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Abstract: The increase in population and urban migration has incentivized the construction
of mid-rise and tall buildings. Despite the incremental rise in vertical construction, there are
still investigation gaps related to high-rise buildings, such as carbon emissions and the use
of low-carbon materials in tall structures. Timber presents a potential sustainable solution
for mid-rise and tall buildings. The history of topics in timber building investigations began
with the material characterization of innovation in construction technologies such as cross-
laminated timber (CLT) and practical topics like construction collaboration, sustainability,
engineering, and construction science. To identify potential topics and understand the
research history of mid- and high-rise timber buildings, a bibliometric analysis is proposed.
Therefore, this article aims to perform a bibliometric analysis with a science mapping
technique to categorize and analyze the evolution of mid- and high-rise timber building re-
search topics and identify the most relevant trends and current challenges. A co-occurrence
keyword analysis was performed with the software SciMAT to analyze the evolution and
actual trends of mid-rise and tall timber buildings. The results show an evolution in the
investigation topics from timber frame elements to mass timber and CLT for high-rise
buildings, which was expected due to the higher structural capacity of the mass timber
product. Surprisingly, sustainability topics such as carbon emission and life-cycle analysis
(LCA) were transversal in all periods with concrete as a recurrent keyword in the analysis.
More specialized topics such as robustness, disproportioned collapse, perceptions, and
attitude were observed in the final periods. Research projections indicate that for mid-rise
and tall timber buildings, the environmental potential has to be aligned with the structural
feasibility and perception of the construction’s actors and society to improve the carbon
emissions reduction and support the increment of the population in an urban context.
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1. Introduction

An increase in population and migration trends from rural to urban contexts means
an increase in the urban population influx and, considering the limitations of urban sprawl,
vertical dimension should be taken into consideration [1]. For example, due to the expected
increase in the population of China, the construction of high-rise buildings is a viable
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solution to accommodate the increase in population in an urban context [2]. Despite tall
buildings being a potential solution to population increase, research on high-rise buildings
displays potential gaps related to energy simulation, thermal and visual comfort, renewable
energies, and carbon emission, specifically with regard to the reduction in embodied carbon
with the use of low carbon materials [3].

Timber, as a biobased material, presents the capability to capture carbon, which can
contribute to decreasing the total embodied carbon of mass timber buildings and obtain a
reduced amount of emissions in contrast to concrete buildings [4]. Constructing our cities
with timber that comes from sustainably managed forests has often been argued as the
most promising solution to reducing the embodied carbon of the great mass of resources
used in construction, both from a scientific perspective [5] and from the perspective of the
authorities [6].

Mid-rise and tall buildings represent a promising solution for urban sprawl. In ad-
dition, the application of timber in the structures can potentially achieve low emissions.
However, three decades prior, it would have been unthinkable that timber could be a feasi-
ble solution to construct our cities, due to the societal need for taller buildings. However, in
the 2000s, new timber products and technologies became popular, such as cross-laminated
timber (CLT) and other mass timber products, which cemented timber’s reputation as
a feasible construction material for mid- and even high-rise buildings [7]. Early studies
in multi-storey timber buildings began with fundamental subjects and topics, such as
the characterization of timber properties as a building material [8]; the refinement of the
structural codes such as the wind-load provisions uniform building code [9]; and seismic
behaviour under the application of damped resonant appendages [10]. However, today’s
interest and research in timber buildings is greatly focused on critical aspects such as
sustainability, engineering, construction science, and collaborative design [11]. To identify
the potential topics, a clear comprehension of the research history of mid- and high-rise
timber building lines of research is needed. Due to the large amount of data related to
multi-storey tall timber buildings, research analytical methods such as bibliometric analysis
can be used [12].

Bibliometrics analysis originated as a scientific computer-assisted review methodology
that covers all the publications related to a given topic or field and can identify core
research authors and their relationships [13]. Bibliometric analysis can be classified into two
techniques: performance analysis and science mapping. Performance analysis focuses on
contributions, while science mapping engages the relations between research variables [12].
A few bibliometric analyses on timber or wood have recently been made [14-17] mostly
focused on specific structural components, materials, or forest level.

The increase in population and the necessity to develop low-emission solutions have
propelled the use of timber as a building solution. Different topics in the research history
of mid- and high-rise timber building research lines have evolved and emerged.

To address these issues, this study is structured around the following research ques-
tions: (1) What have been the main research lines in mid- and high-rise timber buildings
over time? (2) What are the current research trends in this field? (3) What challenges and
opportunities arise from implementing timber-based solutions in urban contexts? These
questions guide our bibliometric analysis to provide clarity on the evolution of knowledge
in this discipline.

Therefore, this article aimed to perform a bibliometric analysis with a science mapping
technique to categorize and analyze the evolution of mid- and high-rise timber buildings
research topics and identify the most relevant trends and current challenges. This is ex-
pected to be a relevant contribution in this incipient research field, for both established and
new researchers to understand how the appearance of mid-rise and tall timber buildings
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TS = ((timber* or wood*) and (building®) and (“mid” or “tall” or “high” or “multi-story” or “multi story” or

is shaping the needs and trends of the entire discipline. The manuscript is organized as
follows: the methodology section explains the theoretical elements, inputs, and outputs of
the science-mapping analysis; the results section presents findings categorized by science
mapping outputs and research periods; and finally, the conclusions summarize key insights
and final reflections on mid-rise and tall timber buildings.

2. Materials and Methods
2.1. Setting the Analysis Database
2.1.1. Collecting the Publications of Mid-Rise and Tall Timber Buildings

According to Donthu et al. [12], the first step required to perform a bibliometric
analysis is establishing the aim and the scope of the analysis. This bibliometric study
aims to analyze retrospectively the evolution of research topics related to mid-rise and tall

timber buildings and identify the actual research challenges. A flowchart of the bibliometric
analysis is presented in Figure 1.
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Figure 1. Flowchart of the bibliometric analysis from the data acquisition to the mapping and period
analysis. (*) truncation operator that allows for the retrieval of different word variations by replacing
multiple characters.

The bibliometric analysis was limited to the Web of Science (WOS) database due to
the large number of articles, avoiding highly possible duplicated files, and using only one
standardized file format [12]. Additionally, WOS possesses several citation and publication
data for well-founded discovery and bibliometric analyses, exhibits a large collection of
scientific publications and highly rated journals, and features a notable multidisciplinary
nature useful to collect State-of-the-Art information [18].

The search was performed with no year restriction, but the final data obtained were un-
til the end of 2022. The search formula used in this investigation is described in Equation (1).
The format of Equation (1) can be used in the advanced search on the WOS database.

1
“multi-storey”)) and (AK = (building™) or TI = (building™)) M



Sustainability 2025, 17, 1928

4 of 30

The term selection was chosen to cover timber or wood buildings with the additional
characteristic of being mid-rise or tall height. The addition of the AND of building in the
title or keyword was selected to filter non-related topics such as microbiology and marine
freshwater biology, for example.

FO represents the initial data set of articles matching with the above search criterion,
which in this case consisted of a total of 1233 articles. The search criterion was conducted
in the abstract, title, keyword, and keyword plus with an additional filter on the keywords
and title, which consisted of a constraint related to the word building presented in the
keyword or title. All resulting articles were selected at this first instance.

