15 m distance from each solar panel, 
where each was capable of harvesting the maximum voltage 16.41 V. 
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Figure 2.91  Non-contact sensor and solar panel for CLT bridge system: (a) DIC system; (b) UAV-
enabled inspection; and (c) solar panel. 

2.4.3.2 Testing Procedure 

As seen in Figure 2.92, a testing procedure that can be broken into three steps: 1) loading, 2) 
measurement, and 3) inspection. The first step was to load the bridge until failure using the actuator with 
a capacity of 500 kN with displacement control. The second step was collecting data (encompassing load, 
deflection, strain, image, and voltage) for each test run from all the contact (including strain gauges, BDI 
sensors, and LVDTs) and non-contact sensors (including DIC system and UAV camera. The contact 
sensors were linked to the 128-channel data acquisition system, where the system can record 10 sets of 
data per second for each channel. The non-contact sensors were applied to record images at each 
inspection phase. For this step, voltage and current quantities from the solar panels were also measured 
from a multimeter at each test run. The bridge was inspected at regular intervals of loading which is the 
third step of the test. Visual inspections were conducted on all the sides of the bridge with the UAV and 
digital cameras when there was necessity to identify damage and/or to capture associated images at a 
certain test run. During this test, a total of 140 test runs and 7 inspections including the initial inspection 
were completed. 
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Figure 2.92  Testing and data collection procedure of CLT bridge system 

2.4.3.3 Results and Discussion 

This section presents results from the ultimate strength testing for the CLT bridge system. All the data, 
including strain, slippage, deflection, and voltage along with imagery, obtained from the contact and non-
contact sensors have been analyzed to evaluate structural performance of the bridge system. 
 
Data from Contact Sensors 
 
A load-displacement curve is shown in Figure 2.93, where three failure stages, including the first failure: 
shear crack (153.44 kN) at 24.77 mm, the second failure: slippage failure (193.33 kN) at 34.67mm, and 
the third failure: flexural failure (262.50 kN) at 51.21 mm, were observed. As illustrated in Figure 2.94a, 
the first failure due to shear crack was observed at the south edge of the east girder. The second failure 
was spotted due to the slippage between the top of the girder and bottom of the deck as shown in Figure 
2.94b. The third failure due to flexure was observed at the bottom of the east girder at an approximate 
distance of 2.5 m from the north edge as shown in Figure 2.94c. Based on the results, the ultimate 
strength of the bridge system was found to be 262.50 kN at the flexural failure. The strength of the tested 
CLT bridge is 34.65% higher than the AASHTO strength I limit strength and 61.14% higher than the 
AASHTO service I limit strength. The AASHTO limit strengths are also presented in Figure 2.93. Note, 
the AASHTO strength I limit strength and service I limit strength were calculated using Equations 49 and 
50 (see the detailed calculation in Appendix L). 
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 𝐴𝐴𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑙𝑙𝑅𝑅𝑅𝑅𝑛𝑛𝑏𝑏𝑙𝑙ℎ 𝐸𝐸 𝑙𝑙𝑖𝑖𝑚𝑚𝑖𝑖𝑙𝑙 = 1.25 𝐿𝐿𝐶𝐶 + 1.75 𝐿𝐿𝐿𝐿 (49) 
 𝐴𝐴𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑅𝑅𝑅𝑅𝑆𝑆𝑖𝑖𝑆𝑆𝑅𝑅 𝐸𝐸 𝑙𝑙𝑖𝑖𝑚𝑚𝑖𝑖𝑙𝑙 = 1.0 𝐿𝐿𝐶𝐶 + 1.0 𝐿𝐿𝐿𝐿 + 0.3 𝑊𝑊𝑆𝑆 (50) 

 
where DC = component self-weight 

LL = vehicle live load 
WS = wind load on structure 
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Figure 2.93  Load-displacement curve for tested CLT bridge system 
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(a)                                               (b)                                              (c) 
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Figure 2.94  Representative failure modes: (a) shear crack at south edge of the east girder, (b) slippage at 
south edge of the west girder, and (c) flexure failure on the east girder. 

As mentioned previously, 7 LVDTs were installed at GL01, GL02, GL07, GL08, GL14, DL01, and DL04 
(refer to schematic in Figure 2.95) to collect lateral displacements of 7 lams. One LVDT was installed at 
the top of the deck (DL04), whereas three sets of LVDTs were installed at the bottom of the deck-top of 
the girder (DL01 and GL14), middle of the girder (GL08 and GL07), and the lowest two lams (GL02 and 
GL01). To observe the behavior of deck and girder (deck top), lateral displacements of DL04 and GL14 
and DL01 and GL14 were compared, while the other two sets of LVDTs recorded slippage between 
girder lams as shown in Figure 2.96. In this figure, slippage values defined as the difference in 
displacement of two lams were expressed in terms of positive and negative signs. If the displacement in 
the upper lam is larger than the displacement in the lower lam, the value is considered a positive slippage, 
while a negative slippage is deemed when the lower lam’s displacement is larger than the upper one. 
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Figure 2.95  Slippage sign convention 

