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Timber Construction as a Systemic Pathway Towards Sustainable
Built Environments

Manuel Carpio 23
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The construction sector is at a critical crossroads [1]. Achieving sustainable built
environments now requires systemic solutions that integrate materials, processes, and
territorial conditions, rather than isolated technological improvements [2,3]. Material
choice has therefore become a strategic decision rather than a purely technical one [4,5].

Within this context, timber has re-emerged as a key material for sustainable con-
struction. Its renewability, capacity for biogenic carbon storage, and compatibility with
industrialised and prefabricated processes position it as a central component of low-carbon
construction strategies [6,7]. However, the sustainability of timber construction cannot be
assessed at the level of individual products or buildings alone; it must be examined across
the full value chain, from territorial and forest-related conditions to material processing,
structural performance, and urban-scale impacts [8,9].

This Special Issue, “Timber Construction as a Systemic Pathway Towards Sustainable
Built Environments”, was conceived to address timber construction as a continuous and
interconnected system. The eleven contributions approach this system from complementary
perspectives, covering upstream environmental baselines, material and process innovation,
construction-scale performance, and city-level implications.

At the upstream end of the value chain, two contributions focus on the environmental
conditions that underpin any credible timber-based construction strategy. One study, on
Pinus radiata plantations, analyses the relationship between carbon stock and cumulative
production at harvesting age, demonstrating how soil conditions influence both produc-
tivity and carbon storage potential (1). In parallel, the assessment of agricultural land
expansion and groundwater sustainability in north-central Chile highlights how land-use
change and water scarcity can constrain long-term territorial sustainability (2). Together,
these works emphasise that the environmental performance of timber construction is
inseparable from resilient land, forest, and water management.

Material innovation and value recovery are subsequently explored through bio-based
and circular approaches. The applicability of pulp and paper industry waste in man-
ufacturing mycelium-based thermoacoustic insulation materials illustrates how indus-
trial by-products can be transformed into functional construction solutions (3). Comple-
mentarily, the development of cement pastes incorporating wheat straw ash and silica
fume contributes to a reduction in embodied carbon through agricultural residue val-
orisation and hybrid material systems (4). Although not timber-based, this contribution
reinforces the transversal nature of sustainable construction and the importance of low-
impact material portfolios.

Sustainability 2026, 18, 2176 https://doi.org/10.3390/su18052176
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At the product and process scale, engineered wood performance and manufacturing
quality are addressed. An investigation into green-glued finger joints examines the influ-
ence of wood ring orientation on adhesion performance, providing practical knowledge
to improve reliability, material efficiency, and the use of underutilised timber resources
(5). Such process-level insights are essential, as connection behaviour often governs the
structural performance and robustness of modern timber systems.

Several contributions adopt a broader perspective, analysing how timber construction
knowledge evolves and is translated into practice. A bibliometric review of prefabri-
cated and modular timber construction maps research development from 1990 to 2023,
identifying dominant themes, emerging trends, and persistent challenges related to in-
dustrialisation and circular economy principles (6). A science mapping study focused on
mid-rise and tall timber buildings highlights the growing relevance of timber in urban
construction while underlining the need to align environmental ambition with structural
feasibility and regulatory acceptance (7). In addition, a bibliometric analysis centred
on urban coastal development situates timber housing within climate-resilient planning
strategies, reinforcing the link between timber construction and adaptation-orientated
urban policies (8).

Downstream, whole-building and urban-scale performance are examined. A life cycle
assessment and cost analysis comparing mid-rise mass timber and concrete buildings in
Australia demonstrate that timber solutions can provide both environmental and economic
advantages when assessed across the building life cycle (9). At the city scale, the concept
of urban timber buildings as a “second forest” reframes timber structures as long-term
biogenic carbon stocks, positioning cities as active components in carbon management
strategies (10).

Finally, this Special Issue addresses the transformation of the existing building stock.
The proposed use of laminated timber elements to enhance the seismic performance of rein-
forced concrete buildings illustrates how timber can contribute to retrofit and strengthening
strategies, extending its role beyond new construction while supporting sustainability
objectives (11).

Together, the contributions to this Special Issue demonstrate that timber construction
represents a systemic pathway towards sustainable built environments rather than a singu-
lar material substitution. Progress depends on linking robust territorial and environmental
baselines, innovative and efficient material processing, reliable engineered products, and
credible performance at the building and urban scales. By addressing timber construction
as an integrated system, this Special Issue contributes to a deeper understanding of how
timber can support climate-resilient, resource-efficient, and scalable construction strategies
in the decades ahead.
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Abstract: The relationship between stand cumulative production at harvesting age and
carbon stock for different soil types in forest plantations is critical for sustainable forest
management and climate change mitigation. This study evaluated carbon stocks in Pinus
radiata D. Don on granitic and metamorphic soils in central Chile. We selected 10 plantations
and established three 1000 m? stands per plantation to quantify the carbon stock of total
biomass using allometric equations and in situ carbon assessments of the forest floor and
mineral soil (up to 1 m deep). A strong positive correlation was observed between stand
cumulative production at harvesting age and total carbon stock (2 = 0.767), regardless of
the soil type. Metamorphic and granitic soils demonstrated a high carbon stock capacity,
particularly in deeper soil layers (40-100 cm), with soil contributing over 40% of the total
soil carbon stock. Soil bulk density and carbon concentration were strongly correlated
(r* = 0.74), emphasizing the role of soil physical properties in carbon storage at deep
soil horizons. These findings highlight the critical role of subsoils as carbon reservoirs.
Predictive linear models developed from this study offer a useful and simple approach for
estimating carbon stocks, contributing to national carbon neutrality goals and sustainable
forest management.