After the standardized search, a manual post-processing (one-by-one review) of the
data was made. The data resulting from the manual review was called F1 and consisted
of 726 articles. This manual filtering aimed to check the contents of the articles and avoid
themes not focused on mid- and high-rise timber buildings. For example, it was discarded
if wood was used as fuel for building climatization. Another criterion applied to the search
was to reject articles focused on the forestry level or previous processes of a timber building.
In the case of window frames or louvres articles, they were not selected if the wall was made
using a building material other than timber. On the other hand, elements like floors, walls,
roofs, or envelopes related to timber elements applied in mid- and high-rise buildings were
selected. Investigations based on timber products but without an application on timber
mid- and high-rise buildings were also discarded. In the case of timber-based articles that
did not mention the case of the study, the investigation’s scalability was reviewed to search
for the potential applicability of mid- and high-rise buildings.

In parallel to the manual post-processing, the original search formula was modified to
apply an additional constraint related to low-height buildings, low-rise buildings, houses,
and dwellings. The filter comprised an exclusion formula, NOT TS = (house* or *rise or
dwelling*) and the data set obtained was called F2. The modified formula found a total of
936 articles instead of the 1.233 of the first search.

A data intersection was then performed between F1 and F2. The objectives of this
search were twofold: first, to check the accuracy of the manual filter results F1 concerning
the more specific formula F2, reviewing the excluded articles in F1 but added in F2. If the
article was rejected in the F1 manual filter but added to F2, this could be an error in the
manual filter, so the intersection allowed for a double check of articles manually discarded
for reasons other than not being low-rise construction.

The second objective was to check the cases where an article was added to F1 but not
to F2; this allowed us to double-check if, after manual filtering, any low-rise research was
mistakenly included in the analysis. Figure 2 shows the different data filters applied and
how they intersected with the number of resultant articles.

FO , F1 , F2 , F1and F2
i Not Included ' ' ¢ FIN¢ F2| € F1AEF2
1 1 |
i >07 i il 139 368
! | Not | mcluded |
: Included 1| Included "|eFinrgF2| eFineF2
| 1 |
i e | 27 936 ||| 158 s68
: : (25
. . [ [22]
i | . 133
(a) : (b) ! (c) [ (d)

Figure 2. Research database acquisition, including the initial data set FO (a), the manual filtering data
set F1 (b), the low rise excluded filter data set F2 (c), and the intersections of F1 and F2 (d).
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Regarding the first objective, by the intersection, it was found that 368 articles were
excluded in F1 but added to F2. After manually reviewing the articles again, it was found
that the F1 manual filter was correctly applied. Regarding the second objective, the number
of articles included in F1 but not in F2 were 158, which were manually reviewed. Of
these 158, 25 articles agreed that the focus was low-height, low-rise; houses and dwellings,
therefore, were discarded. However, the remaining 133 articles were correctly added in
F1 because the contributions could still be of relevance for tall timber construction. This
resulted in a final database analysis set of 701 articles, 568 articles belonging to both manual
filtering F1 and F2, plus the 133 articles that belong to F1 but not F2 and that were deemed
as relevant for the investigation. The final data set resulted in the 568 articles belonging to
F1 and F2, plus the 133 articles that belong to F1 but not F2 and were deemed as relevant.

2.1.2. Enriching the Analysis Database with KeyWord Plus

The tool KeyWord Plus of WoS permits the consideration of terms cited in references
that do not appear in the authors” keywords of the article itself, thus, allowing for an
enriched search and analysis due to multiple keywords derived from the metadata. How-
ever, the accuracy of the autogenerated words cannot always be precise. In this article, an
additional review of the final 701 documents was performed, in which only 420 presented
added words from KeyWord Plus. The additional review was made to ensure the added
words’ relationship to the articles” topics and contents. For example, in multiple articles,
the word green house gas (GHG) was added to the KeyWord Plus category because several
articles started their introduction to research problems by introducing the positive impact
of timber in the reduction in GHG emissions [19,20]. Another example of misleading by
KeyWord Plus was the use of the term cyclic analysis, which was added in a structural
article referring to laboratory tests of elements under cyclic load [21]. The article presented
a methodology to determine the technical feasibility of timber frame structures at early
design phases for highly seismic zones but did not perform or analyze cyclic loads in any
timber element.

In other cases, the addition of the KeyWord Plus was very accurate and gave more
information about the article. For example, the investigation of Lazzarini et al. [22] ana-
lyzed and discussed the structural dynamics of high-rise timber structures, specifically the
constructed Mjostarnet in Brumunddal (Norway). Their keywords mentioned high-rise
timber buildings and tall timber structures, but there was no information about the specific
construction method. In this case, KeyWord Plus integrated the word CLT, giving a more
detailed word that can be related later in the analyses.

After the review, it was observed that words like performance, behaviour, system, design,
and model were added multiple times by KeyWord Plus. Due to the general nature of
these words, their relationship with mid- and high-rise timber building articles was mostly
correct. Despite the general characteristics of these particular keywords, the consistency
of the extra information addition was not precise, leaving articles that presented topics of
performance, design, and model without these additional keywords.

2.2. Setting Up the Science Mapping Analysis
2.2.1. Definition of Stages and Inputs

Bibliometric analysis can be performed through a performance analysis and a science
mapping analysis. Science mapping analyses the relations among these indicators through
different methods, delimiting research areas and monitoring a science field to determine
the cognitive structure and its evolutions [23]. A co-word analysis over a science mapping
tool was made to investigate the evolution and future research themes of mid-rise and
tall timber buildings. The software SciMAT [24] was selected to perform the bibliometric
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analysis. As mentioned in [25], SciIMAT was widely applied in psychology, marketing,
computer science, and management. After the database was prepared, a four-stage process
began in SciMAT: (i) the building of the data set; (ii) the network’s normalization; (iii) the
cluster algorithm selection to map the results; and (iv) analysis selection to be performed
on the generated map. The sub-process of each stage is presented in Table 1, with their
respective inputs used in the article.

Table 1. Stage, sub-process, and inputs for SciMAT.

Stage Sub-Process Input
1988-2010
. 2011-2016
1 Select periods 2017-2020
2021-2022
Select the unit of analysis Words
2
. . 3
Data reduction per period 3
3
2 Network base Co-occurrence
0
. 2
Network reduction 5
2
Similarity measure for network normalization Equivalence index
Clustering algorithm: Simple centre algorithm
3 Cluster algorithm Max: 9
Min: 5
Core mapper
Document mapper Union mapper
4 Quality measures Heindex

Sum citations

Evolution map: Inclusion index

Longitudinal and temporal analysis Overlapping map: Jaccard index

The selection of the study periods (1988-2010, 2011-2016, 2017-2020, and 2021-2022)
was based on significant milestones in the evolution of mid- and high-rise timber building
research. The first period (1988-2010) represents the foundational stage, where research
primarily focused on timber-frame structures and life-cycle analysis. The second period
(2011-2016) marks the emergence of mass timber products, such as CLT, and the initial
structural feasibility studies of mid-rise timber buildings. The third period (2017-2020)
reflects a rapid increase in scientific publications, a shift toward robustness and collapse
prevention studies, and growing interest in the environmental and societal perceptions of
timber buildings. Finally, the fourth period (2021-2022) covers the most recent research
trends, including hybrid structural systems, refined life-cycle assessment (LCA) method-
ologies, and advanced structural modelling for taller timber buildings. These divisions
were established to capture major research transitions and allow a more detailed analysis
of evolving themes within the field.