In Figure 2.96, the LVDT set installed at the deck bottom and girder top (DL01 and GL14) shows 
negative slippage, whereas the LVDT sets mounted on the girder middle (GL08 and GL07) and girder 
bottom (GL02 and GL01) exhibit mostly positive slippage during the testing. However, the LVDT set 
designated DL04 and GL14 changed the direction of slippage from negative to positive at 153.44 kN due 
to the shear cracking as shown in Figure 2.96. Note, the LVDTs were removed right after the first failure 
mainly caused by the shear cracking to avoid any damage to the instruments. The absolute maximum 
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slippages recorded betwee DL04 and GL14, DL01 and GL14, GL07 and GL08, and GL02 and GL01 
were 1.07 mm, 0.71 mm, 1.60 mm, and 0.20 mm, respectively. It turns out that the largest maximum 
slippage occurred between GL07 and GL08 based on all the slip results measured until shortly after the 
shear cracking took place. 
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Figure 2.96.  Slip between CLT lams obtained by LVDTs 

Figure 2.97a shows the strain profile along the distance from the bottom of the girder to evaluate the 
neutral axis of the bridge at mid-span of the bridge. As stated before, 7 strain gauges were installed at the 
top surface of the deck (SG-25), at the top of the deck side (SG-1), at the bottom side of the deck (SG-2), 
at the top of the girder (SG-3-1), at a theoretically calculated neutral axis (SG-3-2), at the center of the 
girder (SG-4), and at the bottom of the girder (SG-5). SG-25, SG-3-1, SG-3-2, SG-4, and SG-5 were 
installed in the same vertical alignment, but any strain gauge was not able to be installed at the bottom 
surface of the deck. When determining the neutral axes, data from SG-2 representing the bottom side of 
the deck was used instead. In Figure 2.97a, the locations of the neutral axes corresponding to each of the 
critical deflections of 20 mm, 25 mm (shear failure), 35 mm (slippage failure), 40 mm, and 51 mm 
(flexure failure) are determined. It appears that there exist two neutral axes for the CLT deck and the CLT 
girder, which means the tested bridge behaves as a non-composite section. In detail, the average neutral 
axis of the CLT deck at the deflections of 20 mm through 51 mm was located at 86.93mm from the 
bottom of the deck, while that of the CLT girder was positioned at 288.54 mm from the bottom of the 
girder. 
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In Figure 2.97b, SG-1 and SG-25 show similar strain quantities during the testing as expected. The strain 
gauges SG-2, SG-3-1, SG-4, and SG-3-2 manifest a significant change in the strain at 193.33 kN due to 
slippage failure. Negative strain in compression is observed in SG-25, SG-1, SG-3-1, and SG-3-2, 
whereas positive strain in tension is observed in SG-4 and SG-5. However, negative strain in compression 
is initially found in SG-2 until 16.72 kN after which the direction of the strain changes to positive in 
tension. At the early stage, the behavior of the CLT bridge at the mid-span was found to be composite, 
which later changed to non-composite behavior after 16.72 kN. 
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Figure 2.97  Strain gauges installed on mid-span of bridge: (a) strain profile and (b) load-strain curves 
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Figure 2.98a shows the strain profile along the distance from the bottom of the girder to evaluate the 
neutral axis of the bridge at 3𝑑𝑑 from the north support. Again, the strain gauges were installed at the top 
of the deck (SG-6), bottom of the deck (SG-7), top of the girder (SG-8-1), at the expected neutral axis 
(SG-8-2), in the middle of the girder (SG-9), and at the bottom of the girder (SG-10). In Figure 2.98a, the 
locations of the neutral axes corresponding to each of the critical deflection of 20 mm, 25 mm (shear 
failure), 35 mm (slippage failure), 40 mm, and 51 mm (flexure failure) are determined. The average 
neutral axis at the deflections of 20 mm through 25 mm was located at 379.72 mm from the bottom of the 
girder, indicating that the tested bridge acts as a composite section. After the slippage failure, however, it 
is obvious that there are two neutral axes for the deck and the girder, where the tested bridge shows non-
composite behavior. The average neutral axes at the deflections of 35 mm through 51 mm were located at 
63.46 mm from the bottom of the deck and 231.34 mm from the bottom of the girder. It has been 
demonstrated that the slippage failure has significantly affected the neutral axis of the CLT bridge at 3𝑑𝑑 
from the north support. In Figure 2.98b, a significant change in the strain is observed in all strain gauges 
due to the slippage failure after the load reached 193.33 kN. Specifically, the strain recorded from SG-7 
changed from negative to positive at 193.33 kN due to the slippage failure. 
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Figure 2.98  Strain gauges installed on 3𝒅𝒅  from the north support: (a) strain profile and (b) load-strain 
curves 

As depicted in Figure 2.99, strain profiles were created from data recorded from the strain gauges 
installed at 𝑑𝑑 from the north support of the girder. It should be reminded that these gauges were installed 
at the bottom of the deck (SG-11 and SG-12), top of the girder (SG-13-1 and SG-14-1), theoretically 
calculated neutral axis (SG-13-2 and SG-14-2), middle of the girder (SG-15 and SG-16), and bottom of 
the girder (SG-17 and SG-18). SG-11, SG-13-1, SG-13-2, SG-15, and SG-17 in Figures 2.99a and 2.99b 

 

 

  

  

 

 

 

 

  

 
 



122 
 

indicate upper gauges installed at an up angle of 15 degree with respect to a reference line, whereas SG-
12, SG-14-1, SG-14-2, SG-16, and SG-18 in Figures 2.99c and 2.99d indicate lower gauges mounted on a 
down angle of 15 degree from the reference line. 

