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Abstract 
The construction industry in the UK has long faced environmental and sustainability challenges. The government's efforts to reduce carbon emissions have led to a greater focus on the use of timber, particularly cross-laminated timber (CLT). However, the challenges associated with this material, becoming increasingly popular in the UK, are not fully understood. Although several recent studies mentioned in this research have shown that moisture can significantly reduce the strength and stiffness of CLT, leading to potential structural failures. Furthermore, it can promote fungal growth and decay, further degrading timber. To mitigate these risks, the research has focused on options for improving ventilation and drainage and designing effective building envelopes to prevent moisture ingress. This dissertation investigates moisture risks in CLT construction in the humid climate of the UK, using qualitative semi-structured interviews with experts in the field of mass timber. The study aims to identify the main moisture-related issues that can occur during the construction process and after the completion of the building, as well as the measures that can be taken to mitigate these risks. The research draws on existing literature on CLT construction, moisture management, and the link to humid climates and conducts qualitative interviews with architecture, engineering, and construction experts. The study's findings highlight the importance of careful design and detailing and the use of appropriate materials and construction methods to manage moisture risks in CLT buildings. The study also identifies the need for greater awareness and education on moisture management among architects, engineers, and contractors involved in CLT construction. Overall, the research provides valuable insights into the challenges and opportunities of CLT construction in humid, wet climates, but focusing on the UK, and contributes to the growing body of knowledge on sustainable and innovative building technologies to help CLT become even more popular over time.



Table of Contents
List of Figures	6
List of Tables	6
Acknowledgements	6
List of Terms:	7
1.0	Introduction	8
1.1 Scope	8
1.2 Research Focus	8
1.3 Research Aim	8
1.4 Research Objectives	8
1.5 Research Questions	9
1.6 Outline of Research Methods	9
1.8 Value of this Research	10
2.0 Literature Review	11
2.1 Cross-laminated timber fundamentals	11
2.2 Properties and production	12
2.3 CLT species	13
2.4 CLT in the UK	13
2.5 CLT Benefits and limitations	15
2.6 Timber moisture content	16
2.7 Moisture decay and durability	17
2.8 Drying	18
2.9 UK climate	19
2.10 UK building regulations and British standards	20
2.11 Recent CLT moisture dynamics research	20
2.12 Moisture protection	22
2.13 current moisture management systems	25
2.14 Case Studies – CLT moisture problems	26
2.14.1 Case study - The Fitzroy, Falmouth	26
2.14.2 Case study - Dartington Primary School, Devon	27
2.15 Literature Review Summary	29
3.0 Research Methodology	29
3.1 Research design/approach	29
3.2 Participants	30
3.3 Data collection	30
3.4 Data analysis	31
3.5 Ethical considerations	32
3.6 Limitations	32
3.7 Trustworthiness	33
3.8 Validity and reliability	33
3.9 Generalizability	34
3.10 Methodology Summary	34
4.0 Research Findings/ Analysis	35
4.1 Introduction	35
4.2 Interview questions and discussion	35
4.2.1 Q1 Analysis	35
4.2.2 Q2 Analysis & Discussion	36
4.2.2 Q3 Analysis & Discussion	37
4.2.3 Q4 Analysis & Discussion	38
4.2.4 Q5 Analysis & Discussion	40
4.2.5 Q6 Analysis & Discussion	42
5.0 Conclusion	44
5.1 Research objective 1	44
5.2 Research Objective 2	44
5.3 Research objective 3	45
5.4 Research objective 4	45
5.5 Central research aim	45
6.0	Recommendations for further study	46
References	47
Appendices	52
Appendix 1 – Table 3 of key causes of excessive moisture in CLT 	52
Appendix 2 – Table 4 Responsibility for Durability (STA, 2022)	53
Appendix 3 – Participant 1 transcript – Architect	54
Appendix 4 – Participant 2 transcript - Structural Consultant	56
Appendix 5 – Participant 3 transcript – Building physics engineer	59
Appendix 6 – Participant 4 transcript –  CLT Manufacturer	61
Appendix 7 – Participant 5 transcript – CLT UK specialist Contractor	64


[bookmark: _Toc133417203]List of Figures
Figure 1 CLT Close-up Image 	10
Figure 2 CNC controlled adhesive to lamella surface (Crawley, Manufacturing, 2021)	11
Figure 3 Dimensions of a standard articulated trailer for CLT transport (Stora enso, 2022)	11
Figure 4 Comparing fast-growing softwoods used in CLT Manufacture with typcial hardwoods (Thistleton, 2018)	12
Figure 5 CLT Construction  (STA, 2022)	14
Figure 6 When moisture content reduces in CLT (fast drying) (Jahedi, 2020)	15
Figure 7 Rotting CLT Roof panels (LABC, 2019)	16
Figure 8 CLT Drying under favourible conditions (Wang, 2020)	17
Figure 9 Air masses that affect the British Isles (Met Office, 2020)	18
Figure 10 STA external warm wall construction section (breathable insulation) (STA Technical, 2017)	20
Figure 11 CLT Panel vapour diffusion layer (Vaproshield, n.d.)	22

Figure 11 The Fitzroy, Falmouth CLT Residential development (Engenuiti, 2020)	25
Figure 12 The Fitzroy, Falmouth CLT Residential development (Engenuiti, 2020)	25
Figure 13 Dartington Primary School (Marrs, 2016)	26

[bookmark: _Toc133417204]List of Tables
Table 1 Methodology Pathway	9
Table 2 CLT Moisture monitoring during construction (STA, 2022)	24
Appendix 1 – Table 3 of key causes of excessive moisture in CLT (STA, 2022)	50
Appendix 2 – Table 4 Responsibility for Durability (STA, 2022)	51

[bookmark: _Toc133417205]Acknowledgements 

[bookmark: _Hlk132313148]
List of Abbreviations:

· BSI: British Standards institution 
· CIS: Construction Information Service 
· CLT: Cross-Laminated timber 
· CM: Construction Managers 
· EMC: Equilibrium-Moisture Content 
· EWP: Engineered Wood Product 
· MC: Moisture content
· MMC: Modern Methods of Construction
· PUR: Polyurethane 
· RH: Relative Humidity 
· STA: Structural Timber Association
· TRADA: Timber Research and Development Association
· UWTSD: University of Wales Trinity Saint David

[bookmark: _Toc133417206]List of Terms:
· Delamination: Separation between lamellae at the glue line. 
· Lamellae: In context, thin sheets of timber that when correctly combined, constitute CLT. 
· E

1.0 [bookmark: _Toc133417207]Introduction

[bookmark: _Toc133417208]1.1 Scope

Chapter 1 introduces the dissertation, highlighting the vulnerability of Cross-Laminated Timber (CLT) buildings in the UK to moisture damage. The chapter emphasises the growing demand for the built environment to meet evolving requirements and presents a framework that aims to mitigate the risk of moisture damage in CLT buildings.

[bookmark: _Toc133417209]1.2 Research Focus

This research aims to further determine whether to investigate the moisture risks associated with CLT buildings in the UK. CLT, a popular engineered wood product which originated from mainland Europe is used in modern construction and has gained popularity worldwide due to its sustainability and efficiency in building construction. However, CLT buildings are susceptible to moisture-related issues in the UK climate, such as decay, mould growth, and dimensional changes, which can compromise their structural integrity and durability.

[bookmark: _Toc133417210]1.3 Research Aim

The research aims to analyse the moisture risks faced by CLT structures in the UK, evaluate the effectiveness of current moisture management strategies, and propose recommendations for mitigating these risks. The findings of this study are expected to contribute to the existing knowledge by providing insights into the factors influencing moisture risks in CLT buildings, raising awareness about the need for closer attention to moisture damage in the UK construction industry.

[bookmark: _Toc133417211]1.4 Research Objectives

1. Assessing the moisture performance of CLT buildings in the UK.
2. Identifying critical factors influencing moisture risks in CLT construction in the UK and identifying the key factors that contribute to moisture risks in CLT construction within the humid climate of the UK.
3. To identify existing moisture management strategies for CLT buildings in the UK and evaluate the effectiveness of current moisture management strategies used in CLT construction in the UK.
4. To gather the opinions of construction industry professionals on CLT and its potential barriers or applications and compare these to those presented within the literature.
[bookmark: _Toc133417212]1.5 Research Questions

1.) What are the most common moisture-related issues that arise within CLT construction projects in the humid/wet climate of the UK?
2.) What are construction professionals' current practices and measures to mitigate moisture risk in CLT construction projects within the UK?
3.) How effective are existing moisture management strategies in CLT projects, uh, within the humid/wet climate of the UK?
4.) What role do design factors such as ventilation, insulation, and building orientation play in managing risk?
5.) What are the key challenges and barriers that construction industry professionals face when managing moisture risk in CLT projects, and how can these be overcome?

[bookmark: _Toc133417213]1.6 Outline of Research Methods
	Methodology Pathway

	Chapter 1: Introduction
	An introduction to the research on investigating moisture risk within CLT construction inside the humid climate of the UK

	Chapter 2: Literature review
	Conducting a thorough literature review is imperative to identify existing research on moisture risks associated with CLT in the UK construction industry. This review should cover regulatory, institutional, and environmental barriers to moisture protection.

	Chapter 3: Research Methodology 
	This research's methodology and overall strategy are clearly outlined, offering a comprehensive understanding of the research framework, presentation, and limitations.

	Chapter 4: Analysis 
	The analysis of participant responses identifies trends and correlations between the findings from industry research and existing literature.

	Chapter 5: Conclusion
	A detailed conclusion, concluding remarks, and recommendations where gaps in the literature were identified.


[bookmark: _Toc133232988]Table 1 Methodology Pathway

[bookmark: _Toc133417214]1.8 Value of this Research
This study offers an opportunity to investigate the comprehensive barriers related to moisture risk associated with implementing CLT construction in the UK and its humid climate.

[bookmark: _Toc133417215]2.0 Literature Review

[bookmark: _Toc133417216]2.1 Cross-laminated timber fundamentals
Cross-laminated timber (CLT), also known as crosslam, jumbo ply, or x-lam in North America  (Sanna, 2022), is a mass timber component that is a form of prefabricated engineered panelised product formed with a minimum of three orthogonally bonded layers of solid timber boards (Porteous, 2013). CLT is specified as a modern method of construction (MMC). However, CLT is primarily used as a structural material, which has emerged and grown in popularity over the last twenty to thirty years (BM TRADA, 2019).

CLT was developed in Austria in the 1990s, using engineered timber to create large panels for versatile use in walls, roofs, and floors. Since its introduction in the early 2000s, CLT has experienced double-digit growth and is expected to continue this trend (Timber Trade Federation, 2022).

CLT was designed for low-grade, fast-growing softwoods in Europe. CLT panels are produced off-site for walls, floors, and roofs. CLT is commonly used in various projects, from small houses to high-rise office buildings. CLT is pushing the limits of tall timber frame buildings. CLT panels can be clad with other materials for protection  (Gardiner, 2019).

[image: ]
[bookmark: _Toc133232948]Figure 1 CLT Close-up Image (Wilkinson, 2022)
[bookmark: _Toc132570442]
[bookmark: _Toc133417217]2.2 Properties and Production
[image: ]CLT production method involves a controlled factory environment with three to four layers of softwood, usually spruce, arranged at right angles. CNC machines accurately cut the elements based on CAD/CAM processes and approved fabrication drawings/BIM models  (Crawley, CLT and its uses, 2021). Timber layers are bonded using adhesives through CNC-controlled applications, pressed together using press lines, and kiln-dried (see figure 2). Typically, most manufacturing processes apply bonding adhesive between dry layer (Jones, 2019).[bookmark: _Toc133232949]Figure 2 CNC controlled adhesive to lamella surface (Crawley, Manufacturing, 2021)

[bookmark: _Toc132570443]
[bookmark: _Toc132570444][image: Graphical user interface, application

Description automatically generated]The size of CLT panels may differ based on the manufacturer due to transportation limitations and logistical challenges (refer to Figure 3). While the panels can measure up to twenty-two meters, they typically span around sixteen meters and three meters in height. Moreover, their thickness may vary between 50 to 300mm. [bookmark: _Toc133232950]Figure 3 Dimensions of a standard articulated trailer for CLT transport (Stora enso, 2022)

But some manufacturers can assemble thicknesses up to 500mm when needed (Sanna, 2022). Figure 3 illustrates a lorry using a horizontal transport method for transporting CLT panels.