Keywords: Pinus radiata; carbon stock; productivity; metamorphic soils; granitic soils;
predictive models

1. Introduction

The increase in greenhouse gas concentrations over the past century, mainly due to
anthropogenic activities, has significantly contributed to global warming and changes in
global temperature and precipitation patterns [1-3]. Forests play a critical role in mitigating
climate change by acting as carbon sinks, offsetting the effects of rising greenhouse gases.
Global forest carbon stocks are estimated to be about 861 Pg C., representing 29% of the
carbon in major terrestrial and oceanic reservoirs [3]. Of this forest carbon, 44% is stored
in soils, 42% in above and below-ground biomass, 8% in deadwood, and 5% in litter [4,5].

Sustainability 2025, 17, 3614 https://doi.org/10.3390/sul17083614
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This distribution highlights the importance of all components of forest ecosystems in the
global carbon cycle. The soil organic matter (SOM) is a key component of soil, which
contains more organic carbon than global vegetation and the atmosphere combined [6].
Also, factors such as stand age [7-9], species composition [10-13], climate, site conditions,
and soil type [13-15] significantly influence carbon accumulation, with more productive
sites having greater carbon storage potential in both biomass and soil [13,16].

Currently, native forests and forestry plantations coexist in the ecosystems, necessitat-
ing a balanced approach that leverages the strengths of both systems to maximize carbon
storage and enhance ecosystem resilience against climate change [17]. Afforestation and
reforestation in managed forests are important strategies for mitigating climate change,
especially in degraded or non-forested areas [18,19]. These practices not only enhance CO,
sequestration but also improve ecosystem services, biodiversity, and soil quality [20-23].
Developing knowledge about the carbon stock capacity of plantations, along with imple-
menting sustainable management practices, is essential to ensure that these plantations
continue to provide valuable goods and services while minimizing their environmental
impacts [24-28].

In Chile, the forestry sector is a key component of the national economy, with Pi-
nus radiata D. Don being the predominant non-native species covering approximately
1,299,451 hectares, which constitutes about 55.9% of the total forest plantation area [29].
This species is recognized for its rapid growth and high biomass production that depends
on advanced genotypes, silviculture, and environmental conditions [30-32]. Numerous
studies worldwide have explored carbon stock in Pinus radiata plantations [13,33-36], high-
lighting the global interest and efforts in understanding and optimizing carbon stock in
these ecosystems. Understanding the carbon stock capacity of Pinus radiata plantations is
essential; however, most existing studies have predominantly focused on carbon stocks in
above-ground biomass, with limited attention given to soils, especially deep horizons, as
significant carbon reservoirs [4,33,37]. This gap underscores the importance of assessing
carbon stocks at greater soil depths to fully capture the sequestration potential of different
soil types [36,38]. Soil types such as sandy, recent volcanic ash, metamorphic, and granitic
exhibit distinct physicochemical and biological characteristics that influence their capacity
to stock carbon. These differences are primarily driven by variations in organic matter
dynamics, nutrient availability, and microbial activity, which collectively govern soil carbon
storage and stabilization [39,40].

Sandy soils, characterized by coarse texture and low water and nutrient retention,
generally exhibit limited carbon storage potential due to reduced organic matter accumula-
tion and microbial activity [36,41,42]. In contrast, recent volcanic ash soils initially provide
high nutrient availability that supports rapid plant growth and carbon input; however,
their long-term sequestration potential depends on factors such as soil stabilization and
sustained organic matter inputs [36,43,44]. Metamorphic soils, with their complex mineral
compositions, are conducive to stabilizing organic matter and reducing decomposition
rates, making them effective for long-term carbon storage [45,46]. Granitic soils, while
limited by coarse texture and low nutrient-holding capacity, can enhance their carbon
sequestration potential through management interventions, such as fertilization, that im-
prove vegetation growth and organic matter accumulation [47,48]. Recent analyses of Pinus
radiata plantations in Chile reveal significant variability in soil carbon stocks across parent
materials. The highest total stocks were observed in soils from marine sediments and
recent volcanic ash (445.4 and 473.2 Mg~ha’1), while the lowest were in lacustrine soils
(144.4 Mg~ha’1). Within the 0-30 cm depth, soils from recent volcanic ash over metamor-
phic rock had the highest carbon values (171.3-172.6 Mg~ha’1), followed by old volcanic
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ash over marine sediments. Lacustrine soils consistently showed the lowest values, with
just 37.6 Mg-ha~! in this layer [13,36].

This study evaluated the relationship between total carbon stock in Pinus radiata
plantations and stand cumulative production at harvesting age. A model was developed
integrating information on carbon stock reservoirs in biomass, forest floor, and soil up to
1 m in depth, based on field data from plantations established on granitic and metamorphic
soils—two predominant soil types in Chilean forestry [13]. The objective is to provide
a predictive model that enhances the understanding of carbon stocks under different
productive conditions. Our findings could serve as a practical tool for landowners to assess
how their management practices align with national carbon neutrality goals, contributing
to climate change mitigation.

2. Materials and Methods
2.1. Study Area and Experimental Design

The analysis was carried out across ten Pinus radiata plantations, selected to represent
a stand cumulative production at harvesting age gradient (18-24 years old, the age at
which radiata pine plantations are harvested in Chile). The plantations are located in
central Chile, spanning the Maule (latitude 35°25’ S) to Araucania (latitude 38°54’ S)
administrative regions. This area features a Mediterranean climate with significant variation
in environmental conditions. Mean annual precipitation ranges from 950 mm in the
northern areas to 2500 mm in the southern regions, while mean annual temperature
decreases progressively from 19 °C in the north to 11 °C in the south (Figure 1). All
selected sites correspond to afforestation areas, meaning that plantations were established
on previously highly degraded agricultural soils. All plantations followed conventional
soil preparation practices, including ripping to a depth of 0.6 cm and disking. Standard
operational fertilization was applied, with NPK 15-13.2-12.5 (100-150 g tree !) and an
additional 2 to 3 g of boron per plant, administered after planting. Annual weed control
was conducted, followed by banded herbicide applications for two years after plantation
establishment. Each plantation was pruned to a minimum height of 5.5 m and underwent
one or two commercial thinnings from below, the first to 700 trees per hectare and the second
to the final stocking density ranging between 400 and 550 trees per hectare, depending on
the specific silvicultural regime of the stand.