In Figure 2.99a, the neutral axis at the deflections of 20 mm through 40 mm was out of boundary of the 
bridge depth, whereas the neutral axis at 51 mm (flexural failure) was located at 100.25 mm from the 
bottom of the girder. In Figure 2.99b, negative strain in compression is observed in all strain gauges 
before 231.92 kN load, whereas the strain from SG-17 changes from negative in compression to positive 
in tension after 231.92 kN. The strain recorded from SG-11 changed significantly at 153.44 kN due to the 
shear cracking and 193.33 kN due to the slippage failure. As shown in Figure 2.99c, the average neutral 
axis to all the deflections is 28.78 mm from the bottom of the deck. No significant change in the neutral 
axes was found during the testing. In Figure 2.99d, all the strain gauges, SG-14-1 in particular, show a 
significant change in strain at 193.33 kN, whereas the strain obtained from SG-12 changes abruptly at 
153.44 kN due to the shear cracking. Interestingly, SG-12 show negative strain in compression for the 
entire testing period.  
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Figure 2.99  Strain gauges installed on 𝒅𝒅 from the north support: (a) strain profile (upper); (b) load-strain 
curves (upper); (c) strain profile (lower); and (d) load-strain curves (lower) 

Figure 2.100a shows the profile of the shear strain along the distance from the bottom of the girder to 
evaluate the neutral axis of the bridge at 𝑑𝑑 from the north support. As described formerly, 10 strain 
gauges collected shear strain data on the west side of the bridge at 𝑑𝑑 from the north support. The strain 
gauges were attached on the lower side of the deck (Deck, SG-11 and SG-12), at the top of the girder 
(Girder T, SG-13-1 and SG-14-1), at theoretically predicted neutral axis (Neutral Axis, SG-13-1 and SG-
14-1), at the center of the girder (Girder M, SG-15 and SG-16), and at the bottom of the girder (Girder B, 
SG-17 and SG-18). The shear strain calculated using the strain values gained from each pair of two strain 
gauges installed at an angle of 30 degree (e.g., SG-11 and SG-12) through Equation 44 is plotted in 
Figure 100a for the strain profile and Figure 2.100b for the load-strain curve. At the deflections of 20mm, 
35 mm, 40mm, and 51 mm, any neutral axes are not discovered within the depth of the bridge as shown in 
Figure 2.100a. In this figure, however, the neutral axis at the deflection of 25 mm is located at 45.27 mm 
from the bottom of the deck. As depicted in Figure 2.100b, the maximum shear strain appears at the top of 
the west girder (Girder T). This trend is not consistent with the fact that the maximum shear strain occurs 
at the expected neutral axis of ordinary bridge systems that do not tend to have any slippage failure. 
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Figure 2.100  Shear strain on 𝒅𝒅 from the north support: (a) strain profile and (b) load-strain curves 
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Figure 2.101 shows load-strain curves for both CLT girders. It should be reminded that the strain gauges 
were installed underneath the west girder (SG-19) and the east girder (SG-20) at the mid-span. Positive 
strain in tension was observed at the location of both SG-19 and SG-20 as anticipated. A significant 
change in the strain was observed in all strain gauge locations due to shear crack at 153.44 kN and 
slippage failure at 193.33 kN. In this figure, the strain obtained from SG-19 and SG-20 followed the 
similar trend during the testing, which means each girder shares the applied load almost equally.  
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Figure 2.101  Strain gauges installed underneath the girders at mid-span 

Figure 2.102 shows load-strain curves for the north and south diaphragms, where each diaphragm was 
installed between the girders. The strain gauges SG-21 and SG-22  were attached to the top and bottom of 
the north diaphragm, and the strain gauges SG-23 and SG-24 were mounted on the top and bottom on the 
south diaphragm. As depicted in Figure 2.102a, positive strain in tension and negative strain in 
compression can be observed for SG-21 and SG-22, respectively. As shown in Figure 2.102b, both SG-23 
and SG-24 gauges show negative strain in compression. Noticeably, the strain behavior for the south 
diaphragm is different from that for the north diaphragm as a result of the initial shear cracking at the east 
girder at the south support. 
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Figure 2.102  Strain gauges installed on the diaphragms: (a) north diaphragm and (b) south diaphragm 

Figures 2.103 and 2.104 display the strain profiles and load-strain curves recorded from the BDI strain 
sensors at 𝑑𝑑 from the south support of the bridge. Again, the 8 strain sensors were installed at the bottom 
of the deck (BDI-1 and BDI-2), at the top of the girder (BDI-3 and BDI-4), in the middle of the girder 
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(BDI-5 and BDI-6), and at the bottom of the girder (BDI-7 and BDI-8). BDI-1, BDI-3, BDI-5, and BDI-7 
in Figures 2.103a and 2.103b mean upper gauges installed at an up angle of 15 degree with respect to a 
reference line, whereas BDI-2, BDI-4, BDI-6, and BDI-8 in Figures 2.103c and 2.103d stand for lower 
gauges mounted at an down angle of 15 degree from the reference line. 