[bookmark: _Toc133417218]2.3 CLT Species 
CLT is a sustainable building material made from renewable and recyclable timber. The UK has a long history of dependency on European wood. Trees used for CLT can be harvested at around 60-80 years old  (IDMH, 2021). However, 60% of the tree's volume means only about 13m3 of CLT can be produced from every 30.48m3 of lumber  (Fröbel, 2022).

[image: A picture containing scatter chartDescription automatically generated] CLT can be sourced from softwood species like spruce, larch, fir, Douglas fir, pine, and oak. Softwood like spruce and Douglas fir are commonly used due to their fast growth and cost-effectiveness, while hardwoods like oak are more durable but expensive (Figure 4). In addition, softwood comes from coniferous trees, while hardwood comes from deciduous trees.  (ForestResearch, n.d.).[bookmark: _Toc133232951]Figure 4 Comparing fast-growing softwoods used in CLT Manufacture with typical hardwoods (Thistleton, 2018)


[bookmark: _Toc133417219]2.4 CLT in the UK
Timber in UK construction has gained attention due to sustainability and climate change concerns. Timber frame construction has a long history but declined during the industrial revolution. However, demand is rising with the emergence of Cross-laminated timber, making the UK a hub for various CLT buildings (Waugh Thistleton Architects, 2018).
This central European innovation has crossed the channel and has been considered where masonry, concrete and steel have historically been the common forms of construction. The first CLT building in the UK was in 2004, designed by Waugh Thistleton. 

Andrew Waugh, director of Waugh Thistleton, states: "Many people in the UK are very familiar with CLT, but in Europe, it's more about structures"  (TD UK, 2022). Waugh suggests that CLT is still seen as a relatively new material being implemented in the UK, which will take time to become as popular as mainland Europe.
 
The UK construction industry has been influenced by various factors, creating an opportunity for timber. As highlighted by Donaldson in the UK timber development journal, the challenges faced by the construction industry have opened possibilities for increased timber construction:

"Rising construction costs, increasing housing demand, and the significant skills shortage, coupled with the carbon reduction agenda, provide an opportunity for new innovative building solutions, especially those involving timber and off-site building" 
(Donaldson, 2022).

The UK government banned combustible cladding in 2018 after the Grenfell Tower tragedy, restricting the use of materials for external walls of tall residential buildings. The CLT industry had hoped for an exemption, but CLT was not granted one  (Lane, 2019). The ban was influenced by public perception of timber's fire resistance, even though research shows CLT can achieve fire resistance times of up to 90 minutes (GreenSpec, n.d.) (Structural Timber Magazine, 2019).

One area that has negatively impacted the timber industry's reputation, and remains poorly comprehended, is how to prevent timber decay, particularly in structures after they are built. Much like other types of timber, CLT can deteriorate over time if exposed to excessive moisture  (Stora Enso, 2022). CLT's popularity is growing, and there is a positive trend towards its adoption in the construction industry in the UK, indicating the potential for increased demand and market growth in the future. But challenges in the UK's timber supply chain, such as limited availability of suitable timber resources, processing capacity, and transportation logistics, may affect CLT production, and availability may slow down this advance (Mass Timber Academy, 2020). 

[bookmark: _Toc133417220]2.5 CLT Benefits and Limitations
[image: ]CLT, or cross-laminated timber, has numerous advantages in construction. Timber is a sustainable and renewable resource, emitting less carbon during production than other materials. In addition, CLT buildings have a low carbon footprint as timber locks away carbon throughout its lifecycle (Eurban, 2022). These environmental benefits have led to increased use of CLT in North America, Central Europe, Australia, and many other countries across the globe, due to commitments such as Net zero targets (STA, 2021).[bookmark: _Toc133232952]Figure 5 CLT Construction  (STA, 2022)



In addition, CLT offers various advantages, such as strength, dimensional stability, fire resistance, reduced construction costs, load-bearing capacity, cleaner construction sites, thermal properties, and high-performance airtightness techniques (Robin Lancashire, 2020). However, CLT has limitations, including poor noise transmission, design constraints, limited availability in certain areas, and insurance uncertainties (Fröbel, 2022). In addition, o significant challenge for CLT construction in the UK is its susceptibility to moisture decay due to high humidity levels and frequent rainfall  (Moore, 2020). In contrast, other countries with different climates have successfully used CLT for construction  (Moore, 2020).

Although fire resistance and structural performance of structural panels have been well-studied, durability, particularly in biological deterioration and moisture intrusion, has been overlooked. While designed to withstand forces, CLT panels do not have superior resistance to such decline compared to the parent material. Recognition of the impact of moisture intrusion on durability is increasing, emphasising the need for consideration in using CLT panels (Udele, Morrell, & Sinha, 2021).

[bookmark: _Toc133417221]2.6 Timber Moisture Content
Timber is a hygroscopic material, meaning it can absorb or release moisture from the surrounding environment until it reaches an equilibrium moisture content (EMC) that is in balance with the relative humidity and temperature of the environment. Timber moisture content refers to the moisture in wood, typically expressed as a percentage of the wood's dry weight. It is important to consider when using wood for construction, as moisture content can affect the wood's strength, dimensional stability, and susceptibility to decay (Puuinfo, 2020). 

The recommended moisture content for wood used in construction is between 6% and 12%. But in many countries, the accepted moisture content for general timber construction materials is usually around 12% to 20%. Wood with moisture content below 6% may be too dry and prone to cracking and splitting (Figure 6), while moisture content above 12% may be too wet and prone to warping, twisting, and decay  (Professional Builder, 2023). 

[image: DiagramDescription automatically generated]Various methods for measuring wood moisture content include the oven-dry method, electrical resistance method, and capacitance method. The method depends on the required application and accuracy. It is important to note that timber moisture content can vary depending on the wood species, location, and environmental factors. Therefore, it should be monitored regularly to ensure the wood is suitable for its intended use (Mali, 2016). [bookmark: _Toc133232953]Figure 6 When moisture content reduces in CLT (fast drying) (Jahedi, 2020)


[bookmark: _Toc133417222]2.7 Moisture Decay and Durability
[image: ]Moisture durability refers to the ability of a building material or construction assembly to resist and withstand the detrimental effects of moisture, such as water absorption, condensation, mould growth, and decay, over an extended period (Morris, 2020). It is an important consideration in the design and construction of buildings, as excessive moisture can lead to structural damage, degradation of building materials, and indoor air quality issues (Morris, 2020).In the case of CLT, the moisture content must always be kept below about 18% to prevent the risk of long-term structural damage due to decay or delamination. Moisture decay can be a significant concern for CLT construction in any climate, especially in humid climates such as the UK (bmtrada, 2022). When moisture levels are high, the wood used in CLT can absorb excess moisture, leading to decay, dry and wet rot, and structural damage over time (Refer to Figure 7). [bookmark: _Toc133232954]Figure 7 Rotting CLT Roof panels (LABC, 2019)


Moisture can cause decay and structural damage to CLT buildings in the UK. During construction, CLT panels can be exposed to moisture, which can lead to temporary moisture absorption and cause the panels to swell, leading to gaps or buckling between the panels once they dry out  (bmtrada, 2022). 

Differential saturation during flooding or extreme weather events can lead to delamination or checking between lamellae in CLT, resulting in warping or cupping. The impact on the assembly's service life is an ongoing industry discussion topic. This uncertainty may raise concerns about CLT's suitability, as it could require element replacement rather than repair. Grain orientations in fabrication play a role in this, as they affect resistance to movement along tangential, longitudinal, and radial axes (Shirmohammadi M, 2021).

Appendix 1 presents a table displaying the primary factors contributing to excessive moisture as identified by the Structural Timber Association  (STA, 2022). Poor ventilation in a CLT building can also lead to the accumulation of moisture, which can cause decay in the panels. This can be caused by inadequate airflow, condensation, or poor insulation  (Lawrence, 2023). In addition, leaks in plumbing systems can cause moisture to penetrate the CLT panels, leading to decay and damage over time. Finally, suppose a CLT building is within an area with high humidity and frequent heavy precipitation, much like the UK. In that case, moisture can accumulate and penetrate the panels, causing decay and structural damage.

To prevent moisture damage and decay in CLT buildings, it is essential to ensure proper ventilation and insulation, use moisture-resistant materials during construction, and regularly inspect the building for leaks or signs of decay (Sousa, 2020). In addition, it is also crucial to follow proper maintenance and repair procedures to prevent moisture damage and ensure the longevity of the building.
[bookmark: _Toc133417223]2.8 Drying
[image: DiagramDescription automatically generated with medium confidence]Drying is a critical aspect of CLT construction, as it ensures the proper moisture content of CLT panels, which is essential for their performance and durability (Wang, 2020). During construction, adequate drying of CLT panels before installation prevents moisture-related issues, such as dimensional changes and potential decay, which could affect the long-term performance of the CLT structure  (Hasburgh, 2016). Figure 8 shows how drying occurs under favourable conditions.[bookmark: _Toc133232955]Figure 8 CLT Drying under favourable conditions (Wang, 2020)

[bookmark: _Toc133417224]2.9 UK Climate
The United Kingdom (UK) has a temperate maritime climate characterised by moderate temperatures, high humidity, and regular rainfall. The UK climate can affect the moisture content of the wood and the potential for condensation, both of which can impact the durability and safety of the CLT construction (STA, 2021). The Atlantic Ocean and the prevailing westerly winds influence the country's weather pattern, bringing moisture-laden air to the region  (World Bank Group, 2021).

According to the Met Office, the UK's weather can be unpredictable, and it is not uncommon to experience multiple seasons in a single day. However, the UK shares an average of 159 days of rainfall per year, with an upwards trend expected over the next fifty years (Wilson Chan, 2022).

Overall, the UK experiences relatively mild temperatures, with average temperatures ranging from 6°C in winter to 19°C in summer  (Met Office, n.d.). One of the defining features of the UK's climate is its high humidity levels, which are influenced by the country's location and the moisture-rich air brought by a combination of different airmasses that come from the Atlantic Ocean, tropical maritime and continental air masses, and the polar maritime air masses. 
[image: Map showing the six air masses that affect the British Isles: the Arctic Maritime Air Mass; the Polar Continental Air Mass; the Tropical Continental Air Mass; the Tropical Maritime Air Mass; the Returning Polar Maritime; and the Polar Maritime Air Mass.]
[bookmark: _Toc133232956]Figure 9 Air masses that affect the British Isles (Met Office, 2020)
The UK's average relative humidity levels range from 70% in summer to 80% in winter, with some regions experiencing even higher levels (Met Office, n.d.). High humidity levels can significantly impact the environment and human health, including increased risk of mould growth, respiratory problems, and heat stress (Geoff Jenkins, 2009).
In addition to high humidity levels, the UK experiences regular rainfall throughout the year. The country's average annual rainfall is around 1,154 millimetres, with the wettest regions, such as the western coast of Scotland and Wales, experiencing over 3,000 millimetres of rainfall per year (Met Office, n.d.). 

The frequent rainfall can lead to significant challenges for infrastructure and construction projects, particularly those susceptible to moisture damage, such as CLT construction (Moore, 2020). Furthermore, according to the BBC and Met office in a joint study, the climate of the UK is due to change: "Extreme weather events such as heatwaves and heavy downpours could become more frequent and more intense, many scientists are concerned"  (Becky Dale, 2022). This will likely significantly affect how buildings are built in the UK with the onset of more inclement weather patterns. 


[bookmark: _Toc133417225]2.10 CLT Building Regulations and British Standards
Moisture protection in CLT construction is a top priority in the UK's building regulations. The codes require that buildings, building products, and materials, including CLT, are shielded from moisture, dust, or debris during construction to prevent damage (Ministry of Housing, 2018). In addition, inspections, measurements, or analyses must document that moisture does not affect materials during construction. 