Field measurements were conducted between May and November 2023 in plantations
under intensive management. The experimental design includes 5 plantations per soil type,
metamorphic and granitic [49,50], with 3 independent stands of 1000 m? established at each
plantation, resulting in a total of 30 independent stands across all evaluated plantations.
The selected plantations were planted between 1998 and 2004, each consisting of a single
cohort of trees, meaning that all trees within a plantation were of the same age. In each
stand, the diameter at breast height (DBH; measured at 1.3 m) and total height (H) were
measured for all trees. Additionally, 10 forest floor and 15 soil samples were collected
within each stand according to a zig-zag sample design.
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Figure 1. Location of Pinus radiata plantations evaluated per soil type and climate variability. (a) Mean
annual temperature (°C); (b) Mean annual precipitation (mm) and (c) elevation (m a.s.l.) and
administrative regions. Red points represent plantations on metamorphic soils, while yellow points
represent plantations on granitic soils. Plantation code: 1-SPC402, 2-EP530, 3-HH252, 4-L.Q381,
5-SF690, 6-5SM401, 7-HO669, 8-PM437, 9-LD397 and 10-LN574.

2.2. Stand Cumulative Production at Harvesting Age Estimation

Stand cumulative production at harvesting age (Sp, m® ha™!) refers to the current vol-
ume of the stand at the time of harvest, excluding the volume removed during thinning. To
estimate the Sy, the volume for individual trees over bank (Viree, m? tree™1) was calculated
using the allometric Equation (1) established by CMPC Forestal Mininco (1995) [51,52]:

Viree = —0.00214 + 0.0000295 * DBH2 + 0.001349 * H + 0.00002486 « DBH2 x H (1)

where the sum of all Vi per stand was multiplied by 10 to scale the volume on a per-
hectare basis, yielding the stand’s cumulative production at harvesting age (Sp). Finally,
the plantation cumulative production at harvesting age (Pl,) was then calculated as the
mean of the three S, estimates (m® ha™!) in each plantation evaluated.

2.3. Carbon Stock in Above and Belowground Biomass

The aboveground biomass of each tree was calculated using the following published
allometric Equations (2)—(5) developed for Pinus radiata plantations [53]:

AGB; =0.02389 * (D2 ” H)0.93216 o
AGB,, = 0.00127 * (D2 * H)0.99646 .
AGBy, = 0.00431 * (D2 % H)O.92709 W
AGB,, = 0.19428 * (D? % H)"-48666 5

where AGBs is the steam biomass, AGB, is the bark biomass, AGBy,; is the branch, and
AGB,, is the needle biomass, all in kg tree™!. The total aboveground biomass (AGB,))
was then calculated as the sum of all components as Equation (6):

AGBipsq1 = AGBs + AGBy, + AGBy, + AGB,, (6)
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The belowground biomass (BGB, kg tree!). of each tree was calculated using
Equation (7), which estimates the total root biomass as follows [53,54]:

BGB = exp (0.902 * [n(AGBtotal) — 0.7368) )

The carbon stock of each individual tree was estimated by multiplying AGB, and
BGB by a carbon factor (CF), representing the carbon fraction in each biomass component.
For this calculation, a CF of 0.48 was used, as recommended by the IPCC (2013) [55]. The
carbon stocks of all trees within each stand were summed, and the mean value across
the three stands of each plantation was calculated. This value was then scaled to a per
hectare basis to estimate the aboveground biomass carbon stock (CAGB, Mg-ha~') and
belowground biomass carbon stock (CBGB, Mg-ha~!) for each plantation. The sum of both
estimates provided the aboveground and belowground carbon stocks (CTGB).

2.4. Forest Floor Sampling and Carbon Estimations

Forest floor samples were collected from all plantations. Ten sample points of litter
(L) and coarse woody debris (W) were taken in each stand using a circular cutting frame
(25 cm diameter). In total, 600 forest floor samples (10 sample points x 2 sample types (L
and W) x 3 stands x 10 plantations) were obtained. Each floor sample was oven-dried at
65 °C for 48 h and weighed. The dried samples for each forest floor type were composited,
homogenized, and ground using a 250 pm sieve blade mill for each stand. A 5 g subsample
was obtained to analyze the carbon concentration (C) in litter and coarse woody debris
of each stand. The values obtained were averaged to provide a value per plantation (FFy
and FFyy). The forest floor carbon stock for each sample type per plantation (FFCy, and
FFCy) was determined by multiplying the dry biomass weight by the carbon concentration
(C) and then scaled to a per hectare basis. Finally, the total forest floor carbon stock per
plantation (FFCt) was calculated by summing the FFCy, and FFCyy values. All analyses
were conducted at the Soil, Water, and Forest Research Laboratory (LISAB, by its Spanish
acronym) Faculty of Forest Sciences, University of Concepcién, Chile.

2.5. Soil Sampling and Carbon Estimations

Soil samples were collected from 10 plantations at three depths (0-20, 2040, and
40-100 cm) using an auger, following a zigzag sampling design. Fifteen samples were taken
per depth within each stand and then pooled into a bucket per depth. After completing the
sampling for each stand, the contents of each bucket were thoroughly mixed on a tarp to
create a composite sample of approximately 250 g per depth. In total, 90 composite soil
samples (3 depths x 3 stands x 10 plantations) were obtained. The samples were air-dried
and sieved through a 2 mm mesh to remove roots and plant debris. A 10 g subsample
of each composite sample was oven-dried at 65 °C for 24 h, and a 5 g subsample was
subsequently analyzed for organic carbon (Cd) and total nitrogen (Nd) concentrations
using an Infrared Mass Spectrometer (IRMS, SERCON).