In Figure 2.103a, the neutral axes corresponding to critical deflections of 20 mm, 25 mm (shear failure), 
35 mm (slippage failure), 40 mm, and 51 mm (flexure failure) are evaluated. The average neutral axes 
were positioned at 16.64 mm from the bottom of the deck and 442.43 mm from the bottom of the girder at 
the deflections of 20 mm through 51 mm, indicating that the tested bridge exhibits a non-composite 
behavior. In Figure 2.103b, negative strain in compression is observed at BDI-1, BDI-5, and BDI-7, 
whereas positive strain in tension is noticed at BDI-3 after 46.30 kN. As illustrated in Figure 2.103c, the 
average neutral axis is positioned at 54.87 mm from the bottom of the deck at the deflections of 20 mm 
through 51 mm, but the neutral axes of the girder are out of the girder depth. It is apparent that no 
significant change in the position of neutral axes for both deck and girder occurs during the testing. As 
shown in Figure 2.103d, BDI-4, BDI-6, and BDI-8 are found to be in tension with positive strain, whereas 
negative strain in compression is observed at the location of BDI-2. Figures 2.103b and 2.103d displayed 
an abrupt change in strain after the slippage failure at 193.33 kN. 
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Figure 2.103  BDI strain sensors installed on 𝒅𝒅 from the south support: (a) strain profile (upper); 
(b) load-strain curves (upper); (c) strain profile (lower); and (d) load-strain curves (lower) 

Figure 2.104 shows the shear strain calculated from Equation 44 using each pair of two strain values 
presented in Figures 103c through 103d. As described above, BDI strain sensors were mounted on the 
lower side of the deck (Deck, BDI-1 and BDI-2), at the top of the girder (Girder T, BDI-3 and BDI-4), at 
the middle of the girder (Girder M, BDI-5 and BDI-6), and at the bottom of the girder (Girder B, BDI-7 
and BDI-8). As shown in Figure 2.104a, the neutral axis was positioned at 43.76 mm from the deck for 25 
mm deflection, whereas no neutral axis was discovered at the remaining deflections of 20 mm, 35 mm, 40 
mm, and 51 mm. The maximum shear strain is found to be at the bottom of the girder (Girder B) during 
testing as shown in Figure 2.104b. This trend is not in line with the fact that maximum shear strain occurs 
at the neutral axis of composite bridge. 
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Figure 2.104  BDI strain sensors installed on 𝒅𝒅 from the south support: (a) strain profile and (b) load-
strain curves 
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Data from Non-contact Sensors 

During the testing, the CLT bridge system was inspected at certain intervals with the aforementioned non-
contact sensors as shown in Figure 2.105. The UAV (see Figure 2.105a) and DIC system (see Figure 
2.105b) in conjunction with the digital camera were used for the inspections. We performed 7 inspections 
(in total) on the tested CLT bridge. Multiple images were collected from the gimbal camera attached on 
UAV Phantom 4 to determine the deflection and quantify damage through image processing of the 
collected images. As used in the previous two CLT girder testings, ImageJ coupled with the same 
algorithm was applied to this testing to measure the deflection and detect damage on the CLT bridge.  
 

  
(a)                                                                            (b) 

DIC 

UAV 

DIC pattern 

Figure 2.105  Non-contact sensor operation: (a) UAV and (c) DIC system 

Deflection in the bridge system was analyzed using ImageJ software to measure deflection and the size of 
the damage. Pixel-based relative length can be measured with ImageJ. A graphical comparison of the 
deflections at mid-span recorded from the UAV and actuator is shown in Figure 2.106. The average 
difference between the deflection measured from inspection images captured from UAV and actuator’s 
deflection was found to be 5.57 mm as displayed in Figure 2.106. Deflections measured from the UAV 
were found to be in acceptable range. Note, lam thickness (34.93 mm) was taken as a reference length to 
calculate the deflection for image analysis. 

A comparison of the mid-span deflections measured from the UAV and actuator is shown in Figure 
2.106. The average difference between the UAV and actuator deflections was found to be 5.57 mm, and 
corresponding average percentage error was 17.59%. The results demonstrated the effectiveness of the 
image analysis incorporating the UAV-enabled inspection images to estimate the mid-span deflection of 
the CLT bridge system with reasonable level of accuracy. 
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Figure 2.106  Deflection comparison using UAV and actuator 

Figure 2.107 depicts the UAV inspection images utilized for the deflection measurement. Figures 2.107a 
and 2.107b show raw inspection images taken by the UAV at 0 mm and 51.21 mm deflections. These 
images have low brightness. With these images, we were not able to identify the position of the actuator 
and determine the mid-span deflections. For a better deflection measurement, Figure 2.107a was adjusted 
with 70% brightness and 20% contrast (see Figure 2.107c) and Figure 2.107b was amended with 70% 
brightness and 30% contrast (see Figures 2.107d). With the adjusted images, the mid-span deflections 
were efficiently calculated through the image analysis. 
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Figure 2.107  Inspection images captured depending on displacement of actuator: (a) 0 mm; (b) 51.21 
mm; (c) Figure 2.107a adjusted with brightness 70% and contrast 20%; and (d) Figure 2.107b adjusted 
with brightness 70% and contrast 30% 