2.2.2. Normalization Measures

In science mapping, normalization measures are required to detect the interaction
between the functional unit and the significant elements, such as keywords, clusters, or
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periods. SciMAT has three instances to select normalization measures: the cluster network,
overlapping map, and evolution map. According to [26] in the co-occurrence analysis, the
most appropriated normalization measure was the equivalence index from Callon, shown
in Equation (2). In this example, c; and ¢; represent a value associated with the elements
i and j, respectively. On the other hand, c;; represents a value shared by the elements
i and j. For example, if we assume that i and j are keywords, ¢;; can be the number of
documents that present them, with ¢; and ¢; being the number of documents presented
with the keywords 7 and j, respectively [23,27]

(Gi))°
For the overlapping and evolution maps, the Jaccard indexes and the inclusion indexes
were used, respectively, as shown in Equations (3) and (4). Their selection was based on the
increase in the edge thickness of the connection to identify more clearly the relationship
between clusters [28,29].
= e ®)
G+ Cj -G i

E - S 4)
H min (C;; C]-)

E

SciMAT applies these normalization measures in conjunction with advanced statis-
tical principles to enhance the accuracy and interpretability of science mapping analyses.
The software employs co-occurrence techniques (e.g., co-word analysis, co-citation, bib-
liographic coupling) to construct relational networks, which are further processed using
clustering algorithms and centrality-density metrics to identify key thematic structures.
Additionally, SciIMAT integrates evolutionary analysis methods, such as overlapping and
transition indices, to track thematic persistence and transformation across time periods. To
refine data interpretation, descriptive statistics are used to quantify term frequencies and
distribution patterns, while impact metrics like the h-index and citation counts provide
insight into the influence of research topics. Furthermore, SciMAT leverages dimensionality
reduction techniques, such as correspondence analysis, alongside linguistic normalization,
ensuring a structured and coherent representation of bibliometric data.

2.3. Science Mapping Outputs
2.3.1. Overlapping Map

The overlapping map is a graphic representation of the unit of analysis evolution
trough periods [23], see Figure 3. In this investigation, the horizontal arrow between
periods (X1) represents the keywords that are maintained from one period to the next.
The element in the parenthesis (Y1) on the horizontal arrow represents the value of the
normalization measure used in the analysis, in this case, the Jaccard index. The periods
were represented by Al and A2.

v
Y, <

X1(Y1)

Figure 3. Theoretical overlapping map.
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The arrow leaving the period in a cartesian Y positive direction (J1) represents the new
keywords from the old period but are not included in the new period. The arrow entering
the new period with a Y negative direction (J2) represents the new keywords integrated
into the period.

2.3.2. Evolution Map

The evolution map shown in Figure 4 represents the theme development through the
selected periods [30] in which the diameter represents the number of documents associated
with the principal cluster.

C1 C2

C3

Period x Period x+1

Figure 4. Theoretical evolution map.

In this research, the solid lines represent the fact that the cluster shares the main
keyword with one of the clusters between periods. Conversely, the dotted line represents
a connection between clusters (C1, C2, C3) with a keyword that is not the main one. The
thickness of the line is proportional to the inclusion index, selected as a measure in the
SciMAT interface.

2.3.3. Strategic Diagram

The strategic diagram is a graphic representation in a cartesian plane of the period’s
main clusters distribution. The placement is based on two variables, centrality (x-axis) and
density (y-axis). Centrality represents the interaction degree of a single network with other
networks and illustrates the external ties strength to other themes [23]. Density measures
the strength of the internal ties among the unit of analysis, and it can be understood as a
measure of topic development [23]. With the values of centrality and density, the cluster
network can be classified in one of the fourth quadrants of the strategic diagram. The first
quadrant is the motor theme, which presents a positive density and centrality and illustrates
the cluster with the important topics in the research fields and their high development [31].
The second quadrant in a cartesian plane represents the highly developed but unconnected
topics, mostly specific research topics. The third quadrant is the emerging or disappearing
topics, with a low centrality and density. Finally, the fourth quadrant is the transversal
and basic topics, which are topics not highly developed but important for the research
fields [31]. The diameter of the cluster circle represents an indicator in the analysis. In this
article, the diameter represents the number of documents per cluster network or cluster.
Figure 5 shows the cartesian plane of the strategic diagram.
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density
2° quadrant 1° quadrant
high motor
developed theme
centrality
3° quadrant 4° quadrant
emerging or transversal
disappearing and basic

Figure 5. Theoretical strategic diagram.

2.3.4. Cluster Network

The cluster network represents the interaction between clusters that share a common
unit of analysis. The name of the cluster network is represented by the most central unit of
analysis [23]. The thickness of the edge represents the connection between two clusters and
in this investigation, the edge thickness value corresponds to the equivalence index. As
mentioned, the diameter of the circle represents the number of documents per cluster.

3. Results
3.1. Overlapping Map

In this investigation, the overlapping map reveals an increment in the number of
keywords that are kept from one period to the following, from 55 to 282. The final period
contains a reduced number of years for two main reasons: due to the increment of articles in
the field and to identify current trends. Similarities in the cluster and periods are computed
based on indexes or measures. In the case of the Jaccard index, shown between parenthesis
in Figure 6, an increase through the periods was noticed. This increment indicates a
potential common research topic in the past and future periods. Y positive and Y negative
direction arrows show an increment of non-included and new keywords, showing high
renovations on the investigation topics or keywords used.

Figure 6. Overlapping map between periods.

3.2. Evolution Map

The evolution map evidences that the study of mid-rise and tall timber buildings
progresses from general to more specific themes (see Figure 7). The initial main cluster
keywords of period 1 were timber-buildings and life-cycle, which are more general than
subsequent terms. As aforementioned, the words building and timber-buildings were merged
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into one group. Timber-buildings are connected to timber-frame-building in the second period
through a solid line, sharing the core theme and indicating the initial relevance of frame
structures in the early years of investigation. In the case of timber-buildings, the word was
the core theme in periods one and two. The topics did not connect with the posterior
clusters, suggesting more specific research.

Period 1 Period 2 Period 3 Period 4

LCA

life-cyle concrele concrele

° ® o —

embodied-energy - performance

timber-buildings

timbe frame-buildings robustness mass-timber

® . .
Figure 7. Evolution Map from period 1 to period 4.

In the second period, new clusters such as concrete, performance, timber-frame-building,
and timber-buildings emerge. Timber-buildings are linked to connections through cross-
laminated-timber, which indicates the research community’s potential interest and necessity
to study the structural elements and how the connections are made between them. Timber-
frame-building did not connect in the next period, indicating a possible reduction in the
investigation of timber-framed structures because those products do not allow for tall
buildings. Concrete presents two solid-edge connections to the next period, concrete and
timber. The connection with timber was through the main keyword timber. The clusters from
the third period present more edge convergence than the second period, indicating that
the next period cluster presents similar and not isolated themes. Also, concrete presented
a dotted connection with embodied-energy and connections, through life-cycle-analysis and
design, respectively. In the case of performance, the network presented three links, one solid
and two segmented. The solid line is linked to timber under performance. Also, a connection
was made by sharing a cluster of impact with the main cluster concrete and sharing the
residential-buildings with the cluster embodied-energy in the third period.