Additional soil samples were collected from each stand at three depths (0-20, 2040,
and 40-100 cm) using a metal cylinder with a volume of 100 cm?®. These samples were
oven-dried at 65 °C for 24 h to determine their dry mass. Bulk density (BDd, g/cm?) was
calculated as the ratio of the oven-dried mass to the cylinder volume, and soil texture was
determined via the Bouyoucos hydrometer method. All analyses were conducted at the
Soil, Water, and Forest Research Laboratory (LISAB, by its Spanish acronym) Faculty of
Forest Sciences, University of Concepcién, Chile.

Soil organic carbon stock for each depth (SOCd, Mg-ha~!) was calculated by using
Equation (8) [56]:

SOCd=Cd «*BD *xd x (1 —9) (8)
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where Cd is the soil organic carbon concentration, BD is the soil bulk density, d is the depth
(cm), and ¢ is the proportion of rock fragments (>2 mm).

The mean value for each depth per plantation was calculated, and the total soil organic
carbon stock (SOCrt) until 1 m of depth per plantation was determined by summing the
mean SOCd estimates at each depth.

2.6. Statistical Analysis

The software R version 4.3.3 [57] was used for all statistical analyses. We tested the
data for independence of residuals, equality of variance (homoscedasticity), and normality
of residuals using diagnostic plots and Shapiro-Wilk and Levene’s tests. Analyses were
performed without data transformation. An analysis of variance (ANOVA) was conducted
for each carbon reservoir, total carbon stock, and all stand inventory estimates to evaluate
mean differences between soil types. Regression models were used to determine the
relationship between stand cumulative production at harvesting age and total carbon
stock with the function Im () in R. The models were selected based on their relevance,
i.e., adjusted coefficient of determination 72 closer to 1 and lower p-value. Additionally,
predictive models were developed to estimate carbon stock based on the factors considered
in the analysis. These predictions were generated using the total carbon stock per plantation
(C_Total), which was calculated as the sum of carbon stocks estimated in the reservoirs,
including soil carbon (SOCr), forest floor carbon (FFCr), and biomass carbon (CTGB). The
predictive models were developed to estimate C_Total based on Sy, and soil type (SoilType,
categorical: granitic or metamorphic). The selected model included an interaction term
to account for potential differences in the relationship between S, and C_Total across
soil types:

C_Total = B0 + B1 (Sp) + B (SoilType) + B3 (Sp x SoilType) + € 9)

Predictions were generated by creating a sequence of Sp values and combining them
with the two soil type categories. Using the fitted model, we applied the predict() function
in R to estimate C_Total under different combinations of predictor variables.

3. Results
3.1. Plantation Cumulative Production at Harvesting Age

No significant differences were observed on average for diameter at breast height
(DBH, p = 0.96), total height (H, p = 0.68), number of trees (Nirees, p = 0.33), and plantation
cumulative production at harvesting age (Plp, p = 0.7) estimates between metamorphic and
granitic soils (Table 1). Results showed the existence of a gradient of cumulative production
at harvesting age among the plantations for both soil types.

Table 1. Mean stand characteristics for each plantation.

Administrative Plantation . . a Age Nirees DBH Pl
Region Code Soil Type Soil Order (Yeirs) (Tree ha—1) (Tree ha—1) H (m) (m3 hzfl)
Biobio SM-362 Granitic Inceptisol 18.8 550.0 29.1 (+1.5) 27.3 (+0.6) 362.9 (+29.0)

La Araucania LD-397 Granitic Inceptisol 19.8 473.3 30.4 (+0.8) 30.6 (+0.4) 397.9 (+6.8)
La Araucania PM-437 Granitic Ultisol 21.8 503.3 34.2 (+1.0) 25.8 (+0.1) 437.4 (+28.1)
La Araucania LN-574 Granitic Ultisol 20.8 510.0 36.6 (+1.6) 30.6 (+0.3) 574.6 (+35.0)
Biobio HO-669 Granitic Inceptisol 24.8 526.7 36.0 (+0.7) 34.2 (+1.2) 669.8 (+15.3)
Nuble HH-252 Metamorphic Entisol 19.8 496.7 27.7 (+0.9) 22.7 (+1.6) 252.7 (+28.9)
Biobio LQ-381 Metamorphic Inceptisol 20.8 550.0 29.7 (+1.0) 27.1 (+1.2) 381.5 (+64.8)
Maule SPC-402 Metamorphic Alfisol 19.8 473.3 32.0 (+0.8) 30.0 (+1.3) 402.8 (+19.0)
Maule EP-530 Metamorphic Alfisol 20.8 490.0 35.8 (+2.2) 30.2 (+1.2) 530.1 (+50.8)
La Araucania SF-690 Metamorphic Ultisoles 24.8 436.7 40.6 (+0.7) 33.5 (+0.6) 690.4 (+6.0)
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Table 1. Cont.