The British standards BS 5250:2021 and BS EN 16351:2015 provide indirect guidance on managing moisture risk, focusing on moisture content, adhesive bonding, and durability. Compliance with these standards and best practices is essential for the durability and performance of CLT structures (BSI, 2015). The external envelope of a building in the UK must protect occupants from rain and wind while regulating heat flow, according to BS 5250:2021. Good design and careful material selection are necessary to avoid moisture problems such as rain penetration, rising damp, and surface/interstitial condensation (BSI , 2021).

[bookmark: _Toc133417226]2.11 Recent CLT Moisture Research
A recent piece of research on the moisture dynamics of CLT in the UK has been conducted by Lewis Taylor, Stora Enso (CLT Manufacturer), and Bmtrada (independent certifier, inspector, training & technical service provider) to assess the impact of moisture decay on the structural integrity and durability of CLT buildings. The studies have highlighted the importance of controlling the moisture content of CLT during construction and throughout the building's lifetime to prevent decay and damage caused by fungal growth  (Taylor Lewis, 2022). Taylor states:

"a common thread among all of these types of buildings is the length of time during construction that parts of the CLT structure are exposed to the prevailing weather; the larger and more complex the building, the greater the risk of wetting during construction."

 (Taylor Lewis, 2021). 

In addition, other research studies have suggested using breathable membranes and proper detailing as effective measures to minimise moisture infiltration and the accumulation of water vapour in both the interior and exterior of CLT structures. 

[image: A picture containing bar chartDescription automatically generated]Figure 8 provides a visual representation of a recommended detailing technique. These findings have significantly advanced the understanding of moisture dynamics in CLT buildings in the UK and underscore the importance of further research to enhance the durability of CLT structures.[bookmark: _Toc133232957]Figure 10 STA external warm wall construction section (breathable insulation) (STA Technical, 2017)


Another relevant piece of research the paper titled "CLT Construction Without Weather Protection Requires Extensive Moisture Control", published in the Journal of Building Physics (Olssen, 2020). Lars Olssen highlights the importance of moisture control in CLT construction, particularly in structures not protected from the weather during construction. The study revealed that almost 25% of surface measurement points had a moisture content of at least 19%, and 50% of the analysed measurement points had mould growth, with a third exhibiting moderate or extensive growth. The research also suggests that mould growth is caused by exposure to precipitation and subsequent drying out, and it often requires microbiological analysis to detect. Olssen’s recommendations state:

 “Using weather protection to prevent the emergence of microbial growth during erection with CLT, as there are no moisture safety assembly methods or solutions for CLT construction without weather protection or a declaration of the critical moisture conditions for CLT products” 

(Olssen, 2020)

In 2020, a study aimed to evaluate the moisture performance of CLT walls under different climate conditions and water vapour resistance of building materials. The authors conducted simulations using the WUFI software to analyze the moisture risk in CLT walls in six different climates. The results showed that the vapor permeance of the building materials, including CLT, affected the moisture risk in the walls. 

The authors concluded that the moisture performance of CLT walls could be improved by selecting appropriate building materials based on the climate conditions. Additionally, the use of a vapor barrier could help reduce the moisture risk in the walls (Seong Jin Chang, 2020). The moisture risk assessment results found in the study imply that to ensure moisture stability, the envelope should be designed considering the type of insulation material, its hygrothermal properties, thickness, climate conditions of the area. 

[bookmark: _Toc133417227]2.12 Moisture protection
To prevent moisture-related issues in CLT structures, avoid high moisture levels during installation and service (STA, 2019). Incorrect installation can trap moisture within the CLT structure, necessitating efforts to prevent such moisture entrapment through detailed protection plans. In addition, a comprehensive moisture control plan should ideally be implemented to manage moisture effectively in CLT projects  (NHBC, 2022).

Following best practices and recommendations, such as covering, storing, sealing, providing ventilation, ensuring site drainage, implementing temporary weatherproofing measures, using proper fastening techniques, and monitoring, CLT structures can also be safeguarded against moisture ingress and damage during construction.

According to a publication by the Timber Research and Development Association (TRADA), when CLT is delivered to a construction site, it should be protected from moisture to prevent potential damage (TRADA, 2019). One common practice for protecting CLT on site is to store it in a dry and covered area to avoid exposure to rain or other forms of moisture.
Additionally, CLT panels should be stacked flat and separated by spacer sticks to allow air circulation between the panels, which can help prevent moisture accumulation and reduce the risk of mould growth. (TRADA, 2019).

Stora Enso (large-scale CLT manufacturer); moisture protection for building components was evaluated using the Glaser method, which provided only limited insights into the moisture properties of structural elements (Stora enso, 2022). However, the emergence of hygrothermal simulation programs has opened new avenues for realistic and detailed calculations of the hygrothermal transport and storage processes in building components under real-world climatic conditions. This development has enabled more accurate assessments of the moisture protection of building materials and structures (Stora enso, 2022). 

Hygrothermal principles refer to the study of the combined effects of heat and moisture on building materials. These principles help us understand how moisture transport and accumulation affect the building materials' durability, strength, and serviceability.

A vapour diffusion layer is often applied to the CLT panels to help protect the material (figure 9). The vapour diffusion behaviour of CLT in the UK is influenced by various factors such as the composition of the wood, the density and thickness of the CLT, as well as the climatic conditions of the region  (Bravo, 2020). 

[image: DiagramDescription automatically generated with low confidence]The permeability of the CLT determines its ability to allow moisture diffusion through its pores. Studies have shown that CLT's vapour diffusion resistance factors are lower than traditional timber frame construction  (Bergmeister, 2019). Therefore, vapour diffusion is likely to occur faster in CLT structures, making monitoring moisture levels in such buildings essential.

[bookmark: _Toc133232958]Figure 11 CLT Panel vapour diffusion layer (Vaproshield, n.d.)

A series of technical guidance documents produced by the Structural timber association, 'Robustness of CLT Structures – 'Key principles for moisture durability' provides guidance for the design, concept detailing and installation of panelised CLT building structures and highlights the importance of robustness in CLT structures and emphasises the need to protect CLT structures from moisture infiltration in the UK (STA Technical, 2017). And 'Technical Note 24 - Moisture protection during construction' help readers understand the complexity and risks associated with moisture risk during the construction phase (STA, 2019). 

The technical notes also recommend using breathable membranes and appropriate detailing to prevent the accumulation of water vapour within and outside the CLT structure. It emphasises that proper detailing techniques are crucial to ensure the durability and long-term performance of CLT buildings (McLeod, 2018). Also, adequate breather membranes should be correctly provided to CLT panels to protect them from moisture during transportation, construction, and in-service conditions and to allow water vapour from the interior to pass into the cavity. The note also highlights the significance of ongoing research and further investigations to enhance the understanding of moisture dynamics and current moisture management systems being implemented  (STA Technical, 2017). 

[bookmark: _Toc133417228]2.13 Current Moisture Management Systems
Effective moisture management is crucial for the durability and longevity of CLT buildings in the UK. A standard moisture management system used in the UK is the ventilated rain-screen cladding, which features an outer cladding layer separated from the CLT panel by an air gap for air circulation and moisture evaporation (Morris, 2020). The exterior cladding layer acts as a barrier against rainwater. It is often made of durable and moisture-resistant materials like fibre cement, metal, or high-pressure laminate, with drainage channels or weep holes for moisture drainage (Evan L. Schmidt, 2019).

Moisture management for UK CLT buildings involves a VCL on the warm side of panels, breathable exterior membranes, sealed joints, moisture-resistant roofing and cladding, ventilation, and drainage systems. Proper site preparation and groundworks, including grading, slope design, and surface water management, are also critical to avoid water pooling around CLT panels (Dominic Lion, July, 2022). These systems work together to maintain a controlled interior environment, prevent moisture vapour from entering the panels, and protect the CLT panels from direct exposure to rainwater, allowing them to effectively manage moisture and prevent moisture-related issues (K., 2020).

[image: Table

Description automatically generated with medium confidence]Each project should have a unique composition of professionals, including designers, managers, quantity surveyors, buyers, constructors, material supply chain experts, specialists, and building facilities management personnel. The STA guides these professionals in their responsibilities concerning durability issues when using CLT in Appendix 2. STA also provides guidance on monitoring CLT components during the construction phase in Table 2  (STA, 2022). [bookmark: _Toc133232989]Table 2 CLT Moisture monitoring during construction (STA, 2022)


[bookmark: _Toc133417229]2.14 Case Studies – CLT moisture problems
Within the past decade, two case studies in the UK have emerged as examples of inadequate moisture protection and poorly designed moisture management systems, resulting in detrimental moisture damage during and after construction. These buildings have experienced adverse effects due to moisture, showcasing the need for improved moisture protection measures in the areas of the UK which experience extreme weather.

[bookmark: _Toc133417230]2.14.1 Case study - The Fitzroy, Falmouth
The Fitzroy, located on the coast of Falmouth, is a five-storey residential development of one and two-bed apartments overlooking Falmouth Bay, designed, and built using CLT as a structural material alongside elements of steel hybrid components for balconies (Engenuiti, 2020).[bookmark: _Toc133232963]Figure 12 The Fitzroy, Falmouth CLT Residential development (Engenuiti, 2020)


 
The CLT provided an efficient single-source structure, eliminating the need for wet trades above ground. Timber, known for its resilience to salt environments, was considered ideal for coastal use (Armstrong, 2021).

[image: ]The building initially opened to residents in 2019. But approximately one year after completion, residents of the luxury apartments on Cliff Road noticed leaks from windows, doors, floor, and wall panels. The principal contractor attributed the issue to recent extreme weather causing moisture ingress through the installed windows and doors. The problem resulted in trapped moisture in the building (refer to Figure 10), leading to mould growth and decay in CLT structural floor and wall panels. As a result, residents were rehomed while remedial works were carried out to address the unforeseen internal damage. The residents still do not know when they will be allowed to return.  (Armstrong, Paul, 2022).
Figure 12 The Fitzroy, Falmouth visualization (building construction design, 2017)

[bookmark: _Toc133417231]2.14.2 Case Study - Dartington Primary School, Devon
Dartington Primary School, completed in 2010, was one of the first schools in the UK to be built using CLT (refer to Figure 13). Unfortunately, the newly built school was demolished seven years after completion (Clare, 2014). The decision to demolish the school was made in November 2016 due to classrooms suffering from roof leaks causing water damage.



 A detailed report concluded that repairing the buildings was not cost-effective due to issues with the rainwater harvesting system design, including complexities and concerns about the materials used (Marrs, 2016). As a result, the pupils being taught were transported into tents erected on the school grounds for the remainder of the academic year (Bentley, 2013). 
[bookmark: _Toc133232965]Figure 13 Dartington Primary School (Marrs, 2016)


The local council settled out of court after pursuing legal action against the principal contractor, the school's architect, and the subcontractor, seeking £7 million in damages resulting from the issue.  (Marrs, 2016). It should be noted that this type of school design was completely new at the time of its construction. Although moisture management systems were considered ineffective, the wrong choice of materials was used to insulate the buildings, which did not allow the moisture to dry effectively over time. 

[bookmark: _Toc133417232]2.15 Literature Review Summary
In conclusion, the literature review highlights the significance of proper design, installation, and moisture management systems that help mitigate moisture risks in CLT construction in the humid climate of the UK. The sources provided emphasise the importance of correct detailing, vapor barriers, ventilation, site-specific strategies, and construction/maintenance practices to enhance CLT's moisture and decay resistance when utilised in the often harsh humid/wet climate of the UK. 

The two case studies presented offer clues to how designers, contractors, and engineers are still learning how to mitigate moisture risks with CLT structures in the wettest regions of the UK. Further research and innovation in CLT technology may improve the durability of CLT structures in the UK climate. Overall, careful consideration of moisture risks is crucial for the long-term performance and sustainability of CLT buildings in humid environments of the UK and beyond.

[bookmark: _Toc133417233]3.0 Research Methodology
This chapter aims to set out the research design chosen, and the methodology used in this research, explaining the reasoning behind the choices made. 