The third period presented a new network which included the word robustness, and it
was not connected with the previous period. Robustness appears as a structural network,
with themes such as structural-integrity, disproportionate-collapse, progressive-collapse, and
failure. A connection to the last period from robustness was via segmented lines to tall-timber-
buildings and mass-timber through the cluster of disproportionated-collapse and progressive-
collapse, respectively. Concrete and embodied-energy were both connected to the fourth period
in a solid line to the cluster LCA. They indicate the constant research until the end of
the analysis periods of environmental topics from timber in mid-rise and tall buildings.
Connections were linked to performance in the last period, sharing the cluster connection and
tall-timber-buildings’ through cross-laminated-timber, the cluster with the most documents in
both networks.

In summary, the evolution map (Figure 7) illustrates the progressive refinement of
research themes in mid-rise and tall-timber buildings across four distinct periods, high-
lighting the shift from general foundational topics to more specialized and interconnected
themes. During Period 1 (1988-2010), the research focused on general sustainability as-
pects like LCA and timber-frame buildings, which established a baseline for timber’s
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environmental advantages. In Period 2 (2011-2016), the introduction of mass timber and
studies on structural performance marked a significant transition towards understanding
its feasibility for taller buildings. Period 3 (2017-2020) witnessed an emphasis on robust-
ness, disproportionate collapse, and perceptions of timber buildings, reflecting efforts
to address structural and societal challenges associated with tall structures. Finally, Pe-
riod 4 (2021-2022) presented advanced investigations into hybrid construction methods,
refined LCA methodologies, and high-performance evaluations for tall timber buildings,
signalling maturity in both technical and environmental research. The connections between
clusters, such as those linking concrete and timber with embodied energy or tall timber
buildings with cross-laminated timber, underscore a growing interdisciplinary approach
that integrates structural, environmental, and societal dimensions. This trajectory not only
demonstrates the field’s evolution but also aligns with global priorities for sustainable
urban development.

3.3. Period Analysis

The evolution of the research in mid-rise and tall timber buildings is conducted
by considering three aspects for each period: (1) a description of the three most cited
articles, (2) an explanation of the strategic diagram with an explanation of the most iconic
constructed timber buildings of the period, and (3) a description of the motor themes with
their respective cluster network. Furthermore, only for the last period, (4) all the cluster
networks are explained to analyze the current research topics and trends.

3.3.1. Period 1 (1988-2010)
Most Cited Articles

The first period (1998-2010) is the most extensive in number of years. The most cited
research of the period was the investigation of Borjesson and Gustavsson [32] related to
timber vs. concrete greenhouse gas balance. Different analyzed scenarios included the
end of the life of the timber frame, the effect on forest emissions, and the carbonization
of the concrete. The authors concluded that the efficiency of timber products in terms of
greenhouse gas (GHG) depends not only on the production process but also on the timber
waste handle after demolition. Also, the article concludes that concrete frame-building
GHG would be higher than timber frame building, but the difference will be shorter if
the carbonization process is considered from a long-term perspective. The second most
cited article in the first period was written by Werner and Richter [33]. They presented a
compilation and literature review of life-cycle analysis studies of timber-based building
products compared to similar or equivalent products. The article sustains that there are
increments in material emissions due to using impregnated products, particle boards, or
fiberboards compared with standard solid timber products. Additionally, the authors
mentioned the importance of maintaining representative and reliable life-cycle inventories
(LCI) and implementing a new LCA data process to their database. The third most cited
article of the period was the investigation of Puettmann et al. [34], which performed a
LCI from cradle to the gate of different timber and engineering wood products (EWP),
such as softwood lumber, soft plywood, laminated veneer lumber, and oriented strand
board (OSB) based on CORRIM 2004 reports from the United States. In an LCI analysis, a
separation of processes is made to identify and quantify the inputs and outputs involved
in the product or method. The authors’ results show that biomass (timber waste) was the
primary fuel source to lower environmental emissions, releasing CO, from biomass instead
of CO; from fossil fuels. Another conclusion was that based on European databases with
different electricity production sources, resin production, and feedstock presented a high
energy consumption [34].
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Strategic Diagram

Regarding the construction of mid-rise and tall timber buildings in practice, it is in-
teresting to note that by the end of this first period, the nine-storey 29 m-high Stadthaus
building in London was constructed in 2009, by Waugh Thistleton Architects. This iconic
building was a very important milestone for the discipline because it was the first tim-
ber building in the range of 30 m constructed with CLT, which greatly contributed to
the widespread use of this mass timber product, demonstrating that it could be used to
construct tall buildings. The development of standards and research at that time was poor,
but the interest in life cycle and the first iconic CLT tall building served as a starting point
for this building discipline.

As expected, for this incipient period between 1988 and 2010, the discipline was
actually building itself and thus there was no clear main cluster location. The few articles
in this period generate only two clusters. As shown in Figure 8, the first one was the
timber-buildings cluster, which constituted the central topic of the discipline but was not
developed enough nor had a significant number of related articles. The cluster network
was located between the motor themes, which are the relevant and developed topics for
the field and are located in the first quadrant of the strategic diagram, and the fourth
quadrant, which are the basic and transversal topics. The second cluster network in the
period was life-cycle. The cluster was located between the first quadrant and the second
quadrant, which is the highly developed quadrant. Due to the science mapping analysis
configurations and first-period characteristics, no main clusters were detected in the third
quadrant, which is the emerging or disappearing topics.
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Figure 8. Strategic diagram for the first period (1988-2010).

Motor Themes

At this first incipient period, there were no clear motor themes, but topics such as
life-cycle, LCA, timber, and construction may be regarded as the precursor of the first motor
theme even when its transversality was not yet widespread enough in the discipline. As
shown in Figure 9, the life-cycle constitutes a very connected cluster, which is related to
environmental topics such as LCA, energy, and emissions.

Timber was the term with the most documents in this network. The appearance
of concrete in the first period and in this topic investigation was due to the analysis of
timber structures as an alternative to reduce environmental emissions. Despite the visual
lack of connection in the network from concrete and substitution topics, the articles in the
period of both topics focus either on timber utilization as an alternative for traditional
constructions or compare its environmental properties [19,33,35]. In the case of energy, the
topics were focused on calculating the environmental emissions and life-cycle primary
energy of timber [19,32,34,36].
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Figure 9. Cluster networks of the first period: life-cycle (left) and timber buildings (right).

As seen in Figure 9, the timber-building network was less connected and mostly in-
cluded terms related to research on the structural safety of this type of building. Neverthe-
less, the term GHG was still a relevant topic as a significant amount of research focused on
investigating different emission levels, from the impacts of timber building products [30]
to analyses of the impacts of timber building, accounting for forest land perspectives [32]
and carbon pools analysis [35,36].

Regarding the importance of structural aspects in this period, two aspects are im-
portant. The first one is that the most studied structural typology in this period covered
timber-frame building articles [19,37-41]. This was expected since, only by the end of this
period did mass timber products, and more particularly, CLT, start becoming popular. Mos-
alam and Mabhin [40] performed large-scale seismic testing on a three-storey asymmetric
timber frame building. The article concludes that hold-downs were essential to prevent the
overturning collapse, finish material has to be considered in a seismic assessment of the
existing building with a retrofitting focus, and an improvement in seismic performance of
timber frame buildings can be achieved by adding a retrofit steel frame in open front [40].