With inspection images taken with the UAV, all visible damages on the south east section of the tested 
CLT bridge system are observed as shown in Figure 2.108. Due to the low brightness of original UAV 
images (Figure 2.108a. Figure 2.108c, and Figure 2.108e), the brightness and contrast of the images were 
adjusted as displayed in Figure 2.108b, 2.108d, and 2.108f. Figure 2.108a and 2.108c were adjusted with 
the brightness of 70% and contrast of -10% as displayed in Figure 2.108b and 108d, respectively. Figure 
2.108e was amended with the increase by 90% brightness and the decrease by -20% contrast as depicted 
in Figure 2.108f. Note, a damage map was not created due to no inspection data from the manipulator, 
where it could not be operated for the limited space.  
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(a)                                                                      (b) 

 
 (c)                                                                      (d) 

 
(e)                                                                      (f) 

 

 

 

Figure 2.108  South east sections of the east girder of the CLT bridge system before the testing captured 
by UAV: (a) Sections 1 through 4; (b) Figure 108a adjusted with brightness 70% and 
contrast -10%; (c) Sections 2 through 6; (d) Figure 108c adjusted with brightness 70% and 
contrast -10%; (e) Sections 4 through 8; and (f) Figure 108e adjusted with brightness 90% 
and contrast -20% 

The DIC system was coded to take two images per second without considering the displacement 
controlled by the actuator during the testing. A curve of strain and number of images taken through the 
DIC system is displayed in Figure 2.109. In this figure, significant changes in the strain are observed at 
the 2281st and 5871st image. The shear cracking of the CLT bridge system was found to be the cause of 
the significant change in the strain at the 2281st image. Another substantial change of the strain at the 
5871st image was attributed to the slippage damage of the CLT bridge. As mentioned before, the DIC 
strain profile could not be plotted against the actuator load; thereby, it cannot be compared with the strain 
profile obtained from the contact sensors (i.e., SG-15 and SG-16). 
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Figure 2.109  Strain profile calculated from DIC system applied on the CLT bridge system 

Data from Solar Panels 

During the CLT bridge load test, the two solar panels, solar panels 1 and 2, were set up on the east side of 
the east girder of the CLT bridge system to assess the efficiency of energy harvesting. Voltages from both 
solar panels were recorded by hand for every test run. Note that the total number of test runs was 140. 
Figure 2.110 depicts a graphical relationship between the voltages acquired from each of the solar panels 
and the mid-span displacements measured from the actuator. It is apparent that the voltages in both solar 
panels decrease with an increase in the mid-span displacement of the CLT bridge system. This was 
because both solar panels were moved downward from the light source due to an increase in the bridge 
deflection with the increased load. The amounts of voltage harvested from both solar panels are found to 
be fairly different. The voltages of the solar panel 1 and 2 appear to be increased slightly at 24.77 mm due 
to upward movement of both panels after the shear cracking at the south edge of the east girder. Note, 
there was not any damage on both solar panels during the testing. The results indicated that the efficiency 
of energy harvesting was mainly related to the location of solar panels from the applied load under the 
equal condition of the light source. 
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Figure 2.110  Relationship between voltage and displacement of CLT bridge system 
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2.5 Summary and Conclusions 

The main goal of this project was to develop a sustainable and resilient bridge system using CLT 
products. To achieve this goal, the four objectives, encompassing 1) CLT bridge conceptualization, 2) 
CLT bridge design, 3) CLT bridge production, and 4) ultimate load testing, were successfully completed. 
This section involves presenting a summary and key findings resulting from the tasks to accommodate 
each objective as indicated herein: 
 
2.5.1 CLT Bridge Conceptualization 

The extensive literature review was accomplished by studying the existing applications of CLT in bridges 
and other structures. The literature review indicated that there have existed into three main types, 
including CLT girder bridge, CLT deck bridge, and covered CLT bridge, but most of the CLT bridges 
have been constructed outside the US and CLT has been used as the bridge decking. Based upon the 
literature review findings, three different CLT bridge options, which include simple CLT girder bridge, 
CLT arch bridge, and double T-shaped CLT girder, were conceptualized. Among three options, the 
simple CLT girder bridge was found to be the most feasible bridge system for this project due to practical 
maintenance and easy-approaching inspection. Additionally, the literature review performed for the CLT 
load testing found that the full-scale CLT bridge system fabricated with all CLT components have not 
been tested to date. 

2.5.2 CLT Bridge Design 

Several timber bridge design codes (e.g., AASHTO Standard bridge design specifications (AASHTO 
2002) and CLT building design standards (e.g., Standard for Performance-Rated Cross-Laminated Timber 
(ANSI/APA 2018) were used. With the codes and standards, the simple CLT girder bridge selected for 
this project was designed using the properties of CLT materials provided by the local CLT producer, 
Smartlam. The designed CLT girder bridge with a span length of 6.4 m had the two 14-ply CLT girders 
(0.24 m wide x 0.48 m deep) with 0.61 m girder spacing center-to-center, the 5-ply CLT decking (0.17 m 
thick and 1.22 m wide) with an overhang length of 0.30 m along with the two 7-ply CLT diaphragms 
(0.37 m long x 0.13 wide × 0.24 m deep). 