Administrative Plantation . . a Age Nirees DBH P,
Region Code Soil Type Soil Order (Years) (Tree ha—1) (Tree ha—1) H (m) (m3 ha-1)
Granitic Soils (Mean) 512.7 ns 33.3ns 29.7 ns 488.5 ns
Metamorphic (Mean) 489.3 ns 33.2ns 28.7 ns 451.5ns
p-value 0.33 0.96 0.68 0.7
2 [58], Standard errors of the mean (SEM) are given in parentheses. Tree number (Niees), diameter at breast height
(DBH), tree height (H), and plantation cumulative production at harvesting age (Plp,). (ns) indicate no-significant
differences between the means of soil types considering an ANOVA analysis (p < 0.05).
3.2. Soil Horizon Characteristics
We evaluated bulk density, C/N ratio, carbon concentration, and the percentage
of clay, sand, and silt in three soil horizons from forest plantations with varying P,
levels using soil pits (Table 2). Linear regression analyses for each soil type showed a
significant relationship between carbon concentration and bulk density, in which higher
carbon concentrations were associated with lower bulk density values. High PI,,, such as
SF-690 (690.4 m3-ha~!) and HO-669 (669.8 m3-ha~1), are associated with surface horizons
(020 cm) exhibiting higher total carbon content (4.33% and 5.78%, respectively) and lower
bulk density (1.16 g-cm3 and 0.71 g-cm?, respectively). The relationships were stronger in
metamorphic soils (2 = 0.74, p-value < 0.0001) compared to granitic soil (> = 0.5, p-value <
0.0002).
Table 2. Soil horizon characteristics based on pit descriptions.
Soil Plantation Depth B.D. C total C/N. Clay Silt Sand
Type Code (cm) (g cm®) %
0-20 149 1.61 24 24.0 26.4 49.7
SM-362 20-40 1.38 0.91 10 27.9 26.7 45.4
40-100 1.44 0.6 5 38.1 43.0 18.9
0-20 1.35 4.12 31 11.7 33.2 55.1
LD-397 20-40 1.28 0.63 25 24.7 30.2 45.2
40-100 1.46 0.23 2 29.8 29.4 40.8
Granitic soil 0-20 1.23 1.76 23 27.6 25.8 46.6
PM-437 20-40 0.89 1.99 26 29.7 22.8 47.5
40-100 1.36 0.45 14 35.2 31.1 33.6
0-20 0.71 5.78 21 26.2 24.2 49.6
LN-574 20-40 1.15 2.18 23 459 19.3 34.8
40-100 1.21 1.01 16 27 11 61.8
0-20 1.23 2.56 29 24.0 38.4 37.6
HO-669 20-40 1.45 1.21 22 15.9 38.2 459
40-100 1.50 0.6 13 50.9 224 26.7
0-20 1.58 0.75 15 15.7 54.0 30.3
HH-252 20-40 1.56 0.81 16 20.4 39.7 39.8
40-100 1.71 0.25 9 27.1 25.6 47.3
0-20 1.52 1.78 17 38.3 17.1 44.6
LQ-381 20-40 142 1.32 14 30.1 54.0 15.8
40-100 1.48 0.68 9 41.4 46.1 124
Metamorphic 0-20 1.20 2.97 31 31.7 52.0 16.3
SPC-402 20-40 1.39 1.77 29 11.3 38.3 50.4
40-100 143 0.39 10 23.1 38.9 38.0
0-20 1.16 4.33 21 33.7 414 249
EP-530 20-40 1.30 2.35 16 23.8 47.1 29.2
40-100 1.39 217 14 494 30.1 20.9
0-20 0.92 11.97 14 64.1 28.2 7.7
SF-690 20-40 1.13 9.06 17 15.2 38.0 46.8
40-100 1.29 3.81 12 139 23.1 63.0

B.D. = Soil Bulk density; C total = Total carbon; C/N = carbon-to-nitrogen ratio.
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3.3. Carbon Stock

No significant difference was observed for aboveground and belowground carbon
stock estimates between soil types (p-values of 0.46 and 0.41, respectively) (Table 3). The
linear regression model analyzing CTGB as a function of stand cumulative production
at harvesting age (Sp), combining data from both soils, showed an overall good fit (r?
=0.99, p-value = 1.92 x 10~*!). When analyzed separately by soil type, the regression
lines showed almost identical intercepts (13.06) and slopes (0.318). This indicates that soil
type does not significantly alter the relationship between S, and CTGB, emphasizing the
dominant role of cumulative production at harvesting age in determining biomass carbon
storage (Figure 2a).

Table 3. Mean carbon stock across soil types and plantations.

Plantation Soil Type Pl, CAGB CBGB FFCrt SOCt C Total
Code (m3 ha—1) (Mg-ha=1) (Mg-ha-1) (Mg-ha—1) (Mg-ha-1) (Mg-ha-1)
SM-362 Granitic soil ~ 362.9 (429.0) 102 27 19.8 143 291.8
LD-397 Granitic soil ~ 397.9 (£6.8) 110 28 14.64 220 372.64
PM-437 Granitic soil ~ 437.4 (£28.1) 121 31 9.24 181 342.24
LN-574 Granitic soil ~ 574.6 (+35.0) 157 40 24.06 353 574.06
HO-669 Granitic soil  669.8 (£15.3) 181 45 31.2 213 4702
HH-252 Metamorphic ~ 252.7 (428.9) 72 20 15.8 138 245.8
LQ-381 Metamorphic ~ 381.5 (£64.8) 107 28 112 250 396.2
SPC-402 Metamorphic ~ 402.8 (£19.0) 112 29 56 367 513.6
EP-530 Metamorphic ~ 530.1 (£50.8) 145 37 13.7 329 524.7
SF-690 Metamorphic ~ 690.4 (£6.0) 185 45 26.8 829 1085.8
Granitic Soils 488.5 ns 134.2 ns 34.37 ns 16.89 ns 22197 a 407.47 ns
(Mean)
Metamorphic 451.5ns 124.05 ns 31.77 ns 12.01 ns 382.44b 550.29 ns
(Mean)
p-value 0.7 0.46 0.41 0.056 0.032 0.1

Standard errors of the mean (SEM) are given in parentheses. Plantation cumulative production at harvesting age
(Pp), carbon stock in aboveground (CAGB) and belowground biomass (CBGB), forest floor carbon stock (FFCr),
soil organic carbon stock (SOCr), and total carbon stock (CTotal). (ns) indicates no significant differences between
soil types based on an ANOVA analysis (p < 0.05), while different letters indicate significant differences (p < 0.05).
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© p-value: 1.92 x 1074 o y = 0.039 x+-2.011 °o

fo r%0.999 = p-value: 0.00408 R

S 50 . 2 0.482 ~ A

o 200 S Overall Model:
Q Granitic Soil Model: = 20 y = 0.026 x +4.07
= y=0322x+11.39 9 p-value: 0.000523
g p-value: 3.9 x 1072 [ ° _ r20.414

! 72:0.999 < A

2150 2 A A

m: Metamorphic Soil Model: [55) --" Metamorphic Soil Model:

_8 y= 0316 x +12.954 g A D y= 0019 x+3.46
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Figure 2. (a) Relationship between stand cumulative production at harvesting age (Sp) and biomass
carbon stock (CTGB), and (b) relationship between stand cumulative production at harvesting age (Sp)
and forest floor carbon stock (FFCt). The black circles represent data points (mean stand observations)
from granitic soils, while the white triangles correspond to metamorphic soils. The solid black line
represents the overall linear regression model, which includes both soil types. The dashed line
represents the regression for metamorphic soils, and the dotted line represents the regression for
granitic soils. The p-value, 2, and equation of the regression line for all three models are shown on
the graph to provide insight into the statistical significance and fit of the models.
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For forest floor carbon stock (FFCrt), the mean values per plantation ranged from
5.6 Mg-ha~! in SPC-402 to 26.8 Mg-ha~! in SF-690 (Table 3). There was no significant dif-
ference in average FFCt between soil types (p-value = 0.056). The overall linear regression
model for FFCt explained 41.4% of the variance (r* = 0.41; p-value = 0.000523) with a slope
of 0.026 (Figure 2b). The ANCOVA analysis for the linear regressions by soil type showed
that slopes (p-value = 0.19) and intercepts (p-value = 0.06) were statistically similar for both
soil types, despite granitic soils having a slightly steeper slope than metamorphic soils.

For soil organic carbon stock (SOCr), the mean values per plantation ranged from
138 Mg-ha~! in HH-252 to 829 Mg-ha~! in SF-690 (Table 3). There was a significant differ-
ence in average SOCt between soil types (p-value = 0.032). The overall linear regression
model explained 69% of the variance (r* = 0.69) and showed a significant positive effect
of Sp (p-value = 7.63 x 10°), with a slope of 0.376. The ANCOVA showed statistical dif-
ferences in intercepts (p-value = 0.000187) and slopes (p-value = 0.00899) between soil
types. The linear regression analysis for the relationship between S, and SOCt showed
a higher determination coefficient for metamorphic soils than for granitic soils (0.68 vs.
0.27). This suggests that metamorphic soils have a greater capacity to accumulate carbon
in response to increased Sp. Notably, SF-690, a metamorphic soil site with the highest S,
(690.4 m®-ha~!), recorded the highest SOCt value (829 Mg-ha~!), significantly exceeding
the overall model predictions. This very high SOCt value may be attributed to higher
soil organic matter concentrations, which enhance carbon accumulation. Such deviations
highlight the potential influence of local factors, such as organic matter enrichment or
site-specific conditions, on the relationship between S, and soil carbon stocks (Figure 3a).
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Figure 3. (a) Relationship between stand cumulative production at harvesting age (Sp) and soil
carbon stock (SOCrt), and (b) average plantation carbon ratio by depth and soil type. The black
circles represent data points (mean stand observations) from granitic soils, while the white triangles
correspond to metamorphic soils. The solid black line represents the overall linear regression model,
which includes both soil types. The dashed line represents the regression for metamorphic soils, and
the dotted line represents the regression for granitic soils. The red circles highlight outlier values
that deviate significantly from the predicted trends, indicating sites with unusual soil carbon stocks
relative to their Sp. The p-value, r?, and equation of the regression line for all three models are shown
on the graph to provide insight into the statistical significance and fit of the models.

There was no effect of sampling depth on the distribution of soil organic carbon stock
(SOCr) (p-value = 0.28), with values ranging from 25% to 44% (Figure 3b).

For total carbon stock (CTotal), the mean values per plantation ranged from
245.8 Mg~ha’l in HH-252 to 1085.8 Mg-ha’1 in SF-690 (Table 3). There was no signif-
icant difference in average CTotal between soil types (p-value = 0.1). The overall linear
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regression model explained 76.7% of the variance (> = 0.767; p-value = 3.14 x 10~8) with a

slope of 0.737. The ANCOVA for the linear regressions detected significant differences in

intercepts (p-value = 0.000255) and slopes (p-value = 0.010914) between the two soil types.

The regression model showed a stronger relationship between S, and carbon stock for
the metamorphic soil (> = 0.768, p-value = 1.83 x 10~°) than the granitic soil (> = 0.586,
p-value = 0.0008). For metamorphic soils, three outliers were observed at one site where

high stand cumulative production at harvest age was associated with unusually high

carbon stock values (Figure 4a).
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Figure 4. (a) Relationship between stand cumulative production at harvesting age (Sp) and total

carbon stock (CTotal), and (b) Relationship between observed and predicted total carbon stocks.

The black circles represent data points (mean stand observations) from granitic soils, while the

white triangles correspond to metamorphic soils. The solid black line represents the overall linear

regression model, which includes both soil types. The dashed black line represents the regression for

metamorphic soils, and the dotted line represents the regression for granitic soils. The dashed red line

represents the 1:1 line, indicating perfect agreement between observed and predicted values. The red

circles highlight outlier values that deviate significantly from the predicted trends, indicating sites

with unusual soil carbon stocks relative to their Sp. The p-value, r?, and equation of the regression

line for all three models are shown on the graph to provide insight into the statistical significance and

fit of the models.

The relationship between observed and predicted total carbon stocks was evaluated to

assess the prediction accuracy of the model (Figure 4b). The predicted values are generally

in line with the observed values, with most data points clustering around the 1:1 line. The
Root Mean Square Error (RMSE) of the model was calculated to be 114.26 Mg-ha~!.

4. Discussion

This study highlights the close and significant relationship of stand cumulative pro-

duction at harvesting age (Sp) on carbon stock in Pinus radiata plantations. Our findings

demonstrated a strong positive linear relationship between S, and total carbon stocks

(r* = 0.767, p-value < 0.001). This relationship is useful for sustainable forest management

and climate change mitigation, as it suggests that plantation productivity can be used as a

practical tool to estimate carbon stock across various sites [36]. These insights are relevant

for the carbon market, planning, and monitoring of forest resources [18]. Additionally, they

provide an indicator for evaluating how the forestry sector can meet the national carbon

neutrality goals set by international agreements for 2050.