3.3.2. Period 2 (2011-2016)
Most Cited Articles

A significant increment of publications in the field is evidenced during the second
period, since the number of publications doubled, even when it only lasted about a quarter
of the first period. The most cited article of this period was the work of Ceccotti et al. [42],
which conducted an ambitious project to test the seismic performance of a full-scale seven-
storey CLT building on a shake table. The article concludes that this newly proposed
structural typology, strongly influenced by the Stadthaus during the first period, was
structurally safe to construct even in high seismic regions. Yet, the authors registered
very high accelerations at the top of the structure, which evidenced that even when these
buildings can withstand strong earthquakes, more research is needed to enhance their
seismic performance. The second most cited article also investigated CLT’s structural
behaviour in a multi-storey timber building. Fragiacomo et al. [43] evaluated different mass
timber connections between CLT panels and performed an elastic seismic non-linear static
analysis of a four-storey CLT building model. Based on the results of the investigation,
the authors started proposing seismic performance factors for this new type of structure
that allowed them to conduct practical seismic designs of buildings, such as overstrength.
Also, the article focused on analyzing the local and overall ductility to demonstrate the
performance of these type of buildings during extreme loading events. The third most
cited article was the research of Dodoo et al. [20], which analyzed the carbon life-cycle
implications of three types of timber building systems on a four-storey building with two
approaches: conventional and low-energy. The building system types were CLT, beam and
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column using laminated veneer lumber (LVL), and prefabricated modules using light-frame
elements. The low-energy design aimed to meet the Swedish passive house criteria. The
results show that in terms of energy efficiency, LVL with the conventional systems results
in higher carbon emissions, and low-energy CLT alternatives achieve the lowest life-cycle
carbon emissions [20].

Strategic Diagram

During this period, more than 50 tall buildings were constructed worldwide, with two
of them becoming iconic milestones for the discipline [44]. The first one was the 10-storey
30 m-high Forté building, finished in 2012 in Melbourne, Australia. Despite not being
much taller than previous projects, this building rapidly became a worldwide icon because
of its rapid and highly prefab CLT construction system. The second was the 15-storey
52 m-high Treet building, finished in 2015 in Bergen, Norway. Apart from the great increase
in height in comparison with previous buildings, the Treet used a post and beam system
based on LVL and glulam, which demonstrated that other structural timber typologies are
also feasible for tall buildings. In addition, the Treet was also a great milestone in terms
of policymaking because Scandinavian authorities relaxed the height limits for timber
structures, allowing the construction of tall projects. This great achievement was, again,
coincidental with the end of a relevant period in research since the end of the second period
is concurrent with the Treet finishing.

Concrete and timber-buildings were the motor themes of the period. Timber-frame-
buildings was located in the emerging or declining themes as seen in the strategic diagram
in Figure 10. The location of the timber-frame-buildings network in the third quadrant could
be associated with the structural typology limitation to construct buildings taller than
six-seven storeys [45]. This evidence in the field of timber construction led researchers to
switch their main focus to tall buildings rather than low-rise construction. Performance
was located in the centre of the strategic diagram.
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Figure 10. Strategic diagram for the second period (2011-2016).

Motor Themes

Although timber is the main topic of this investigation, concrete appears as a principal
cluster in Figure 11. As seen in Figure 11, a major interest in concrete relates to comparing
environmental impacts with timber [20,46,47], as evidenced by the strong links with terms
such as balance, LCA, or CO; emissions, which at the same time are strongly interrelated
with each other. The keyword balance was connected to almost all clusters, and research
associated with the second period focused on the LCA, carbon emissions, and primary
energy building [20,47-50]. Concrete also starts playing a significant role as a material
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necessary for casting hybrid timber—concrete buildings. At this time, researchers realized
that the combination of timber with concrete could be very beneficial for enabling tall timber
construction, mainly because timber could benefit from the large strength, stiffness, cost-
effectivity, and fire resistance of concrete [51]. Mass-timber emerged in the concrete network
during this period with strong connections to structural-systems and balances. Regarding
the relationship with balances, the articles in the period were related to environmental
emissions quantification in articles [20,47]. Both articles allude to mass-timber CLT in
their content. The structural-system cluster comprised three articles [20,47,52] and all of
the primary structural elements to be analyzed were CLT or mass-timber, confirming the
clusters’ strong connections.
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Figure 11. Cluster networks of the second period: concrete (left) and timber buildings (right).

Regarding the timber-buildings motor theme, as expected by the most cited publications,
a great body of research focused on structural topics, especially on the seismic performance
of timber buildings, with the expectation that this can be one important advantage for
these buildings.

3.3.3. Period 3 (2017-2020)
Most Cited Articles

The most cited article of the period was the investigation of Churkina et al. [53], which
explained the different emission rates of traditional building materials and illustrated the
difference between light timber and massive timber elements in terms of emissions. The
article analyses four future transition scenarios from concrete and steel urban building
construction to mass timber urban buildings from 2020 to 2050. The cases were first
business as usual, which considers 99.5% of buildings constructed by concrete and steel,
and other cases with an increment from 10%, 50%, and 90% in timber urban buildings.
All the scenarios considered the manufacturing capacity of countries and their potential
industry development for mass timber factories. The article demonstrated the capacity of
mass timber urban cities to achieve carbon pools but also remarked on the need to ensure
sustainable forest management due to increased timber demand. The second most cited
work of the period was by Asdrubali et al. [54], which reviewed and analyzed different
timber structural topologies for residential buildings, structural properties, thermo-physical
properties, acoustic properties, and environmental aspects. General information on the
timber properties is explained in the different sub-topics. For example, from a seismic
point of view, the authors mentioned the non-ductile behaviour of the timber stress—strain,
which is a disadvantage for a seismic aspect. This particularity brings the necessity of
concentrating the ductility of structures on the steel joints Asdrubali et al. [54]. The article
also describes tall timber building projects, such as the Treet, Forté, and Brock Commons,
and mentions that improving scientific research would generate a new era for timber
buildings. The research concluded that with the technological development of timber
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construction, a possible increment of timber buildings would occur under low energy
and passive goals. Finally, the third most cited article of the period was the research of
Bartlett et al. [55]. The article reviews the different processes and subprocesses of the
burning behaviour in timber and explains the analytical expression in the literature that
represents these phenomena. The review also explains how different properties, such as
species, moisture, system orientation, encapsulation, delamination, and others, can affect
the charring rate described in the literature. For example, the authors mentioned a few
investigations under the delamination process of laminated timber, such as CLT, in which
they concluded that with a higher lamellae thickness, a lower overall charring rate could
be seen due to a lower occurrence of delamination phenomena. The article concluded that
incident heat flux, which in the investigation case represents and quantifies the fire scenario,
significantly affects the charring rate [55]. These three articles suggest a shift in research
interest in the field from the predominantly seismic-structural most cited articles of the
previous period to an emphasis on the environmental benefits and scenarios of building the
cities with timber, rather than concrete or steel. The period also suggests more emphasis on
performance topics different to structural, such as fire performance.