2.5.3 CLT Bridge Production 

All bridge CLT components necessary for the fabrication of the entire CLT bridge system that was 
designed were manufactured by the local CLT producer. The manufactured CLT components included 
eight 7-ply CLT beams, one 5-ply CLT panel, and two 7-ply CLT diaphragms, and they were delivered to 
the SDSU Structural Laboratory. To fabricate 14-ply CLT girders required to support the 5-ply CLT deck 
and other external loads such as HS20-44 truck loadings, two clamping methods using adhesive or 
adhesive and fasteners were proposed and used. The CLT bridge system was fabricated at the SDSU 
Structural Laboratory using the 5-ply CLT decking, the two 14-ply CLT girders, and the 7-ply CLT 
diaphragms. The CLT decking was linked to the CLT girders by means of adhesive and fasteners, and 
each of the CLT diaphragms was connected between the girders at the end supports using rods and nuts. 

2.5.4 Ultimate Load Testing 

The ultimate load testings were performed for the CLT girder bonded with adhesive; the CLT girder 
bonded with adhesive and fasteners; and the CLT bridge system. For each testing, experimental data, 
including strain, deflection, and slippage along with images, were obtained through both contact and non-
contact sensors. The contact sensors comprised the strain gauges, BDI strain sensors, string pot, and 
LVDTs, while the noncontact sensors contained the UAV with the gimbal camera, the manipulator with 
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the smart phone camera, and the digital camera, and DIC camera. Each of the testings followed the 
proposed three-step procedure, which included monotonic loading, measurement using the contact 
sensors, and inspection through the non-contact sensors. The detailed findings from each testing are in the 
following subsection. 
 
2.5.4.1 CLT Girder with Adhesive 

The testing results for the adhesively bonded CLT girder indicated that:  
• Two different failures, slippage failure at 49.53 mm resulting from 62.74 kN load and flexural 

failure at 73.66 mm corresponding to 52.32 kN load, were observed. The slippage failure was 
spotted with the slippage between the top and bottom 7-ply CLT beams, while the flexural failure 
was observed at the bottom of the 14-ply CLT girder at the mid-span. It was found that the 
ultimate strength of the girder (62.74kN) was 43.74% higher than the AASHTO strength I limit 
strength and 65.73% higher than the AASHTO service I limit strength, respectively.  

• The maximum slippages at the top, middle, and bottom of the girder were found to be 0.48 mm, 
0.56 mm, and 0.41 mm, respectively before the slippage failure. Before the slippage failure, the 
slippage between the two 7-ply beams (GL07 and GL08) exhibited the maximum value. 

• At the mid-span of the girder, SG-1 and SG-2 showed a significant change in the strain at 62.74 
kN due to the slippage failure, whereas SG-3 exhibited the change in the strain at 51.02 kN 
corresponding to 36.93 mm deflection. Based on these observations, loss of section properties of 
the girder at the bottom was found to be initiated at 36.93mm deflection, and significant loss in 
the section properties were found after the slippage failure as well. 

• Negative strain in compression was observed at SG-4 and SG-5 at a distance of 3𝑑𝑑 from the north 
support, whereas positive strain in tension was found at SG-6. A significant change in the strain 
was observed in all strain gauge locations due to the slippage failure at 74 kN.  

• The maximum shear strain was found at the top of the girder at 𝑑𝑑 from the north support due to 
the slippage failure between GL07 and GL08, while the maximum shear strain was found at the 
middle of the girder at 𝑑𝑑 from the south support before the slippage failure. This follows the 
general strain trend, where maximum shear strain occurs at the center of conventional girders 
such as concrete and steel girders. 

• At 3𝑑𝑑 from the south support, the average neutral axis for the deflections of 60 mm and 74 mm 
representing the post slippage failure was located at 3.13 mm from the bottom of the girder. The 
significant change in the strain values was found in all BDI strain sensors after the slippage 
failure at 62.74 kN.  

• The deflections obtained from the manipulator and UAV were in agreement with those recorded 
from the actuator. The average difference between the deflections measured from the manipulator 
and UAV and the directly measured deflections through the actuator over the testing was found to 
be 2.09 mm and 2.01 mm, respectively, and corresponding average percentage errors were 
17.49% and 16.72%. 

• The comprehensive damage map created using the inspection images from the manipulator was 
used to visually identify propagated damage, cracks 1 and 2 on the south east side of the girder. 
These cracks in terms of length and thickness were, in an efficient manner, quantified using the 
image analysis of the inspection images from the manipulator and UAV. DIC image data was 
successfully used to diagnose the significant change of the strain due to the slippage failure on the 
girder, although the DIC data was not exploited to compare with the strain data. 
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• The analysis of solar panel data revealed that the efficiency of energy harvesting during the girder 
testing was dependent on the location of solar panels from the applied load under the same 
condition of the light source.  