[bookmark: _Toc133417234]3.1 Research design/approach
The chosen research design for this research is a mixed-methods approach, combining both primary and secondary research methods (Naoum S. G., 2019). This design has been selected because it allows for triangulation of findings from multiple sources, providing a more comprehensive understanding of moisture risks in CLT construction, specifically within the humid climate of the UK.

Purposive sampling will select participants for the primary research (Lawrence A. Palinkas, 2015). To ensure a representative sample, the five chosen participants are experts with rich experience using mass timber in the construction industry in the UK. The participants were found through various modes of communication, but primarily from using Linkedin, the professional social-media platform, through formally direct requests to the initial interviewees.
Data collection for the secondary research involves a systematic literature review using books purchased and online databases such as Construction information service (CIS), UWTSD Library services, google scholar, researchgate.net, architects journal, and many other online services. 

Thematic analysis will be employed to analyse data from both secondary and primary sources. In addition, software tools such as Tableau and NVivo will be used for coding and organising data, allowing for the identification of themes and patterns in the findings (Naoum S. G., 2019).

[bookmark: _Toc133417235]3.2 Participants
To recruit the participants, purposive sampling was used to identify professionals with expertise and experience in mass timber construction within the UK. For example, the building physics engineer, architect, and structural consultant were identified through their professional networks, whilst the specialist CLT contractor and manufacturer of CLT were identified through relevant industry associations and websites.

Each interview was conducted in person or via a video conferencing tool, such as Zoom or Skype, and lasted approximately twenty to thirty minutes. The interviews were recorded and transcribed for analysis.

The participants' backgrounds are as follows:

Participant 1 (P1): Architect with experience in designing CLT elements for buildings in the UK.
Participant 2 (P2): Structural engineering consultant with CLT experience within the UK 
Participant 3 (P3): Building physics engineer with experience in researching mass-timber moisture issues.
Participant 4 (P4): CLT Manufacturer that exports to customers in the UK and globally.
Participant 5 (P5): Specialist CLT Contractor with experience in the UK 

By including a diverse range of professionals with different perspectives, experiences, and roles within the industry, the study aimed to provide a comprehensive understanding of moisture risks in CLT construction in the UK's humid climate. 

[bookmark: _Toc133417236]3.3 Data Collection
The data collection for the primary research involved conducting qualitative semi-structured interviews with the selected professionals. In contrast to quantitative analysis, which emphasises numerical data and objective measurements, qualitative research delves into subjective experiences and perspectives. In the context of studying CLT, qualitative research is beneficial for gaining a deeper understanding of the phenomena from the viewpoint of study participants. This approach aligns with objective 4 (outlined in section 1.4), which involves exploring participants' contextual experiences and personal perceptions.

The interviews were designed to explore the professionals' experiences, perceptions, and knowledge regarding moisture risks in CLT construction within the UK's humid climate.

A semi-structured interview guide was developed with a set of open-ended questions to ensure consistency and comprehensiveness in the data collection. These questions were informed by the literature review and aimed to capture the participants' perspectives on moisture risks, barriers, and solutions in CLT construction. 
The questions are as follows:

1. [bookmark: _Hlk130763832]“What is your role within the construction industry, and what experience do you have working with Cross-laminated timber?” 
2. “What are the most common moisture-related issues that arise in CLT construction projects in the humid/wet climate of the UK?”
3. “What are construction professionals' current practices and measures to mitigate moisture risks in CLT construction projects in the UK?”
4. “How effective are the existing moisture management strategies in CLT construction projects in the humid/wet climate of the UK, and what improvements can be made to enhance their performance?”
5. “What role do design factors such as ventilation and insulation play in managing moisture risks in CLT construction projects in the UK?”
6. “What are the key challenges and barriers that industry professionals face when managing moisture risks in CLT construction projects, and how can these be overcome?”

Before the interviews, the participants were asked for their consent to record the interviews, which were then transcribed for analysis.

[bookmark: _Toc133417237]3.4 Data Analysis
The data collected from the semi-structured interviews were uploaded into the NVivo software. This software allows researchers to organise the data into nodes, essentially helping the researcher categorise themes that emerge from the data.

After the data is organised into nodes, researchers can then begin the process of analysing the data. This can involve comparing and contrasting themes across different participants, examining patterns within the data, and looking for relationships between different themes.

[bookmark: _Toc133417238]3.5 Ethical Considerations
After noting the participants' region and profession to facilitate contacting replacements, all communication records from participants who declined to participate directly were deleted. The research adhered to the UWTSD ethics policy throughout.

[bookmark: _Toc133417239]3.6 Limitations
The qualitative research did present some limitations when investigating moisture risk within CLT construction in the humid climate of the UK. For example, using a small sample size in qualitative research limits the generalizability of the findings, particularly within the complex field of CLT construction and the current industry focus on moisture concerns, especially within parts of the UK that experience a large amount of rain and humid conditions. 

Qualitative research focuses on exploring the subjective aspects of a particular phenomenon, such as the relationship between CLT and moisture in this case. It aims to gain a deeper understanding of the specific area of concern related to the material phenomenon from the participants' viewpoint. Objective 4 requires examining the participants' contextual experiences and perceptions, and qualitative research aligns with this objective.

Additionally, semi-structured interviews may be influenced by researcher and participant biases, which can compromise the study's objectivity. For example, participants 4 and 5 could be found to be quite reluctant to share information on the limitations regarding CLT, which could slow the rising popularity of CLT in the UK and global market. Subjectivity in data analysis can also result in inconsistencies and limitations in the reliability and validity of the findings. But qualitative research is often exploratory and may not comprehensively understand the issue (Naoum S. G., 2019). Furthermore, the process of recruiting participants and conducting in-depth interviews can be time-consuming and resource-intensive, which can limit the feasibility of the study and its generalizability to other settings or populations. 


[bookmark: _Toc133417240]3.7 Trustworthiness
Ensuring the trustworthiness of research is crucial for establishing the credibility and validity of findings. In this study, two strategies were employed to enhance the research's trustworthiness, including triangulation and peer review.

Triangulation is the use of multiple data sources, and research approaches to corroborate findings, increase credibility, and improve the reliability of the research  (Smith, 2015). In this study, triangulation was achieved by combining primary qualitative data from semi-structured interviews and secondary data from a literature review. This allowed for the validation and verification of the findings through multiple perspectives and sources, thus increasing the credibility of the research.

Peer review is a process that involves submitting research for review by other experts in the field. This provides additional insights and feedback on the study, helping to increase its accuracy and reliability  (J Rowley, 2015). For example, to ensure the trustworthiness of this research, it underwent a peer review process by experts in the construction and building materials field. Their feedback and insights helped to identify potential biases, weaknesses, and areas where further research may be needed.

[bookmark: _Toc133417241]3.8 Validity and Reliability
Vulnerability and reliability are essential for any piece of research. Vulnerability refers to the potential risks and harm that may be experienced by participants because of their involvement in the research (Naoum S. G., 2019). To address this, ethical considerations were considered throughout the research process, including obtaining informed consent from participants, ensuring confidentiality and anonymity, and seeking ethical approval from the University of Wales Trinity Saint David.

Reliability, conversely, refers to the consistency and stability of the research findings. To ensure the reliability of the study, multiple sources of data were used, including primary data collected through semi-structured interviews and secondary data collected through a comprehensive literature review. Additionally, a thematic analysis approach was used to analyse the data, enhancing the research findings' transparency and rigour.
Overall, addressing vulnerability and ensuring reliability in the research methodology strengthens the validity and trustworthiness of the study findings.

[bookmark: _Toc133417242]3.9 Generalizability
Generalizability is a crucial consideration in research, as it refers to the extent to which the findings of a study can be applied to other populations or settings (Naoum S. , 2019). In this study, the generalizability of the findings may be limited due to the specific context and sample used.

As a qualitative research approach with a semi-structured interview method was used in this study, the findings may not be generalisable to other populations beyond the participants. However, increasing the diversity of the participants and their experiences and perspectives can improve the potential generalizability of the study (Cresswell, 2013).
Also, describing the sample and research context in detail in the research report can enhance the generalizability of the findings. Other researchers can better understand the applicability of the results to their research through this description  (Maxwell, 2013).

[bookmark: _Toc133417243]3.10 Methodology Summary
For the present study on investigating moisture risk within CLT construction in the humid climate of the UK, a qualitative research approach with a semi-structured interview method was used for primary data collection. Secondary data were obtained through a literature review.

The research design was exploratory, aiming to gain insight into the experiences and perceptions of participants regarding moisture risk in CLT construction in the UK's humid climate. A purposive sampling method was chosen to recruit participants who were CLT construction experts and had moisture risk experience.

Data was collected by conducting semi-structured interviews with the selected participants, which were video, and audio recorded, and transcribed for analysis. The secondary data was collected through a comprehensive literature review of relevant studies, reports, and publications.
The data analysis process involved coding the transcribed interviews using thematic analysis to identify key themes and patterns in the data. In addition, the literature review data was also analysed using a thematic approach to identify relevant articles.

Ethical considerations were considered throughout the research process, including obtaining informed consent from participants, ensuring confidentiality and anonymity, and seeking ethical approval from the relevant university ethics committee.


[bookmark: _Toc133417244]4.0 Research Findings/ Analysis

[bookmark: _Toc133417245]4.1 Introduction 
In this chapter, the data obtained from the semi-structured interviews are presented. The responses are organized based on the questions asked and analyzed to gain insights into research questions 1 to 6, as they are outlined in section 3.3.

[bookmark: _Toc133417246]4.2 Interview Questions and Discussion
This section of chapter 4 presents each question in the order of appearance, as shown in section 3.3. 
[bookmark: _Toc133417247]4.2.1 Q1 Analysis 
“What is your role within the construction industry, and what experience do you have working with cross-laminated timber?” 

Analysing the responses of the five participants for Q1, we can observe that they come from different backgrounds within the construction industry and have varied experiences working with CLT. 4 out of the 5 works in the UK construction industry, which is the result the researcher hoped to achieve for this study. 

P1 and P2 are architects with 40+ years of experience, with P1 having worked on CLT in London and P2 having observed its use in Scandinavia and done remedial work on a damaged building in Cornwall. P3 is a building physics engineer focused on moisture and heat transfer, with 5 years of experience and part of a large research project with BM TRADA relating to moisture dynamics in CLT. P4 is a manufacturer of CLT with extensive experience in mass timber construction and some recent difficulties sending orders to the UK. P5 is a contractor specializing in CLT construction in the UK for over 17 years, with experience and insights related to moisture management in CLT buildings.

Q1 Discussion
The responses for Q1 demonstrate that the participants come from various backgrounds within the construction industry and have different levels of experience with CLT. They have used CLT in different projects and contexts, from hybrid systems to standalone CLT buildings. They also have varying levels of knowledge and experience with moisture-related issues in CLT construction.

[bookmark: _Toc133417248]4.2.2 Q2 Analysis & Discussion

"What do you think are the most common moisture-related issues that arise with CLT construction projects in the humid/wet climate of the UK?”

P1 highlighted the importance of protecting the CLT from moisture during construction, especially after it is unwrapped from its plastic packaging. They mentioned that the CLT should have a relative humidity of around 12% moisture content and that it could absorb additional moisture from the new local environment. The participant emphasized the need to protect the CLT from rain, which can be a common occurrence in the UK.

P2 mentioned two common moisture-related issues in CLT construction projects. The first issue is the exposure of the CLT to water during construction, which can be difficult to remove if the timber is thoroughly wet. The second issue is related to the design approach, which does not always recognize the sensitivity of CLT. The participant also emphasized the importance of preventing water ingress and using details to protect against the combination of wind and rain. 

P3 mentioned built-in moisture from construction time as a potential issue and highlighted the importance of letting the timber dry and covering it up with materials when it is too wet. The participant also mentioned the use of impermeable materials in the build-up, which can prevent the CLT from breathing and lead to condensation issues.

P4 mentioned three common moisture-related issues in CLT construction projects. General moisture ingress through the building envelope, inadequate ventilation, and insufficient or wrong insulation. They also emphasized that these issues could lead to mould growth, rot, and structural damage if not addressed properly.