Strategic Diagram

This third period included the construction of three very iconic timber buildings. The
first was the 18-storey 53 m-high UBC Brock Commons building, finished in 2017 in British
Columbia, Canada. This building was one of the most iconic timber projects ever constructed
not only because of its height, but also because it used a very effective structural and construc-
tion system. The building, which consists of a student residence of the UBC, was realized by
first setting two concrete cores and a podium, to subsequently erecting a very rapid construc-
tion system based on glulam columns and CLT slabs. The second was the iconic 18-storey
86 m-high Mjestarnet building, finished in 2019 in Brumunddal, Norway. This building, which
can be seen as an evolution of the Treet building as it was constructed with a similar structural
system, meant not only a great increase in height, but also demonstrated that such height
was possible by only using timber. The third was the 24-storey 84 m-high HoHo building
in Wien, Austria. In contrast to Mjestarnet, this was a very hybridized building comprising
multiple timber—concrete composite components. These three buildings served to prove that
most buildings in cities can be feasibly constructed totally or partially with timber, which
may help to expand the scope of sustainability investigations covering the assessment of the
environmental impact of constructing with timber at community and city levels, not only
on specific components or buildings. The strategic diagram of the third period is shown in
Figure 12.
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Figure 12. Strategic diagram for the third period (2017-2020).
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A new topic in the highly developed quadrant was the main cluster of robustness, which
focused on the structural subjects related to mid- and high-rise timber building [56-63]. The
clusters in the network were structural integrity, proportioned-collapse, failure, and progressive
collapse. Also, the cluster embodied-energy, can be found in the highly developed quadrant
with a lower density and centrality [64-70]. This particular cluster network contains mostly
environmental topics in the period related to LCA, sustainable-assessment, operational-energy,
GHG, waste, residential-buildings, passive-house and life-cycle.

Timber was classified as a transversal-basic, containing two topics with an increase in
frequency: innovations and perceptions. Perceptions are a more recurrent topic in this period,
addressing research themes such as how the Swedish actors in the multi-storey residential
building world see timber products [71] and other topics such as barriers identified at the
time like cost, building codes, lack of expertise, durability, technical aspects, culture in
the industry and material availability [72] of the timber industry and products. The topic
Innovation was analyzed for new products such as EWP and their perception of Swedish
architects [73] or elements such as CLT, but in the context of North America focused on the
behaviour under water and moisture control of different envelopes innovations [74]. The
cluster network of connections falls in the transversal-basic with cross-laminated-timber as the
cluster with the most articles in the network.

Motor Themes

Concrete was the only motor network in the third period. As illustrated in Figure 12,
the explanation, almost without exceptions, is that the research interest strongly focused
on the potential environmental benefits of constructing with timber since all the terms in
the cluster network directly or indirectly relate to this topic. Moreover, the topics show
multiple connections with each other. Especially, for this period, environmental research
starts to cover and gain significance at macro levels, studying the environmental impact on
economies, communities, and cities [71,75,76]. The term concrete in the network was related
mainly to environmental topics such as carbon footprint, life-cycle cost, energy analysis,
Co2-emission, and emissions, as seen in Figure 13.

foot-print

Figure 13. Cluster network of concrete for the third period.

The topics impact and sector were mainly associated with environmental topics
[53,67,69,75,77-79]. In all period articles, the keyword was added via Keyword Plus, which
does not add specific information. Other topics related to impact including environmental-impact,
sound-impact, and climate-impact, due to the low frequency of the keywords, were not added to
the cluster analysis.
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3.3.4. Current Trends (2021-2022)
Most Cited Articles

Analyzing the current trends of the last period (2021-2022), the most cited article
was the research of Gustavsson et al. [80]. The article analyzed the climate implications of
different forest management, bioenergy, and timber construction emissions under various
scenarios regarding forestry, type of building construction, and energy resource alterna-
tives. The article shows the net CO, emissions in different periods on a 201-year timespan.
The authors mentioned that the key factors guiding the results were forest management
intensity, harvested biomass, time horizon, and non-timber product replacement. Gustavs-
son et al. [80] conclude that in the long run, instead of setting aside forest land to reduce
the amount of biomass harvest and stored carbon, an active forestry with high harvest
levels and efficient use of harvest biomass to replace non-timber products and fuels can
provides significant climate mitigation. The second most cited article from the period
was the seismic-structural investigation of Aloisio et al. [81], in which a CLT element was
analyzed, and fragility functions with behaviour factors were addressed. Based on an
extended energy-dependent generalized Bouc-Wen (EEGBW) model, the authors generate
an analytical and numerical model of multi-storey CLT building as a shear plane structure.
The main results estimated the different storey buildings” behaviour factors and fragility
curves. The authors concluded that based on the fragility curves, the vulnerability to
earthquakes heavily depended on the seismic scenario and storey number rather than the
CLT wall panel typology [81]. The third most cited article of the fourth period was the
study of Xia et al. [82]. The article analyzed the application of epoxy resin (EP) and phase-
change material (PCM) compound into delignified timber to create transparent timber that
additionally stores heat during the day to release it during night. The authors conclude that
with the increment of PCM, the transmittance energy storage wood (TESW), with an 80%
weight ratio of EP and PCM, reaches 134.1 and 122.9 j/g on the melting and crystallizing
temperature. In addition, the TESW archives a light transmittance of up to 80.89%. These
three articles are diverse but demonstrate an evolution from fundamental to more advanced
topics. From the environmental perspective, analyses also start more explicitly covering
the implications of forest management and biomass utilization on the sustainability of
using timber for construction. On the structural seismic field, fragility functions of the new
structural systems and new hysteresis models allow for more precise and in-depth analysis
of timber buildings under different load scenarios. Finally, investigations like the one from
Xia et al. [82] demonstrate the possibility of improving timber performance and extending
construction applications by modification of its material properties.

Strategic Diagram

In terms of iconic buildings, this period included the completion of two iconic build-
ings. The first was the 21-storey 73 m-high Haut building completed in 2022 in Amsterdam,
the Netherlands. Like some previous buildings, this project also used a highly hybridized
timber—concrete structural system, but the particularity was that it was the Netherlands’
first building to achieve the BREEAM Outstanding classification. The second was the hy-
brid timber—concrete 25-storey 87 m-high Ascent building, completed in 2022 in Milwaukee,
WI, USA, which is currently considered the tallest timber building in the world. Although
these two iconic buildings undoubtedly represent outstanding technological and engineer-
ing achievements, neither the increase in height nor the shift in construction technologies
suffered notable changes concerning the previous period. Therefore, it could be argued that
from the point of view of the construction of iconic projects, the construction technologies
of tall timber buildings are achieving a certain degree of maturity. The strategic diagram
from the last period is shown in Figure 14.
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Figure 14. Strategic diagram 2021-2022.

Motor Themes

LCA was the main cluster in this network, connected to environmental topics, except
for Concrete and Construction, as seen in Figure 15. The presence of Concrete can be explained
due to timber comparison and Construction to the transversal origin of the topic.
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Figure 15. Motor themes from fourth period (2021-2022).

perceptiens attitpdes

It is interesting that a change was also observed in the articles related to the term
GHG in which, currently, the researchers are emphasizing the modelling of the final stages
of building, such as demolition or recycling [4,83-85]. The estimation of the emissions
through the LCA methodology has been presented throughout the periods and appears
as a motor theme due to the necessity to quantify the benefits and improve the mitigation
of emissions through timber as a building material of mid- and high-rise buildings. For
example, in the last period, Younis and Dodoo [86] investigated the background of LCA
in CLT buildings, exploring past CLT projects and analyzing how to improve the LCA
method to obtain more accurate results and optimize the carbon footprint in these mass
timber buildings.

The second cluster network in the motor theme was timber, one of the main topics in the
research formula gathering common topics such as timber-buildings and residential-building,
illustrated in Figure 14. Surprisingly, Finland appears as a relevant term for current research,
which is strongly linked with bioeconomy and perceptions. This reflects the relevance of
this country for its development in fostering timber construction from a bioeconomic and
societal point of view, which serves as a worldwide reference.