The positive and strong relationship (r? = 0.74, p-value < 0.0001) between soil bulk

density and soil carbon concentration indicates that variations in soil physical characteris-

tics, such as compaction or porosity, may play a more critical role in determining carbon

13



Sustainability 2025, 17, 3614

availability at deeper soil layers than soil particle size variations. Since bulk density affects
the movement of air and water, root growth, microbial activity, and the storage and distri-
bution of organic matter, this property is crucial in determining soil carbon content (Ray;,
2019 [59]). This supports the hypothesis that soil structural characteristics significantly
influence carbon stabilization and storage at depth.

The importance of soils as a major carbon reservoir in Pinus radiata plantations agrees
with Olmedo et al. (2020) [13], who reported the distribution of carbon stock across four
pools in Pinus radiata plantations: 196.8 Mg-ha~! in aboveground biomass, 36.8 Mg-ha~!
in belowground biomass, 10.5 Mg-ha~! in the forest floor, and 100 Mg-ha~! in 0-30 cm
soil organic carbon. While our results were consistent with their overall observations, the
deeper evaluation of soils in our study reveals a significant shift in the relative importance
of these pools. In Olmedo et al. (2020) [13], soil accounted for approximately 29% of the total
carbon stock. In contrast, by assessing soil carbon stocks down to 1 m depth, we observed
that soil contributes over 40% of the total carbon stock. These results agree with Bozo et al.
(2024) [36], in which the stock of sequestered carbon is 42.3%. This depth-specific insight
aligns with global assessments, such as those by Pan et al. (2011) [4], which underscore
the importance of subsoils in long-term carbon storage. Our findings highlight that while
aboveground and belowground biomass remain as significant contributors to carbon
sequestration, the deeper soil layers serve as a substantial and previously underestimated
carbon pool, emphasizing the need to measure carbon sequestration at deep soil layers.

Carbon stocks were not significantly different among sampling depths, confirming
that deep soil layers are important contributors to total soil carbon stocks. The high values
for carbon stocks below 40 cm depth may be associated with the developmental pattern of
roots in commercial plantations of Pinus radiata, as the majority of the roots are typically
found within the top 1.5 m of the soil. Therefore, belowground carbon characterization
should not be restricted to shallow soil horizons.

Biomass carbon stocks were predominantly driven by cumulative production at har-
vesting age, with minimal variation attributed to soil type. This suggests that genetic
improvements, silvicultural practices, and climatic conditions are the primary determi-
nants of aboveground and belowground biomass carbon. While differences in forest floor
carbon stocks were not statistically significant, the higher decomposition rates and nutrient
cycling efficiency in metamorphic soils may explain a tendency to show lower forest floor
carbon accumulation [44].

For plantations on granitic soils, interventions such as enhanced fertilization and or-
ganic matter inputs are crucial to improving carbon stock potential. Conversely, plantations
on metamorphic soils may benefit from practices that protect soil integrity and minimize
disturbances to improve carbon stock capacity. The observed relationship between produc-
tivity and total carbon stock underscores the importance of balancing growth optimization
with sustainable management to achieve long-term carbon sequestration goals.

While this study provides valuable insights, some limitations warrant consideration.
The relatively short temporal scope may overlook long-term dynamics of carbon stock
influenced by soil aging, climatic variability, or changes in management practices. Addition-
ally, local factors such as historical land use or genotypic differences in Pinus radiata were
not accounted for and may have contributed to the observed variability. Future research
should focus on integrating landscape-level analyses and extending soil assessments to
other parent materials to refine predictive models.

The predictive linear models developed in this study offer a practical tool for estimat-
ing carbon stocks in forest plantations, providing a scientific basis for decision-making in
forest management. Incorporating these models into national strategies for carbon neutral-
ity can help optimize carbon stock while supporting economic and ecological objectives.
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The predicted values were generally in line with the observed values, with most data points
clustering around the 1:1 line. This suggests that the model is effectively capturing the
general trends. However, some deviations were observed, particularly in plantations with
higher productivity, indicating potential model limitations or the influence of unaccounted
for local factors. The Root Mean Square Error (RMSE) of the model was calculated to be
114.26 Mg-ha~!, reflecting the average magnitude of the prediction error. This low level of
error suggests that the model performs reasonably well but could benefit from additional
predictors or refinement to account for unexplained variance.

5. Conclusions

This study underscores the strong relationship between stand cumulative production
at harvesting age and total carbon stock in Pinus radiata plantations, highlighting its po-
tential as a practical proxy for carbon stock estimates. Our findings demonstrate that both
granitic and metamorphic soils exhibit similar carbon stock capacity. Notably, deeper soil
layers play a critical role in long-term carbon stock, emphasizing the need for comprehen-
sive assessments that extend beyond surface horizons. The predictive models developed
provide a scalable tool for estimating carbon stocks, offering a practical application for
forest management and climate change mitigation strategies. These insights contribute to
optimizing plantation management practices in alignment with national and international
carbon neutrality goals. Future research should explore the influence of long-term soil
dynamics, land-use history, and genetic variability in Pinus radiata to refine carbon stock
estimations and enhance sustainable forestry practices in different soil types.
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Abstract: Water is a fundamental resource for Chile’s productive structure, which is more important
in arid areas, and especially with agricultural uses. This study was based on two basins (Cogoti
and Illapel) located in the Coquimbo Region of north-central Chile. In this region, surface water
rights were closed in 2002 and the only current option is the use of groundwater. These basins have
high water demands due to the use of surface and groundwater for agricultural purposes, a fact that
should influence the sustainability of groundwater reserves over time. The objective of this study was
to determine how much agricultural use has affected the availability of groundwater in two basins.
Under the previous context, the evolution of agricultural irrigation surfaces was evaluated using
Landsat images and forest classifications. Similarly, groundwater reserves were evaluated using the
recessive curves of hydrographs associated with the beginning of each hydrological year. The results
show an increase in the agricultural area between 1996 and 2016, with a subsequent decrease, while
groundwater reserves denoted significant decreases over time. In conclusion, a significant decrease
in the volumes of groundwater reserves in both basins was observed, a decrease that is consistent
with the increase in irrigated areas.