P5 mentioned several common moisture-related issues in CLT construction projects, including moisture penetration through the CLT panels, condensation forming on interior surfaces of CLT panels, and leaks in plumbing or roofing systems. The participant emphasized the importance of proper detailing and sealing of CLT panels during construction, ensuring proper insulation and ventilation, conducting regular inspections, and promptly addressing any leaks or moisture-related issues. The participant also emphasized the importance of “working closely with design professionals and CLT manufacturers to ensure proper design and installation of the building envelope and systems”.


Q2 Discussion
There are some commonalities in the participants' responses. All the participants identified moisture-related issues as a significant concern in CLT construction projects in the humid climate of the UK. Specifically, participants 2, 3, and 5 discussed the need for adequate detailing and sealing to prevent water ingress into CLT panels. Participants 2 and 4 also noted the potential for moisture problems during construction, particularly in extended construction periods, and emphasized the need for prompt action to address any leaks or moisture-related issues.

[bookmark: _Toc133417249]4.2.2 Q3 Analysis & Discussion

“What are construction professionals' current practices and measures to mitigate moisture risk in CLT construction projects within the UK?”

The recommendations from P1, is to build a tented scaffolding structure up and over the construction area to keep it dry during construction. They also emphasized the importance of keeping bearings above a damp proof level and using breather membranes to exclude water that has penetrated from outside the building while still allowing vapor within the building to pass through it.

P2 noted that current UK practices for moisture mitigation in timber frame construction may not be sufficient for CLT construction, as water can be drawn up into the body of the timber without being visible on the outside. They emphasized the importance of recognizing this risk and taking extra measures to keep water out of the details, such as the base of the wall.

P3 discussed the importance of educating the industry and spreading knowledge to ensure proper moisture protection practices are followed during construction. They also mentioned offering support and guidance to customers, as well as being active in industry associations and decision committees to share knowledge and learn from others.

P4 mentioned that UK construction professionals typically use various measures to mitigate moisture risks in CLT construction projects, such as vapour-proof barrier membranes, effective ventilation systems, and moisture-resistant materials. They emphasized the importance of regular inspections and maintenance to identify and address any moisture-related issues before they become more serious.

P5 provided a detailed list of measures and practices used by CLT contractors to mitigate moisture risks in construction projects. This includes proper sealing and detailing, moisture barrier installation, insulation and ventilation, quality control and regular inspections, collaboration with designers and manufacturers, and proper site management rules such as protecting CLT panels from prolonged exposure to moisture during construction.

Q3 Discussion
The participants provided a range of practices and measures that can be used to mitigate moisture risk in CLT construction projects in the UK. These include building a tent like structure over the construction area to keep out moisture from the precipitation, keeping structural bearings above a damp proof level, using breather membranes, recognizing the unique risks of CLT construction, educating the industry, and offering more support and guidance, using moisture-resistant materials, implementing proper site management rules regarding CLT construction, and conducting regular mandatory inspections and maintenance.
[bookmark: _Toc133417250]
4.2.3 Q4 Analysis & Discussion

“How effective are existing moisture management strategies in CLT projects, within the humid/wet climate of the UK?”

P1 focused on the benefits of using CLT over steel framing, specifically in terms of achieving continuity of the vapour control layer throughout the building. They argue that steel framing often creates cold bridges and can compromise the vapour control layer, while CLT can provide a more effective moisture management strategy. This response is more focused on the benefits of CLT construction in general, rather than specific moisture management strategies.

P2 emphasizes the importance of the breather membrane in moisture management during construction. They note that if the breather membrane isn't sufficiently watertight, the CLT panels can become moist and lead to decay and rot. This response highlights a potential weakness in CLT moisture management strategies during the construction phase.

P3 offers some specific moisture management strategies, such as using a grain sealer to slow moisture uptake and using self-adhesive membranes during construction to protect the CLT from moisture. They also note that for smaller projects, simply wiping off standing water and allowing the CLT to dry can be sufficient. This response provides some practical tips for mitigating moisture risks during CLT construction.

P4 argues that existing moisture management strategies in CLT construction projects in the humid and wet climate of the UK are generally effective. However, they note that there is always room for improvement, such as using more advanced ventilation systems and developing new moisture-resistant materials. This response is more focused on the overall effectiveness of CLT moisture management strategies, rather than specific strategies or solutions.

P5 provides a comprehensive list of potential strategies for enhancing CLT moisture management, such as improving sealing and detailing, using advanced moisture barrier materials, and implementing robust quality control measures. They also emphasize the importance of collaboration with design professionals and proactive leak management strategies. This response offers a wide range of potential solutions for addressing moisture risks in CLT construction projects.

Q4 Discussion
All participants recognize the importance of effective moisture management strategies in CLT construction projects, especially in the humid and wet climate of the UK. While some participants offer more general observations about the benefits of CLT construction, others offer specific solutions and practical tips for mitigating moisture risks. There is also some variation in the extent to which participants believe existing strategies are effective, with some arguing that they are generally sufficient and others suggesting that there is room for improvement. Nonetheless, all participants agree that moisture management is an important consideration in CLT construction, and that there is a need for ongoing innovation and collaboration to improve moisture management strategies over time.

[bookmark: _Toc133417251]4.2.4 Q5 Analysis & Discussion

"What role do design factors such as ventilation, insulation, and building orientation play in managing risk?

P1 emphasizes the importance of proper insulation and ventilation in managing risk in building design. They specifically mention the need for a vapor control layer on the warm side of the insulation to keep the structure dry, as well as the advantages of using rock wool insulation for acoustic control and fire safety. They also warn against using plastic insulation, as it can trap moisture and increase the risk of decay or fire. Overall, Participant 1 focuses on the technical aspects of design and construction.

P2 also highlights the importance of ventilation in managing moisture in timber construction, particularly in climates with high humidity. They caution against relying solely on vapor control layers and breather membranes to manage moisture and instead advocate for positive ventilation to quickly dry out timber. They also discuss the potential risks associated with using external wall insulation and emphasize the importance of getting water out of the cavity to prevent moisture from reaching the CLT. P2 focuses on the challenges of managing moisture in timber construction and the importance of proper design and construction practices.

P3 discusses the importance of proper design and material selection in managing moisture and heat transfer in building construction. They emphasize the need for permeable materials that allow moisture to escape over time and stress the importance of correct installation to prevent condensation. They also mention the benefits of ventilated cavities in circulating moisture away from the building. Overall, P3 focuses on the importance of material properties and the role they play in moisture management.

P4 discusses the critical role that ventilation and insulation play in managing moisture risks in CLT construction projects in the UK. They emphasize the need for increased collaboration and knowledge-sharing among industry professionals, manufacturers, and regulators to overcome the challenges associated with moisture management. They also mention recent joint research on moisture dynamics by TRADA and Stora Enzo and stress the importance of ongoing research and development of new materials and techniques to improve moisture management strategies. Overall, P4 focuses on the challenges and opportunities for improving moisture management practices in the industry.

P5 made it clear that they generally agree that design factors such as ventilation, insulation, and building orientation are critical in managing risk in construction projects involving CLT panels. Specifically, P5 mentioned that proper ventilation helps to regulate humidity levels and prevent the accumulation of moisture. They also noted that insulation plays a critical role in maintaining temperature and humidity levels inside the building, reducing the potential for condensation, and creating a barrier that prevents moisture from reaching the CLT panels and causing damage.

Q5 Discussion
It can be noted that all the participants agree on the importance of ventilation, insulation, and building orientation in managing risks related to moisture and condensation in CLT construction. They also seem to agree on the need for proper installation of vapour control layers and the use of permeable materials to allow for the transfer of moisture. Additionally, the participants mention the importance of having adequate ventilation systems, proper insulation, and the use of moisture-resistant materials to prevent moisture from entering the building.

However, there are some differences in the details provided by each participant. For example, P1 focuses more on the choice of insulation material, and the potential risk associated with certain types of insulation. P2 highlights the need for positive ventilation to manage moisture in humid climates, while P3 emphasizes the importance of a good design in the final build-up to allow for moisture transfer. P4 discusses the need for more education and awareness about wood properties and moisture-resistant materials, as well as the importance of ongoing research and development of new materials and techniques to improve moisture management strategies.

The responses also show a good understanding of the importance of design factors in managing risks related to moisture and condensation in CLT construction. They also highlight the complexity of the issue and the need for a holistic approach to ensure the success of the construction project.

[bookmark: _Toc133417252]4.2.5 Q6 Analysis & Discussion

“What are the key challenges and barriers that industry professionals face, when managing moisture risk in CLT projects and how can these be overcome?”

P1 emphasizes the importance of ventilation in managing moisture risk in CLT projects. They also note that overall education and industry knowledge of best practices for building with CLT are limited in the UK, possibly due to the fact that it is a relatively new material in the market. They suggest that more effort should be made to train young people in the industry and that the government and private sector should open more manufacturing facilities to help drive the mass timber agenda in the UK.

P2 focuses on the translation of design intent into practice on the construction site. They mention that following trades, such as building facades, are used to working with materials that are less susceptible to the impact of water ingress, making it difficult to implement precautions for CLT. They suggest that any timber incorporated into a wall should be treated, as the workforce may not be familiar with the more stringent requirements associated with CLT building. They also note that the warranty arrangements are complex and that the need to check all the lapping of membranes adds to the challenges of moisture management.

P3 highlights the lack of knowledge on-site about CLT and other timber products. They suggest that education and training are necessary to overcome this barrier, and they believe that it is not difficult to handle CLT if one knows how to do it. They also mention that there is still a lot of outstanding research to do in the years to come, and manufacturers and the global timber industry must continue to work on continuous research to provide proper advice and support to people.

P4 notes that the biggest challenge when managing moisture risk in CLT projects is the limited availability of information and guidance. They suggest that it is crucial to have well-trained individuals who can provide accurate information on the topic. They also mention that testing and certification standards are necessary to ensure that the material is used correctly and safely.

P5 also highlights the lack of knowledge and education about CLT and the challenges that come with handling the material on-site. They suggest that a lack of awareness and trust in CLT as a construction material is a significant barrier that needs to be overcome. They also suggest that education and training are crucial to increasing awareness and trust and that the industry must work together to address this issue.

Q6 Discussion
Overall, the responses from the five participants highlight several commonalities and similarities. There is a general consensus that the lack of knowledge and education about CLT is a significant barrier that needs to be addressed through training and continuous research. The need for testing and certification standards to ensure that the material is used correctly and safely is also emphasized. Furthermore, there is a shared view that the industry must work together to increase awareness and trust in CLT as a viable construction material.



[bookmark: _Toc133417253]5.0 Conclusion 

This chapter uses the data gathered to determine the risk of moisture damage to CLT structures in the UK climate, during and after construction. 

[bookmark: _Toc133417254]5.1 Research objective 1 
“Assessing the moisture performance of CLT buildings in the UK”

The objective was met in the literature review section. The literature review involved an extensive search of academic articles, industry reports, and other relevant sources to gather information on the moisture performance of CLT buildings in the UK.

The literature review revealed that moisture performance in CLT buildings is influenced by a range of factors, including the moisture content of the materials, ventilation, temperature, and local humidity. The permeance of building materials, such as the CLT panels themselves and the insulation, also affects the moisture performance of CLT buildings.

Though these findings were backed up by information provided in the qualitative data, the literature review provided a comprehensive overview of the moisture performance of CLT buildings in the UK, identifying key factors that impact the moisture risk and durability of CLT structures. The findings suggest that careful attention to moisture management is essential to ensure the long-term performance and durability of CLT buildings in the UK's humid climate.

[bookmark: _Toc133417255]5.2 Research Objective 2

By analyzing and synthesizing the findings from these sources, the research was able to identify the factors that contribute to moisture risks in CLT construction, such as high relative humidity, moisture content of wood, and inadequate ventilation. Additionally, the literature review revealed that these factors can be particularly problematic in the humid climate of the UK, which can exacerbate moisture-related issues in CLT buildings. 