The topics in this duo, perceptions and attitudes, were associated with professionals [87,88],
government [89], and society’s perspectives [90-93] on timber buildings. The keyword
bioeconomy was linked to this duo through a few articles in which the main relation was
the perception of the residents [93] and professionals [87] on timber housing to archive a
forest-based bioeconomy. Another study in the period related to bioeconomy and the duo of
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perceptions and attitudes is the investigation of Toivonen et al. [89], which analyzed the policy
narrative on timber multi-storey construction (TMC) and contrasted to the governance of the
technological innovation systems around TMC. The investigation identifies that one of the
policy narratives related to TMC was the bioeconomy narrative, which focused on TMC as a
method to achieve a more sustainable bioeconomy [89].

It should be noted that even though the environmental assessment of timber con-
struction is currently a strongly developed and transversal topic whose investigations are
strongly interrelated, which is reflected by the leading position of the term LCA in the strate-
gic diagram at the first quadrant, Figure 14, and the multiple links of its cluster network,
Figure 15, the societal economic aspects are still not so developed. This could indicate
that both investigations, including the multidisciplinary assessment of environmental and
economic/societal aspects, and investigations linking different societal /economic aspects
such as comfort with perceptions, energy-efficiency, and attitudes, may be of great impact
for the discipline.

Current Trends in Other Relevant Cluster Networks

The term mass-timber emerges for the first time as the main topic in cluster networks.
This term covers a great variety of topics that are poorly interconnected, from very specific
structural topics such as progressive-collapse, to very general topics such as systems, steel
sustainability, and embodied carbon see Figure 16.
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Figure 16. Current trends in research of other topics different from motor themes including mass
timber (left), tall timber buildings (centre), and performance (right).

The new emerging connection between mass-timber and steel is also interesting, rep-
resented by the investigation by Allan and Phillips [94]. The authors perform an LCA of
different buildings to understand the difference in using mass timber instead of North
American conventional frame steel structures. The article concludes that the utilization
of mass timber reduces emissions in several categories, especially in the global warm-
ing potential. Finally, the authors mentioned the potential to include mass timber as a
floor solution in steel buildings, thus, also starting investigations on hybrid steel timber
construction [94].

The topic embodied carbon is the main component in the LCA, which can be defined as
the GHG emissions of a building over its life during the stage of extraction, transportation,
manufacture of construction materials, building construction, and inclusive operations,
demolitions, disposal, or recycling [4]. Another interesting new connection relates the
term mass-timber with embodied carbon. The fact that more timber is being used for the new
proposed structural mass-timber typologies also implies a more profound impact of timber
construction in embodied carbon, which is currently an important research trend for timber
structures. For instance, the article by Chaggaris et al. [95] investigated the cost, emissions,
and carbon sequestration potential for different beam-column configurations. The article
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concluded that the cost of gypsum board for fire protection and the CLT for floor material
tends to dominate the beam-column independent of the building configurations. Also, the
article mentioned that carbon sequestration and cost objectives can be in disagreement
because both increase with the increase in timber volume [95].

An alternative interesting topic in mass timber research is represented by the concept
of biogenic carbon. The results in this bibliometric analysis show the use of the terminology
biogenic carbon in the second period [96], but the notion of carbon balances, carbon capture,
or carbon pools has been presented since the first period [32]. In the last period, a few
articles mentioned biogenic carbon in their respective keywords [83,95,97,98].

A second relevant cluster that appears for the first time as a main topic in the network
and that also could be seen as an evolution of the term timber-buildings, is the cluster tall-
timber-buildings. The cluster is classified into declining and emerging topics, which makes
sense because in this period more specific topics related to tall buildings are emerging.

In general, structural investigations in tall timber buildings are shifting from a more
seismic-focused origin, into specific topics such as wind-induced-vibrations and dispropor-
tionate collapse loads. The partial shift from seismic to wind interest was to be expected as
wind loading tends to be more critical for tall buildings rather than seismic, which tends to
govern the design of lower-rise buildings. The investigation of the wind effect of induced
wind load has been presented in the second and third periods in additional keywords
such as wind-loads and wind-pressure-coefficient [39,99-103]. Multiple articles related to
wind topics have been detected in the period analysis [22,104-106]; for example, Binck
et al. [104], investigated and developed an adaptable and flexible lateral stiffening system
for tall timber buildings between 50 and 147 m. The system was subjected to multiple finite
element simulations in different configurations to analyze the lateral stiffens subjected to
wind loading. The article concludes that the proposed system was feasible for 147 m and
the lateral stiffening system was sensitive to geometrical parameters such as bay number
and length. On the other hand, the rising interest in disproportionate collapse and its strong
link with reliability could also be expected [107-109]. One of the most utilized structural
typologies that are prevailing for tall timber buildings is based on using isolated timber
columns for resisting gravitational loads. Timber being a brittle material, reliability studies,
therefore, become relevant for preventing the disproportionate collapse of tall timber build-
ings. For instance, the investigation of Voulpiotis et al. [107] analyses a timber post and
beam tall building to quantify the robustness based on a published method. The authors
concluded that in terms of preventing disproportioned collapse, design improvements at a
global building scale, such as trussed strong floors, could be more effective than increasing
the strength and ductility of the selected connections. The most cited topic in the tall timber
buildings network was, however, cross-laminated-timber, with 34 documents in the period,
further reinforcing the link of tall buildings with this specific timber product. Finite element
analysis is also a new main term that relates mostly to the period with cross-laminated-timber,
indicating the emphasis of research on proposing new structural calculation models for tall
timber buildings constructed with CLT [22,110-113].

Not all articles related to finite element analysis in the period were focused only on
CLT. For example, Labrecque et al. [114] modelled a structural solution of light frame
timber modules in two hyper structures: concrete and glulam. The article concludes that
both solutions were viable under different structural restrictions depending on the hyper
structure; still, more investigation is needed for subjects like connections between the hyper
structure and the modular structure [114].

The last cluster network of the current strategic diagram is performance, which cur-
rently shows the largest number of contributions. This term covers very diverse topics
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including structural [22,108,115-119], envelope design [120], acoustic performance [121],
environmental and energy [112,116,122,123], and social aspect [92].

4. Discussion
4.1. General Discussion

The results of the bibliometric analysis show multiple insights into how mid- and
high-rise timber building topics have evolved during the study periods.

During the first periods, most topics were based on light-frame timber building studies
and developing new EWP such as glulam or laminated veneer lumber. At the end of the
first period, CLT and mass-timber were more recurrent and positioned as main topics in the
subsequent periods, showing their potential increase as investigation topics in the mid-rise
and tall building area. An increment in specific topics such as connections and robustness
were identified in the final periods, indicating the investigation focuses on the structural
feasibility of tall timber buildings.

The environmental topics have been present in all periods, constantly quantifying the
emissions of timber products from EWP to a building scale. The keywords representing the
sustainable topic were LCA, emissions, and GHG. The environmental impact quantification
of timber as a solution for mid-rise and tall buildings requires constant development and
study due to the constant change in LCA stages, assumptions [124], and efficiency of inputs
and outputs. The last period shows an increase in studies related to end-of-stage analysis
and carbon storage, showing a potential research interest in harvest timber products as a
temporal/long storage pool.