2.5.4.2 CLT Girder with Adhesive and Fasteners  

Based upon the testing results, the following conclusions were made:  
• Two different failures, significant flexural cracking at 45.34 mm resulting from 74.77 kN and 

complete flexural failure at 58.45 mm corresponding to 79.89 kN, were observed. The flexural 
cracking was spotted at the bottom of the girder at mid-span and the significant propagation of the 
flexural cracking was observed from the bottom lam through the bottom surface at the mid-span. 
The ultimate strength of the girder (79.89 kN) was 55.81% higher than the AASHTO strength I 
limit strength and 73.09% higher than the AASHTO service I limit strength, independently. 

• The maximum slippages at the top, middle, and bottom of the girder before the flexural cracking 
were found to be 0.84 mm, 0.43 mm, and 0.41 mm, respectively. The maximum slippage at the 
top of the girder was due to the lower bonding strength between the unscrewed top two lams 
(GL13 and GL14) when compared with the screwed lams before the flexure cracking. 

• At the mid-span of the girder, the neutral axes were near the center of the girder depth before the 
flexural failure, however, the neutral axis shifted down to the bottom of the girder at 58 mm 
deflection after the flexural failure.  

• At 3𝑑𝑑 from the north support, all the neutral axes were located near the center of the girder depth, 
which indicated no significant movement of neutral axis in the girder during the testing.  

• At 𝑑𝑑 from the north support, the neutral axes were not found within the girder depth at the 
deflections of 20 mm, 40 mm, and 58 mm. The maximum shear strain was found at the bottom of 
the girder. At 𝑑𝑑 from the south support, the neutral axes were not positioned within the girder 
depth at the deflections of 20 mm through 58 mm. The maximum shear strain was found to be at 
the center of the girder before the flexural cracking and failure.  

• At 3𝑑𝑑 from the south support, the average neutral axis at the deflections of 20 mm and 58 mm 
was located at 218.16 mm from the bottom of the girder. The substantial change in the strain 
value was found in all BDI strain sensors after the flexural cracking and failure.  

• The deflections estimated from the image analysis coupled with the inspection images from the 
manipulator and UAV were in line with those from the actuator. The results indicated that the 
image analysis incorporating the manipulator- and UAV-based inspection images was able to 
calculate the mid-span deflections with the level of accuracy with the average percentage errors 
of 18.46% and 18.66%. 

• The detailed inspection damage map with an aid from the manipulator demonstrated its efficiency 
to detect the extended cracks on the south east side of the girder. The use of DIC image data was 
capable of detecting the significant change of the strain as a result of the flexural cracking on the 
girder. However, the DIC data could not be compared with the strain data. 

• The efficiency of energy harvesting from the solar panels on the girder testing relied on the 
location of solar panels from the applied load under the equal condition of the light source. This 
was aligned with the findings from the adhesive CLT girder testing.  
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2.5.4.3 CLT Bridge System 

The following conclusions were derived from the bridge testing: 
• It was found that three different failures, shear crack (153.44 kN) at 24.77 mm, slippage failure 

(193.33 kN) at 34.67mm, and flexural failure (262.50 kN) at 51.21 mm, occurred during the 
testing. The first failure due to the shear crack was observed at the south edge of the east girder 
and the second failure was spotted due to the slippage between the top of the girder and the 
bottom of the deck. The last failure due to the flexure was revealed at the bottom of the east 
girder. 

• The ultimate strength of the tested bridge (262.50 kN) was 34.65% higher than the AASHTO 
strength I limit strength and 61.14% higher than the AASHTO service I limit strength, 
correspondingly. 

• It turned out that the largest maximum slippage occurred between GL07 and GL08 based on all 
the slip results measured until shortly after the shear cracking took place. 

• At the early stage of the testing, the behavior of the bridge in the mid-span was found to be 
composite, which later changed to non-composite behavior after 16.72 kN. 

• At 3𝑑𝑑 from the north support, the significant change in the strain was observed in all strain gauge 
locations due to the slippage failure after the load reached 193.33 kN.  

• At 𝑑𝑑 from the north support, the neutral axis at the deflection of 25 mm was located at 45.27 mm 
from the bottom of the deck. The maximum shear strain was discovered at the top of the west 
girder on the strain gauge set “Girder T”.  

• At 𝑑𝑑 from the south support, the neutral axis was positioned at 43.76 mm from the deck for the 25 
mm deflection. The maximum shear strain was observed at the bottom of the girder during 
testing. 

• The comparison in deflection between the UAV and the actuator demonstrated the effectiveness 
of the image analysis incorporating the UAV-enabled inspection images to determine the mid-
span deflection of the bridge system with the average percentage error of 17.59%. 

• The use of DIC image data was efficient to examine the significant change of the strain caused by 
the shear and slippage damage. 