[bookmark: _Toc133417256]5.3 Research objective 3 
The literature review also identified existing moisture management strategies for CLT buildings in the UK and evaluated their effectiveness. The review revealed that the most common strategies for managing moisture in CLT construction include proper design and detailing, use of moisture barriers, and adequate ventilation. The effectiveness of these strategies, however, is heavily dependent on proper implementation and maintenance. The literature review also revealed that while moisture management strategies for CLT construction have been developed and implemented in other countries, such as Canada and Austria, there is a lack of standardized guidance and best practices specific to the UK context. This claim was touched on participant 3 in their response to Q3. 
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[bookmark: _Toc133417258]5.5 Central research aim 
The central aim of this research is to find the moisture risks faced by CLT structures in the UK, evaluate the effectiveness of current moisture management strategies, and propose recommendations for mitigating these risks.

Based on the discussions of the analysis from participants 1 to 5, and the literature review, it can be concluded that moisture-related issues are still a significant concern in CLT construction projects in the humid climate of the UK. The need for new and adequate detailing and sealing to prevent water ingress into CLT panels was emphasized by participants. Various practices and measures, such as building sheeted scaffolding around the structure, using breather membranes, properly combined with moisture-resistant materials, and regular mandatory inspections and maintenance, were identified as effective ways to mitigate moisture risk in CLT construction projects in the UK. As the climate of the UK is a risk to CLT construction.
But there is also a consensus among the participants that the lack of knowledge and education about mass timber, and specifically CLT is a significant barrier that needs to be addressed through training and continuous research in the UK, and on a global level. Additionally, there is a shared view that the industry must work together to increase awareness and trust in CLT as a viable construction material, for the future.

But overall, the findings suggest that ongoing innovation and collaboration are necessary to improve moisture management strategies in CLT construction projects over time, especially in the humid and wet climate of the UK.

6.0 [bookmark: _Toc133417259]Recommendations for further study

Through this research several literature gaps have been identified 
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I:  Hello, welcome to the interview. Let’s begin with the first question, shall we? 
I: So, what is your role within the construction industry, and what experience do you have working with cross-laminated timber? 
P1:  I'm an architect and have been for nearly over 40 years. I have seen the rise of mass timber, particularly in this country, and obviously over the channel there in Europe. My experience with CLT has been varied; I have built a few urban residential developments in London with CLT, but in a hybrid sense, so half steel, half CLT. But the project I remember the most is building a primary school in the London Borough of Brent a few years ago.
P1: I got that right. Brent London Borough. I might come back on that one. Uh, but we had to school within 12 months, so we needed a system that could. Built whilst the foundations are being built, uh, to save time. Um, if I can explain that very quickly, it's, uh, it was, we were given 12 months for the, uh, to go from a clean sheet of paper.
P1: Design it, yeah. Planning, finding a contractor, and building it so the kids can move in. It didn't all have to be fully complete, but most of it had to be complete. Uh, so, uh, uh, this was the best solution for all of the roof's walls and everything they were actually made in Austria with by Bender Holtz.
P1: CLT works exceptionally well overall.
I:  Okay, so the second question. What are the most common moisture-related issues that arise with CLT, um, construction projects in the humid/wet climate of the UK? 
P1: Yeah. Um, well, companies based in Switzerland and all over mainland Europe that sell a lot of CLT deliver it in a kind of vacuum pack, plastic packages. So, it is fine and keeps the relative humidity at 12% moisture content.
P1: So as soon as you unwrap it, if you're in a place with one hundred per cent precipitation, it will absorb some other moisture as well. But it should be around about 12%. And as I say, you start building it, and then suddenly, as it does in this country, it might rain. So, you must protect it.
I: Brilliant. Okay. thank you for that. Okay, number three, uh, what are construction professionals' current practices and measures to mitigate moisture risk in CLT construction projects within the UK?
P1: What do they do to mitigate it? My recommendation is to build a tent up and over the construction area, the top, so that you're always working with it dry. Um, but that was only through experience. The contractor I was working with had worked with it before, and it was their suggestion that we also use it for the CLT.
P1: They let it wet once they knew a little more about it. And I said, well, you'll have to try and drive that out before you start seeing it into the building. So, hopefully, I wasn't up there every day. If I went up once a week, that'd be amazing. 
I: Okay. So, talking about moisture management now and strategies, um, I mean, it's close to the last question, to be honest, but: How effective are existing moisture management strategies in CLT projects, uh, within the humid slash wet climate of the UK? And what improvements do you think could be made to enhance their performance?
P1: My way of explaining this is that it's a little bit like a person buying a cabinet from Ikea. It's all flat-packed. And when it's, when you build with it, the walls and the roof can be all one. So you can immediately put on your, uh, vapour control layer and that protects it.
P1: And then you get a continuity of vapour control layer all the way up and over a roof. Uh, and then, then you can add the insulation and all the other bits and pieces. So, so that, that was the build-up was a CLT wall vapour control layer. And then the cavity, and then the external stuff. Same with the roof. You have a, you know, the, the CLT roof and then the, the, um, vapour control and then the insulation.
P1: So, you get continuity of the vapour control layer. Nothing poking through it at all. Uh, and the same with the insulation. It's a brilliant system. If you have a look at it and start detailing it, you'll see what I mean. With a steel frame, something is always poking through your vapour control air and insulation.
P1: So, you get a cold bridge, and then there's a risk of compromising your vapour control layer as well. You need to put a breather membrane on the outside to have a better control layer insulation and breather membrane. 

I: Right. Okay. This brings us to design now. So, what role do design factors such as ventilation, insulation, and building orientation play in managing risk? 
P1: Well, I would say the layers I've explained to you. That you do need. You need your vapour barrier on the warm, warm side of the insulation. And the only place to put that is on the outside. So that's like a plastic skin that you fix to the CLT, Like a Vapour control layer.
P1: So, and that, then make sure it stays dry. So, as soon as you put up something, you must quickly put on the vapour control layer. and then later, then you can start adding the insulation. You know, in terms of the insulation that, um, I mean, I was using, rock wool, that was very good for acoustic control, fire, and all the other horrible things that can go wrong.
P1: If you've got something like one of the plastic types of insulation, Like PIR, there's a higher risk of trapping moisture, resulting in moisture decay. Also, there's nothing that's going to get into the cavity that should set things on fire. And if your electrics start warming up a bit in the cavities, then there is a risk. 
P1: Whereas if you've got rock wool. There isn't a risk. Uh, and the great thing about, um, Rockwool is, is that you get the acoustic advantage, uh, whereas you don't get that with the other types of insulation.
I: Okay, brilliant, so I've got a final question for you, just to finish with. So, what are the key challenges and barriers that industry professionals like yourself face when managing moisture risk in CLT projects and how can these be overcome?
P1:  So, with all things, ventilation does matter.
P1: Ventilation is the biggest issue, whether associated with CLT or not. A lot of people are thinking, well, I have spent all this money to warm up a place or building. I don't like the windows. And frankly, if you open windows for half an hour to an hour, you know, you won't lose all the thermal mass, much like the Passivhaus ethos.
P1: From the thermal point of view, is it a very good? CLT has a good thermal mass. It does hold onto the heat. So, it's, it's pretty good in that respect. But conductivity, if you touch it, it's always quite a warm surface. So CLT has those sorts of advantages.
 
 P1: So, to end. I would say that the key challenges associated with the risk of moisture with CLT construction I'd say that overall education and industry knowledge of the best practices for building with CLT in this country are quite limited, although I may be wrong. Maybe there should be more effort to train the young, possibly the fact that it comes from overseas may play a big role in why some projects are experiencing issues about moisture in this country. Maybe the government and private sector should look toward opening more manufacturing facilities to help drive the mass timber agenda in the UK and help people understand that moisture, the horrid rain spells in this country, is the enemy of all timber frame construction. Although people seem to be generally increasing the use of scaffolding sheeting that completely wraps construction sites in the UK now. 

I: That's brilliant. I have no more questions for you, I'll stop the recording now. Thank you for your time. 
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I: Now. Okay. So welcome to the interview. The first question regarding CLT is, what is your background within the construction industry, and what experience do you have with C L T?
 P2: I'm a chartered architect with over 40 years of experience in the construction industry. I've worked extensively in the UK, and my experience of CLT is limited in the UK, but I have seen and observed its use in Scandinavia. My most recent experience is my only UK experience, which is the remedial works on a heavily damaged building due to water Ingressing in Cornwall. 
I: Fantastic. Okay, we move on to number two. What are the most common moisture-related issues that arise in CLT construction projects in the UK's humid/wet climate?
P2: The starting point I would suggest is the exposure of the CLT to water during construction. Extended construction periods and periods before a building is made watertight do appear to give considerable difficulty in getting rid of what I describe as construction water, as our environment doesn't readily let the timber dry once it is thoroughly wet.
P2: Secondly, and particularly in the situation of my experience, in areas of very high exposure, the combination of wind and rain is the ability to generate details which prevent any water ingress. Somewhat contrary to traditional UK construction, which tends to be a bit leaky, but it doesn't, we deal with it within the wall construction, through cavity trays, et cetera, et cetera.
P2: Um, that is a philosophy and an underlying approach. It doesn't recognise the greatest sensitivity of c l CLT. Those would be my two. And I think the critical one is that one is in the designer's control. and the other isn't necessarily in the control of the designer, which is brilliant.
I: Question Number Three. What are construction professionals' current practices and measures to mitigate moisture risks in CLT construction projects within the UK's humid/wet climate?
P2: The underlying principle of keeping bearings above a damp proof level is to exclude water and allow those bearings to breathe within a ventilated cav. The use of breather membranes to exclude water that's penetrated from outside in the war construction while still allowing vapour within the building to pass through it.
P2: Um, none of these appears particularly derived from international experience of the use of mass timber. Um, they. All the details and certainly the warranty bodies, so Premier and NHBC that their recommendations are all the same as they are for a timber frame solution. And I would suggest that because of the grain orientation in CLT, there is perhaps a greater need to recognise the importance of keeping water out of the detail.
P2: By that I mean a sole plate, typically in a timber frame. Um, what is exposed to the potential water ingress is side grain, whereas in a cross-laminated timber frame, because of the different lams at the base of the wall, in addition to side grain, you also have. Quite often, that end grain is concealed within the depth of the c l t.
P2: Consequently, water can be drawn up into the body of the timber without it being visible on the outside. Um, and that is not a criterion that is readily addressed by a typical UK timber frame.
I: Fantastic. Again, lovely, right number four. 
P2: just to add, I put one more on there as well because there's an importance in construction. Detailing tends to be about the exclusion of water in the permanent state. During construction, if all CLT walls sat on P2: top of 150 millimetres of impervious, kicker, concrete, or masonry, and some description, even if water does pond on the ground floor, for instance, the water wouldn't be drawn into the panel's internal walls quite often, as we've seen on this project.
P2: They are left sitting at ground slab level because they won't be subject to external water penetration. But during construction, if there's a large puddle of water sitting on the ground slab, that can just as easily be drawn into the water during construction, even if that doesn't happen to be the case later when the buildings are finished.
I: Okay. So yeah, four. Yeah, four. Number four. How effective are the existing moisture management strategies with C L t within the humid, wet climate of the UK, and what improvements can be made to enhance their performance?
P2: I think I've just given that, God, yeah. Yes. Yes, I have. Right. Scratch that, right. The the issue on that one, I would say, yeah, the detailing side slightly overlaps with your second question there. But in terms of moisture management, again, during construction, there is a huge reliance on the idea that you wrapped the building in its breather membrane, which will look after the CLT whilst you finish the rest.
P2: If that is prolonged, the breather membrane isn't sufficiently watertight to keep CL T dry. And you can end up with moisture embodied in the CLT panels, but it can later go on to cause moisture decay and rot. 
I: Okay. All right, number five. Here we go. What role do design factors such as ventilation and insulation play in managing moisture risk within CLT projects in the UK? 
P2: Right. So, ventilation, um, in the same way as with timber framing, I think is a critical feature of managing the particularly moist climate of the. Um, the international experience would seem to be that as for masonry war construction, um, they're a lot happier using solid war forms of construction without cavities for ventilation in, even with c L t, relying on moisture management through, um, Vapor control layers and breather membranes to allow the timber to naturally get rid of water that, or water moisture that might build up in.
P2: It does seem to be an aspect of our climate that unless there is positive ventilation, relative humidity is so high that you only need a slight increase in moisture for the conditions to be right for rock to be. Um, so you must be able to dry the timber out very quickly. Um, otherwise, the rock will start.
P2: Again, we have evidence of rot in large CLT panels, which clearly stated before the building was a year old. Brilliant. Um, you said as far as insulation is concerned, yeah. For example, here, what you call external wall insulation, so a ventilated cavity. Um, then. Covered with a Rockwool and render system on the outside, which is supposed to be vapor permeable, but also as well means that you are completely dependent on the impermeability of the external envelope.
P2: Otherwise, you also have water in that cavity, which places a premium on how you get the water out of that cavity. If it enters there and the interface user within that cavity is invisible to future inspection, you cannot be sure that that water isn't getting to the CLT. You know, go back to that point.
P2: You only need a little bit of water. Get to the CLT, and you can get the right conditions. 
I: Okay, so the final question for you. What are the key challenges and barriers that industry professionals face when managing moisture risks in CLT construction projects, and how can these be overcome?
P2: From a professional's point of view, John, I would say that it is the translation of the design intent, which I think, even with the relative lack of experience that UK designers have with CLT, the principles are well understood, be because of timber framing. Um, but it is the translation of that into the practice on site where there isn't an established mass CLT.
P2: Industry, the specialists constructing the frames understand precautions, but the following trades, building facades are used to working with materials that are perhaps, um, less susceptible to the impact of water ingress. Um, there are plenty of concrete buildings in the UK, which I'm. get a little leak every time the wind is strong enough and the rains from a certain direction.
P2: Um, the long-term consequences of which are probably minimal because the concrete is unaffected by the CLT. However, with a regular and not necessarily large, um, water input can progressively develop rock, and that's the experience we've had down here in both walls and floors. Um, one of the things I would say, as well as from a specification point of view, CLT in this country has tended to follow, um, the, uh, European, Australian Austrian, German Scandinavian practice where the timbers incorporated in the CLT panels aren't necessarily treated in themselves.
P2: Um, those products are available, but our understanding from a, um, research point of view is not, they're not as readily available as untreated panels, and I would suggest that in the UK, um, any timber incorporated in any war should be treated whether you believe you failed it or not. As a further failure, because the, with the skills not available and the complexity of our, um, current, uh, warranty arrangements, in other words, we've got to put this ventilation ca cavities in there.
P2: So, you've got all the issues with the lapping of membranes and the requirement to check all those. And then you've got a workforce unfamiliar with the somewhat more stringent requirements. Associated with the CLT building. I think that's very much the case. It would also appear in the UK that we don't.