Building on this sustained focus on environmental concerns, one of the most significant
transformations in mid- and high-rise timber building research has been the shift from a
predominant focus on structural safety towards greater emphasis on sustainability and
energy efficiency. This change has been driven by the development of new materials such
as CLT and mass timber products, increasingly stringent environmental regulations, and
the growing interest in reducing the carbon footprint of the construction sector. Timber
has emerged as a viable alternative to concrete and steel due to its carbon storage capacity,
leading to an increased research focus on its environmental impact.

The seismic topic was a recurrent research line that has always been present from
light frame to mass timber. The systematic characterization of the seismic and mechanical
behaviour of structural elements was intended to ensure the structural feasibility of mid-
and high-rise timber buildings. Recurrent topics in this area were seismic-performance,
seismic-design, seismic-engineering, among others. Regarding tall timber buildings, particular
topics show up in the last periods: collapse, robustness, and wind induced vibrations, which
increased in frequency since the third period, noting the importance of settling a solid base
on tall building topics to achieve higher heights with timber as a structural material.

The concept of hybrid building appears slightly in the periods of analysis. It was
noticed that there was different terminology to address the hybrid structure or components;
for example, hybrid-structures, hybrid-buildings, timber-concrete, and hybrid-CLT-building. A
common terminology of hybrid-structures or hybrid-buildings is needed to join the research
of materials combinations on mid- and high-rise timber buildings. In recent periods, a col-
laborative investigation with the topic of Concrete has been performed, leading to potential
hybrid building from the element scale such as composite to the interaction of concrete
core with mass timber walls and floors to achieve higher and cost-efficient buildings.

The perception and attitude towards mid- and high-rise timber buildings from the
different actors could define how these structures have been integrated into standard
alternatives of society’s needs. The analysis results show an increment from the third
period to the actual one on articles related to the perception and attitude of timber buildings
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as a main topic, showing the necessity of studies on how timber structures are perceived
in the world and market. The insights of perception and attitude research on timber as a
building material help architects, engineers, and constructors to prioritize which aspects
should improve to increase the interest of stakeholders and citizens.

Fire investigations obtained from the research formula do not appear as relevant and
common keywords or main clusters. Fire investigations were dated from this analysis since
1995 under the investigation of light-frame buildings. Topics of fire-related timber buildings
were historical timber buildings’ [125,126] fire performance of materials [127-133]. The
study of fire behaviour in tall timber buildings is crucial to improving and promoting the
safe construction of high-rise timber structures aligned with other aspects such as structural
safety and mechanical electrical plumbing codes.

One of the most significant transformations in mid- and high-rise timber building
research has been the shift from a predominant focus on structural safety towards greater
emphasis on sustainability and energy efficiency. This change has been driven by the
development of new materials such as CLT (Figure 17) and mass timber products, increas-
ingly stringent environmental regulations, and the growing interest in reducing the carbon
footprint of the construction sector. Timber has emerged as a viable alternative to concrete
and steel due to its carbon storage capacity, leading to an increased research focus on its
environmental impact.

Figure 17. CLT construction. Health centre in Abegondo, La Corufia, Spain. January 2025.

4.2. Limitations and Future Work

This study has several limitations related to the time span, database selection, search
formula, and bibliometric analysis settings. First, the selection of WOS as the sole database
for this bibliometric analysis was based on its well-structured metadata, standardized
citation tracking, and compatibility with science mapping tools such as SciMAT. WOS
provides high-impact, peer-reviewed publications that ensure data consistency and reduce
redundancy. However, this choice also presents certain limitations. Other databases,
such as Scopus and Google Scholar, contain additional sources that could contribute to a
broader data set. Scopus includes a wider range of journals, particularly in engineering and
sustainability fields, while Google Scholar provides access to grey literature, conference
proceedings, and institutional reports that might not be indexed in WOS. Additionally, the
keyword selection methodology may have influenced the results by prioritizing certain
terms over others. Finally, the evolution of terminology in mid- and high-rise timber
building research may have affected topic clustering, as certain terms have changed over
time. To address these limitations, future research could expand the search to additional
databases and employ machine learning techniques to enhance topic classification and
detect emerging research themes.
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A key next step in this research is to analyze publications from the most recent period
(2023-2024) in a yearly step approach. Examining this close period will help identify the
latest trends and challenges in mid- and high-rise timber building research, particularly
regarding sustainability, structural performance, and regulatory developments. Moreover,
there is a growing need for research on the perception and attitude towards mid- and high-
rise timber buildings in Chile, particularly among public, private, and key stakeholders
involved in timber construction projects. This research could provide valuable insights into
the factors influencing the adoption and funding of timber-based urban developments.

Recent studies have advanced the field by addressing sustainability, automation,
structural adaptability, and damage detection in timber structures. Bucklin et al. [134], in
2023, explored the thermal transmittance and air permeability of solid timber envelopes,
showing how design modifications like deep air chambers enhance energy efficiency while
maintaining airtightness. Lauer et al. [135], in 2023, examined automated on-site assembly
of timber structures using biomimetic shells, demonstrating increased precision, efficiency,
and sustainability in construction. Oberg et al. [136], in 2024, introduced the design for
the structural adaptation (DfSA) concept, which promotes flexibility in timber buildings
to extend service life, improve carbon storage, and enhance resource efficiency while
identifying key regulatory and economic barriers. Liu et al. [137], in 2024, developed a
precision detection method using portable light detection and ranging (LiDAR) technology
for assessing damage in historic timber buildings, contributing to better non-destructive
maintenance and restoration strategies.

These recent contributions highlight the necessity of continuous updates in bibliometric
studies to capture emerging themes and shifts in research focus. Expanding the data set with
new publications will refine the understanding of timber’s role in future urban construction,
bridging the gap between theoretical advancements and real-world implementation.

5. Conclusions

1.  Population growth and urban needs: The increase in population has motivated the
construction and design of taller buildings that can respond to society’s necessities.
Timber buildings emerge as a sustainable solution that can address habitability and
workspace demands while reducing carbon emissions. Technological advancements
have driven the evolution of timber construction from light-frame elements to various
engineered wood products (EWPs) such as glulam and CLT.

2. Research contributions and evolution: This study conducted a bibliometric analysis
using a science mapping technique to categorize and analyze the evolution of research
topics on mid- and high-rise timber buildings, identifying key trends and challenges.
A total of 1233 articles were initially selected, and after filtering, 701 articles were
analyzed across four distinct periods.

3. Challenges in timber high-rise construction: Despite the advancements in research
and the increasing adoption of timber in high-rise construction, its implementation
in urban contexts presents significant challenges. These include regulatory barriers
that still limit the permissible height of timber structures in many jurisdictions, initial
costs associated with the manufacturing and assembly of engineered wood products,
and industry and public perceptions regarding the durability and fire resistance
of timber. Overcoming these challenges requires a combination of technological
advancements, adapted regulations, and effective communication strategies that
highlight the environmental and structural benefits of timber.

4. Future research directions: Addressing these challenges will be crucial for aligning
the environmental potential of mid- and high-rise timber buildings with structural
feasibility and societal acceptance. Future studies should focus on updating bibliomet-
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ric analyses, integrating multidisciplinary approaches, exploring hybrid construction
innovations, and enhancing fire safety research to align with industry standards and
regulatory frameworks.

5. Final remarks: This study contributes to a deeper understanding of how mid- and
high-rise timber buildings have evolved as a research field. Future research should
aim to bridge the gap between sustainability, structural performance, and societal
perceptions to maximize the benefits of timber construction in urban contexts.
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