• The voltage-and-displacement relationship demonstrated that the efficiency of energy harvesting 
was principally in proportion to the movement of solar panels due to the deflection of the bridge 
system under the equal condition of the light source. This was in agreement with the discoveries 
from the testings of the adhesive girder and the girder with adhesive and fasteners.  
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APPENDIX E. EPOXY GLUE SPECIFICATION 
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APPENDIX F. EPOXY-BASED WOOD FILLER SPECIFICATION 
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APPENDIX G. DJI PHANTOM 4 SPECIFICATION 
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APPENDIX H. IPHONE 6S PLUS’S IMAGE SENSOR SPECIFICATION 
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APPENDIX I. DIC SENSOR SPECIFICATION 
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AASHTO strength I limit strength and the AASHTO service I limit strength can be calculated using Table 
3.4.1-1 in the AASHTO LRFD Bridge Design Specifications (AASHTO 2012). Based on the table, the 
AASHTO strength I limit is the sum of 1.25×DC, component self-weight, and 1.75×LL, vehicle live load, 
whereas the AASHTO service I limit is the sum of 1.00×DC, 1.00×LL, and 0.3×WS, where wind loads 
on the structure, which means, for this project, the CLT girder or CLT bridge system), as displayed in 
Equations 51 and 52. To calculate DC, a volume of CLT component and density of CLT component are 
required. The calculated DC for the CLT girder and bridge system is 3.33 kN and 12.73 kN, respectively, 
whereas LL for the CLT girder and the CLT bridge system is calculated to be 17.79 kN and 88.96 kN, 
correspondingly. With these values, the calculated AASHTO strength I limit strength for the girder and 
the bridge system are found to be 35.30 kN and 17.59 kN.  
 
 𝐴𝐴𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑙𝑙𝑅𝑅𝑅𝑅𝑛𝑛𝑏𝑏𝑙𝑙ℎ 𝐸𝐸 𝑙𝑙𝑖𝑖𝑚𝑚𝑖𝑖𝑙𝑙 = 1.25 𝐿𝐿𝐶𝐶 + 1.75 𝐿𝐿𝐿𝐿 (51) 
 𝐴𝐴𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑅𝑅𝑅𝑅𝑆𝑆𝑖𝑖𝑆𝑆𝑅𝑅 𝐸𝐸 𝑙𝑙𝑖𝑖𝑚𝑚𝑖𝑖𝑙𝑙 = 1.0 𝐿𝐿𝐶𝐶 + 1.0 𝐿𝐿𝐿𝐿 + 0.3 𝑊𝑊𝑆𝑆 (52) 

 
where DC = component self-weight 

LL = vehicle live load 

WS = wind load on structure 

For the AASHTO service I limit strength, the wind load is calculated as per Section 3.8.1.2 in AASHTO 
LRFD Bridge Design Specifications (AASHTO 2012). For the calculation, the CLT bridge system is 
assumed to be constructed 40 ft from the ground in the open country and 𝑉𝑉30 is the same with 𝑉𝑉𝐵𝐵. 𝑉𝑉0 is 
considered 8.20 mph and 𝑍𝑍0 is taken as 0.23 ft according to Table 3.8.1.1-1 of AASHTO (2012) since this 
bridge system is located in the open country. From Equation 53, 𝑉𝑉𝐷𝐷𝐷𝐷 is calculated 105.75 mph. To 
calculate the design wind load (𝑃𝑃𝐷𝐷), windward load, 𝑃𝑃𝐵𝐵, is selected from Table 3.8.1.2.1-1 of the 
AASHTO (2012) and the selected 𝑃𝑃𝐵𝐵 is 0.05 ksf for the girder and 0.04 ksf for the deck. With the 
computed values of 𝑃𝑃𝐵𝐵, 𝑃𝑃𝐷𝐷 is calculated to be 0.06 ksf for the CLT girder and 0.04 ksf for the CLT deck. 
To obtain WS, 𝑃𝑃𝐷𝐷 should be multiplied by an exposed area, which is found to be 8.38 kN and 10.77 kN 
for the CLT girder and the CLT bridge system, separately. Note, the details of calculation values are 
provided in the following excel sheet. 

 𝑉𝑉𝐷𝐷𝐷𝐷 = 2.5 𝑉𝑉0  �
𝑉𝑉30
𝑉𝑉𝐵𝐵
� ln �

𝑍𝑍
𝑍𝑍0
� (53) 

 𝑃𝑃𝐷𝐷 = 𝑃𝑃𝐵𝐵  �
𝑉𝑉𝐷𝐷𝐷𝐷
𝑉𝑉𝐵𝐵

�
2

 (54) 

 
where 𝑉𝑉𝐷𝐷𝐷𝐷 = design wind velocity at design elevation, Z (mph) 

𝑉𝑉30 = wind velocity at 30.0 ft above low ground or above design water level (mph) 

𝑉𝑉𝐵𝐵 = base wind velocity of 100 mph at 30.0 ft height, yielding design pressures specified in 

Articles 3.8.1.2.1 and 3.8.1.2.2 of AASHTO (2012) 

𝑍𝑍 = height of structure at which wind loads are being calculated as measured from low ground, or 

from water level, > 30.0 ft 

𝑉𝑉0 = friction velocity, a meteorological wind characteristic taken, as specified in Table 3.8.1.1-1 of 

AASHTO (2012), for various upwind surface characteristics (mph) 

𝑍𝑍0 = friction length of upstream fetch, a meteorological wind characteristic taken as specified in 

Table 3.8.1.1-1 of AASHTO (2012) (ft) 
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𝑃𝑃𝐷𝐷 = design wind pressure (ksf) 

𝑃𝑃𝐵𝐵 = base wind pressure specified in Table 3.8.1.2.1-1 of AASHTO (2012) (ksf) 

Note: 1mph = 1.6 km/h, 1 ft = 0.3048 m, and 1 ksf = 6.94 kPa 
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