[bookmark: _Toc133417266]Appendix 5 – Participant 3 transcript – Building physics engineer

Participant 3 – Interview
P3: All right, it has started.
I: okay. So, the first question. What is your background within the construction industry, and what experience do you have with cross-laminated timber?
P3: Yes, I've worked as a building physics engineer for around five years.
P3: And I've been focusing on this moisture topic, almost exclusively, for about 3 1/2 years or so. And what I do here is run research and development projects relating to moisture and heat transfer. And moisture is the big topic, and as you mentioned, that big project that we did together with BM TRADA has been a pretty big chunk of the things that I've done here, and we have learned so much from that project that we've been able to apply to and quite a lot of other things as well.
P3: And yeah, the manufacturer I work for produces CLT and some other mass timber products. And so, CLT is a focused product that I've been working on, most predominantly with my time here.
I: okay. Brilliant. Thank you.
I: Second question. What are the most common moisture-related issues that arise in CLT construction projects in the humid climate of the UK?
P3: I would say built-in moisture from the construction time could be one of them.
And occasionally, letting the timber get wet during construction doesn't have to be an issue. The issue is if you don't let it dry and cover it up with materials when the timber is too wet. So that can happen, and it does happen sometimes. And another thing is using impermeable materials in the build-ups that don't let the CLT breathe throughout its service life, and you get condensation issues because of the build-up that it's not designed correctly. So those two may be the most common ones we can see.
I: Thank you. Right. Okay, so #3.
I: As you are associated with a reputable mass timber manufacturer, this question will suit you. What are manufacturers' current practices and measures to mitigate moisture risks in CLT projects in the UK?
P3: Yeah, we try to educate the industry's best as possible. We try to spread the knowledge and develop reports like the one you showed me before the interview. For example, we wanted to make that public. So that the information gets out there, we also look to what we can offer our customers regarding moisture protection on-site and support with guidance around how it should be handled during construction. And yeah, that's pretty much what the manufacturers can do. We're also active in different Industry associations and start the decision committees. It's a give-and-take of sharing knowledge, learning from what others have learned, and sharing that in the best possible way to educate the industry.

I: okay. Thank you. Okay, #4. How effective are the existing moisture management strategies in CLT projects in the humid/wet climate of the UK? And what improvements do you think can be made to enhance the performance?
P3: And I would say, I mean, that's something we investigated with that project. We've been TRADA tested in grain sealer, commonly used in the UK, to slow down the moisture uptake through the ingrain.
P3: It proved very effective, so we promote that to our customers, and other practical measures are to use membranes. There are self-adhesive membranes. You might have heard of Sija Wet Guard, a particular product, but they are taking the industry by storm, which is now temporary water protection just for the construction period.
P3: But it's vapour permeable, so it releases moisture from the CLT, but it stops it from getting wet from the outside, and those types, like membrane membranes, should make sense if it's like a large, complex project and for smaller projects you are most likely okay with keeping the CLT exposed to the weather and just managing the water like after it's rained wipe it off. The OR vacuum, whatever is handy on site. Remove the standing water and let the CLT dry. That's usually sufficient. Taping the edges, like taping the joints between. And the panels are also very effective, which is quite common practice.
I: Okay, brilliant. Thank you very much.
Lovely. Thank you. Okay, #5. So just two more.
I: What role do design factors such as ventilation and insulation clay in managing moisture risks and CLT projects in the UK's humid/wet climate?
P3: They play a huge role. Well, the design of the final build-up is essential regarding moisture and heat transfer and the Seal team being a permeable material. It wants to absorb and release moisture and should be able to. So a wall, for example, should be permeable for moisture to allow the moisture to escape over time. So permeable materials will allow for that to happen. And it needs to be installed correctly in the build-up to allow the temperature gradient within that build-up and not to hit the condensation dew point.
P3: And so, it's essential, and having ventilated cavities also helps with this. If you have at some time during the year, you have a higher risk for condensation close to the exterior envelope. A ventilated cavity can help circulate that moisture away. But yeah, it's vital to have a good.
Insulation and permeable materials allow for the most determined moisture transfer because moisture ingress will happen. 
I: Brilliant. Okay, thank you again. And okay. So the final question, question 6, we're nearly there. What are the key challenges and barriers that construction professionals face when managing moisture risks in CLT projects? And how can these be? How can these be overcome?
P3: I think, I mean, CLT is quite a new material on the market. We've been doing like we've been manufacturing it for roughly 20-plus years in mainland Europe and beyond.
P3: 25, yeah, and it's new for many people in the construction industry. They are used to using concrete, which does not absorb moisture very quickly or very much at all, and there can be a lack of knowledge on site. People not knowing how CLT should be handled on-site and that it can be handled like it was concrete and so what we need to do is keep educating the industry and reach all parts, all the people involved in, and build to make sure that they understand how CLT and other timber products should be handled on-site. I'd say it's not difficult at all; you need to know, that's all. Maybe training should be required to assemble mass timber components.
P3: So I think, like, just lack of knowledge really is one of the barriers that we have today and that we can overcome with education, and obviously, we need to let people know that it's not difficult because they can be scared of trying it for the first time. You're comfortable doing what you've always been doing, but if we can get more people comfortable using timber and construction. We will also benefit from getting a higher quality assembly building built.
P3: But yeah, I mean, we also still have a lot of outstanding research to do in the years to come, also manufacturers and the global timber industry as a whole.
P3: Mass timber is new still, and there's just so much still to learn for us, so I guess that's also we must keep working on something that cannot answer all questions directly, so continuous research is fundamental. And for us to be able to give the proper advice and support to people willing to use this fantastic material for construction in the future.  
I: Yeah. I mean, yeah, you touched on some excellent points there. That was brilliant. And do you mean the key challenge I've noticed within the research is slight insurance issues in the UK?
P3: True.
I: And I hope this changes with time. I mean, planning historically planning in the UK is an issue, but being a fan of CLT, I'm hoping this will open to a new market, and it will grow sufficiently.
P3: Hopefully, by educating more, we can help the construction industry and the insurance companies become more comfortable with mass timber. 
I: That's all the questions I have for you.
P3: Ah, perfect. Should I stop the recording, by the way, or do it?
I: Yes, yes, please. That would be great, thank you.
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I: What is your background within the construction industry, and what experience do you have with Cross-laminated timber?  
P4: So as a manufacturer of cross-laminated timber, we have extensive experience in the construction industry, specifically in mass timber construction. We have a team of experts who have been working in the industry for many years and have a deep understanding of the properties of wood, timber, lumber whatever you want to call it, and how it behaves in different climates across the globe. 
P4: So yes, we supply mass timber components overseas to the UK, The Americas; basically, anywhere we can logistically locate. I must mention that we have a huge presence in the current timber market that grows yearly in mainland Europe and worldwide. We have actually found that there have been a few complications with sending large orders to the UK recently, but we hope these problems will be solved soon, to allow for more fluid business between our customers and associates. So, our experience with cross-laminated timber includes the production, supply, and installation of CLT for various construction projects. 
P4: Actually, CLT is one of or probably our best and most well-known products to sell. Although huge volumes of glulam components are selling quite a lot recently. Especially to the UK. 
I: What are the most common moisture-related issues that arise in cross-laminated timber (CLT) construction projects in the humid and wet climate of the UK?
P4: The most common moisture-related issues that arise in CLT construction projects are in the humid and wet climate of the UK. Well, that would be general moisture ingress through the building envelope, inadequate ventilation is a big one, and insufficient insulation, or in fact the wrong type of insulation for the build. I mean, yes, all those issues can lead to mould growth, rot, and structural damage if not addressed properly. As you can imagine, I am pretty biased when it comes to the limitations of this wonderfully engineered product. But as you will know, moisture can be an issue at times, if not dealt with correctly. Especially with a structural material, like the softwood mass-timber elements on offer in the market these days. 
I: Okay, so number 3, What are construction professionals’ current practices and measures to mitigate moisture risks in CLT construction projects in the UK?
P4: you mean construction professionals, does that mean general positions across the industry in the UK?
I: Yes, generally, people who deal with CLT on a design and construction level, really. Even the client I guess, just generally speaking. 
P4: I would say that UK construction professionals typically use various measures to mitigate moisture risks in CLT construction projects. So again, these may include vapour-proof barrier membranes, effective ventilation systems, and the use of moisture-resistant materials such as rain-screen cladding and such. But regular inspections and maintenance can help identify and address any moisture-related issues most of the time before they become more serious like the risk of Rot. But that’s highly unlikely from our experience, especially with the projects we have delivered in the UK.
I: How effective are the existing moisture management strategies in CLT construction projects in the humid and wet climate of the UK, and what improvements can be made to enhance their performance?
P4: So, the existing moisture management strategies. So CLT construction projects in the humid and wet climate of the UK are generally effective. But there is always room for improvement, of course. I’d say the use of more advanced ventilation systems and the development of new moisture-resistant materials could enhance the performance of these strategies in the long term. But overall, CLT does well when combating moisture ingress if it can dry properly. 
I: What role do design factors, such as ventilation and insulation play in managing moisture risks in CLT construction projects in the UK?
P4: Okay, so, Design factors! Such as ventilation and insulation. These are critical in managing moisture risks in CLT construction projects in the UK. Proper ventilation can help remove moisture from the building and prevent condensation, while adequate insulation can help maintain a consistent temperature and prevent moisture from entering the building.
P4: I mean, the key challenges and barriers that industry professionals face when managing moisture risks in CLT construction projects include a lack of awareness and education about the properties of wood, limited availability of moisture-resistant materials, and the need for more advanced ventilation systems. We believe that increased collaboration and knowledge-sharing between industry professionals, manufacturers, and regulators is essential to overcome these challenges. 
P4: But assuming ongoing research and development of new materials and techniques will help improve moisture management strategies in CLT construction projects. In fact, TRADA and Stora Enzo have done some recent joint research regarding moisture dynamics quite recently. You should investigate that if you haven’t already. It should be easy to find online. So, funnily enough, I read that document not so long ago after visiting a conference in London. So in the summary of their research, I believe that CLT can still be built in humid and wet conditions, only given that it dries in time before any external cladding is installed, which may in fact inhibit moisture from leaving the structure, which changes the game for mass timber contractors. They should all read that research going forward. 
I: Fantastic
I: So, this is the final question for you. What are the key challenges and barriers that industry professionals face when managing moisture risks in CLT construction projects, and how can these be overcome? 
P4: brilliant. 
P4: Well, to effectively manage moisture risks, people must prioritize moisture management during the design and construction stages of a project. This can involve incorporating design elements such as ventilation systems, appropriate insulation materials, like breathable insulation, and moisture-resistant finishes to prevent moisture accumulation in the CLT components. 
P4: So, as I mentioned in the last answer, to all that, I think that the industry professionals need to regularly monitor the moisture levels inside the building and address any issues as soon as they are found. This requires the use of moisture meters and other monitoring tools to identify and address any moisture-related problems promptly, really.
Also, I’d like to point out that educating builders and contractors, like our customers, about best practices for managing moisture risks is also crucial. So, providing proper training on installation techniques and guidance on maintenance and upkeep can help ensure that CLT buildings remain structurally sound over a long long time.
But overall to answer your question, I would like to add that managing moisture risks is a critical challenge in mass timber construction projects, not just CLT, but like I mentioned previously, with proper design, monitoring, and education, and true understanding, the UK construction industry professionals can overcome these challenges and ensure that CLT buildings remain durable and long-lasting. Which is really what everyone wants. I mean steel and concrete have to be challenged at some stage, we can’t go on like this forever. 
I: okay, thank you again for your time. That’s a wrap I’m afraid, I’ll stop the recording now. Thank you for answering my questions.
P4: No worries pal, cheers
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I: What is your background within the construction industry, and what experience do you have with Cross-laminated timber? 
P5: Where do we begin? So, well as a contractor specializing in building with Cross-Laminated Timber, primarily in the UK, I have done a few jobs in mainland Europe from time to time, in an effort to pick up a few tricks from the more experienced guys over there. So, I would say that I have a strong background in the construction industry with well over 17 years of experience as a manager in the field of mass timber, primarily CLT. I'd say my experience with CLT began probably about 10 years ago. That was when I first started incorporating it into my construction projects. I have actually completed several CLT projects ranging from residential to commercial buildings, including one multi-story structure, which I am quite proud of. But mostly the jobs have been around London and a few recently in the highlands of Scotland however, I have encountered challenges related to moisture damage in some of these CLT buildings, which have provided me with valuable lessons and insights into moisture management in CLT construction.

I: What are the most common moisture-related issues that arise in (CLT) construction projects in the humid climate of the UK? 

P5: Well, as any person that builds in this land, they understand that water is the ultimate enemy. So, I’d say confidentially that in the UK, moisture-related issues arising from CLT construction projects can be quite common. Some of these common issues will most certainly include moisture penetration through the CLT panels, and condensation forming on interior surfaces of CLT panels, and leaks in plumbing or roofing systems. 

P5: Well, Moisture penetration through CLT panels can occur when there is inadequate sealing or detailing during construction, particularly at joints, connections, or penetrations. This can result in moisture infiltrating the CLT panels, potentially leading to moisture damage, mould growth, and decay.

P5: Condensation forming on the interior surfaces of CLT panels can also be an issue in humid climates, especially if there is improper insulation or ventilation. Condensation can accumulate on the interior surfaces of CLT panels, leading to moisture-related damage and potential mould growth.
P5: Leaks in plumbing or roofing systems can also pose a risk to CLT buildings in humid climates. Any leaks in plumbing or roofing systems can result in water infiltrating the CLT panels and causing moisture damage.

P5: To mitigate these moisture-related issues, proper detailing and sealing of CLT panels during construction, ensuring proper insulation and ventilation, conducting regular inspections, and promptly addressing any leaks or moisture-related issues are essential best practices. Working closely with design professionals and CLT manufacturers to ensure proper design and installation of the building envelope and systems can also help prevent moisture-related problems in CLT construction projects in the humid climate of the UK.

I: What are CLT contractors' current practices and measures to mitigate moisture risks in CLT construction projects in the UK? 

P5: CLT contractors employ various practices and measures to mitigate moisture risks in CLT construction projects in the UK. These may include proper sealing and detailing to ensure all joints, connections, and penetrations in CLT panels are properly sealed and detailed during construction to prevent moisture penetration. Moisture barrier installation is a suitable moisture barrier, such as a vapour barrier or a breathable membrane, on the exterior side of the CLT panels to protect them from moisture ingress. What else? Um, Proper insulation and ventilation. Ensuring proper insulation and ventilation within the CLT construction to prevent condensation from forming on the interior surfaces of CLT panels.

P5: Ah yes, quality control and regular inspections. So, conduct thorough quality control checks and regular inspections during and after construction to promptly identify and address any potential moisture-related issues. Also, collaborate with designers, including architects, engineers, and CLT manufacturers, to ensure proper design and detailing of the building envelope and systems to prevent moisture-related problems, which you have likely indicated in your research. 

P5: I mean, quickly addressing any leaks or water ingress issues in plumbing, roofing, or other building systems to prevent moisture damage to CLT panels is quite an important aspect, in my opinion. Also, implementing proper site management rules, such as protecting CLT panels from prolonged exposure to moisture during construction. Oh, and storing panels in a dry and well-ventilated area and covering panels during rainy periods.
P5: Basically, I would say, by following all of those points I mentioned then, that CLT contractors should aim to minimize moisture risks and ensure the long-term durability and performance of CLT construction projects in the UK.

I: How effective are the existing moisture management strategies in CLT construction projects in the humid/wet climate of the UK, and what improvements can be made to enhance their performance?

P5: The existing moisture management strategies in CLT construction projects in the humid/wet climate of the UK are generally effective in mitigating moisture risks. However, there are some areas where improvements can be made to enhance their performance. Well, I guess, Improved sealing and detailing which will be helping to enhance the sealing and detailing of CLT panels during construction, can further reduce the risk of moisture penetration. This may include using high-quality sealants, tapes, and gaskets and paying close attention to critical areas such as panel joints, connections, and penetrations.

P5: Enhanced moisture barrier installation: Using advanced moisture barrier materials and techniques, such as self-adhesive membranes or liquid-applied barriers, can provide improved protection against moisture ingress on the exterior side of CLT panels.

P5: Enhanced insulation and ventilation: Ensuring proper insulation and ventilation design, including adequate air gaps and vapour-permeable insulation materials, can help prevent condensation from forming on the interior surfaces of CLT panels.

P5: Again, I think that Implementing robust quality control measures and frequent inspections during construction to identify and address any potential moisture-related issues promptly can further enhance moisture management in CLT construction projects.

P5: as previously stated, I think that strengthening collaboration with design professionals, including architects, engineers, and CLT manufacturers, can help ensure proper design and detailing of the building envelope and systems and consider the specific moisture-related challenges in the humid/wet climate of the UK.

P5: Also again, implementing proactive leak management strategies, such as regular maintenance and monitoring of plumbing, roofing, and other building systems, can help prevent water ingress and moisture damage to CLT panels. I would assume that is essential on any project with the weather we get in this country! Oh, and going on further from that previous point, I’d like to add that customising moisture management strategies based on the specific site conditions, including rainfall patterns, humidity levels, and microclimate, can further enhance the performance of moisture management strategies in CLT construction projects.

P5: In my opinion, from my own experience of building with CLT, by implementing these improvements that I have mentioned, CLT contractors generally could enhance the performance of existing moisture management strategies in CLT construction projects in the humid/wet climate of the UK, as you so rightly mention, and ensure the long-term durability and performance of CLT buildings. I mean, I’m a huge fan, obviously. 

 I: as am I. Okay, so next question for you. What role do design factors such as ventilation and insulation play in managing moisture risks in CLT construction projects in the UK? 
P5: Design factors such as ventilation and insulation play a crucial role, in my opinion! 

P5: So, as you may know Jon, that ventilation helps control air and moisture movement within the building envelope. It allows for the exchange of indoor and outdoor air, which helps to regulate humidity levels and prevent the accumulation of moisture. Properly designed ventilation systems can help prevent condensation, leading to moisture damage in CLT panels.

P5: And Insulation also plays a critical role. So, regarding design factors affecting moisture ingress. I should mention that it helps maintain the temperature and humidity levels inside the building, reducing the potential for condensation. Properly installed insulation can create a barrier that prevents moisture from reaching the CLT panels and causing damage.

P5: Considering site-specific factors when designing ventilation and insulation systems for CLT construction projects in the UK is important. Factors such as local climate, rainfall patterns, humidity levels, and building orientation should be considered to ensure that the design is tailored to the specific moisture-related challenges in the region.

P5: Collaboration between contractors, architects, engineers, and CLT manufacturers is crucial in designing effective ventilation and insulation systems for CLT buildings. So, close coordination during the design phase should ensure that proper ventilation and insulation strategies are incorporated into the building envelope.  helping to manage moisture risks and protect the long-term durability and performance of the CLT construction project.

What are the key challenges and barriers that industry professionals face when managing moisture risks in CLT construction projects, and how can these be overcome? 

P5: Well John, there are several challenges and barriers that construction industry professionals face when managing moisture risks in CLT construction projects in the UK. Some of the key challenges in my opinion, will include the lack of awareness among industry professionals, including contractors, about the unique moisture management requirements of CLT construction. 

P5: As everyone knows CLT is a relatively new material in the UK, and many professionals may not have extensive experience or knowledge about its specific moisture-related risks and mitigation measures, especially when the UK government is hard at work, to try and make it hard for innovative materials like CLT to actually fit the building regulation reforms. 

P5: so to answer your question, CLT definitely requires careful consideration of design factors such as ventilation, insulation, and properly thought out detailing to effectively manage moisture risks. The complexity of CLT, including the need for precise detailing, can pose challenges during the design and construction phases, especially if the design team lacks experience with CLT.

P5: right then, with me especially, site-specific challenges such as depending on the specific site conditions, including climate, rainfall patterns, and local humidity levels. Site-specific challenges may require bespoke moisture management strategies that are specific to the location. Especially on the western fringes of the UK, where it always rains. Actually, in your neck of the woods!

P5: I’m only joking, I love Wales, despite the awful rain. 

P5: sorry I’m losing my trail of thought here. So, Education and training I have here in my notes. I would say that Increasing awareness and knowledge among industry professionals, including contractors, about the unique moisture management requirements of CLT construction through education and training programs.
P5: another huge one which in my experience has always been lacking, Collaboration and expertise. So, to encourage collaboration among contractors, architects, engineers, and also CLT manufacturers to ensure that all stakeholders have the necessary expertise and experience to effectively manage moisture risks in CLT construction projects.

P5: what else? Oh so, conducting thorough site assessments to identify site-specific challenges and develop tailored moisture management strategies.

P5: another massive one here is cost planning. So, what I have seen is properly budgeting and planning for moisture management measures during the design and construction phases is absolutely crucial, considering the potential cost implications of incorporating specialized ventilation or insulation systems at a later stage can be quite an issue.

P5 And lastly, I have here, Quality control issues. In my experience, by implementing strong quality control measures during construction to ensure that moisture management strategies are executed correctly and according to the design intent. This will ultimately keep everyone happy, especially the client. 

P5: that’s all I have for you on that subject I’m afraid. You’re more than welcome to visit a live project if you wished. Are there any other questions? 

I: No that’s it now, thank you for all that in-depth information. Thank you for the offer though. I might well take you up on that offer if you don’t mind.
I: Right, I’ll stop the recording now. Bear with me. We can chat after I sort this transcription out. One minute. 
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