Keywords: land use; Copiap6 Region; overconsumption; Cogoti; Illapel

1. Introduction

Water resources are a fundamental component for life, which are involved in a host
of biological and physical processes [1]. The presence of groundwater constitutes a key
factor for most physiological and biochemical activities [2—4], as well as the functioning of
various ecosystems [5].

In Chile, a generalized decrease is projected for water resources due to the increase in
demands from water users, changes in land use, and climatic variability [6,7]. Likewise, the
availability of water is manifested with limitations in the national territory due to climate
change [8], a phenomenon that is manifested as a lower supply of water resources in Chile.

1,2
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Water demands in the north and central zones of Chile permanently exceed the existing
availability, with agriculture, mining, and drinking needs being the main demanders of the
resource [9,10]. There is clear empirical evidence in Chile that indicates that where mining
and large-scale agriculture coexist in the same region, these areas are affected by water
scarcity [11].

In this scenario, the evaluation of hydrological variables that account for the general
water balance of basins is important. Thus, the flow variable, as an expression of the water
production capacity of a hydrographic system, is a determining factor in the objective of
knowing the state of a given watershed, in the face of scenarios of climate change and the
use of water resources [12].

In the above context, changes in land use for intensive agricultural purposes is a
variable that would have a very strong impact on the water production of various basins,
as well as on groundwater reserves [13]. In this sense, various authors (e.g., [14-19]) have
pointed out that current agricultural practices are not sustainable over time, given that
this activity represents 85% of global water consumption and it is likely that this will
double by 2050 [17]. Another aspect to consider, especially in areas with low amounts
of rainfall, is the use of groundwater to supply the differential demand required for crop
irrigation [13,20-22]. However, this practice reduces the volume of water stored in aquifers
and, if maintained, it is possible to alter groundwater availability or even dry terminate
it [22-25]. This imbalance between water supply and demand is also a factor that will
impact local ecosystems and populations, and its effects will be accentuated by climate
variability and change [26].

Though the decrease in surface water has been widely studied in Chile (e.g., [13,27-31]),
the evolution of groundwater availability is not well understood because its analysis is
more complex [32]. However, it is possible to analyze the variation in reserves using base-
flows as a proxy unit [32,33], thus facilitating the estimation of recharge. Thus, baseflow
and its impact based on overuse is an interesting factor to analyze, which can shed light
on the impact on aquifer reserves. One way to estimate baseflows is through exponential
distributions [34], distributions that have been used to model surface and groundwater
flows at a basin level [35,36].

Based on the above, it is proposed to carry out an analysis of the effects of land
use changes for large-scale agricultural purposes in two basins in north-central Chile,
establishing whether the trends in the values of water reserves have remained stable over
time or have varied significantly to determine whether or not those land use changes have
affected the availability of groundwater in the last two decades.

2. Materials and Methods
2.1. Study Area

The Cogoti and Illapel basins are located in the Coquimbo administrative Region,
between latitudes 29° S and 32° S (Figure 1). The local climate is arid to semi-arid with
a precipitation pattern defined by 2-to-3 wet winter months and a territorial gradient
where precipitation increases from north to south and from the coast (west) to the Andes
(east) [13,37].

Qgis 3.28 [38] and Rstudio 2023 [39] software were used to carry out this study. The
research aims to determine how the surface area of intensively irrigated agricultural areas
has varied in four time periods (1996, 2006, 2016, and 2022). In addition, it aims to establish
the behavior of trends in groundwater storage volumes in each basin studied from 1996
to 2022.
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Figure 1. Location map of fluviometric and pluviometric stations within the two selected basins
under study. Source: Own work.

2.2. Quantification of Land Use Changes
2.2.1. Selection and Delimitation of Basins

The selection of the basins was carried out between the regions of Coquimbo and
Valparaiso, in the north-central zone of Chile, which were subjected to a sorting process
based on the hydrological information available at fluviometric stations. The procedure
began with the selection of fifteen basins, which were identified using the “CR2 Search”
(CR2, 2023), to end with a selection of two basins (Cogoti and Illapel) with fluviometric
information between 1996 and 2022, as previously pointed out. Both basins were delimited
using the QGIS program, based on the methodology proposed by Dixon and Uddameri [40]
(Figure 1 and Table 1).

Table 1. Summary of the fluviometric stations used in this study.

Name of Station ID Drainage Area (km?) Recording Period
Rio Cogoti Entrada Embalse Cogoti 4531002 741 1996-2022
Rio Illapel en el Peral 4726001 2000 1996-2022

2.2.2. Collection and Processing of Landsat Images across Different Time Frames

The effective irrigation areas were determined for four years (1996, 2006, 2016, and
2022) using QGIS and Landsat images. Landsat images (Table 2) from the United States
Geological Survey (USGS) were used for the established periods, thereby allowing the
analysis of the variation of the irrigation surfaces, especially for intensive uses within
each basin.

The satellite codes used were “001 081" and “233 082”. After downloading these
USGS images, the bands from each year were merged using the “Build Virtual Raster” tool.
Subsequently, both areas were combined into a single “Tiff” layer using the “Mosaic” tool
of the Orfeo Toolbox extension (OTB, [41]). The result was clipped to the area of the two
selected basins using the “Clip Raster by Mask Layer” tool.
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Table 2. List of images used for classification.

Year Sensor Cloud Cover (%) Satellite Area * Image Date
001 081 15 January 1996
1996 Landsat 5-TM <10 233 082 28 March 1996
001 081 31 March 2006
2006 Landsat 7-ETM+ <10 233 082 16 March 2006
001 081 23 February 2016
2016 Landsat 8-OLI <10 233 082 4 April 2016
001 081 4 April 2022
2022 Landsat 9 <10 233 082 28 March 2022

* Images sourced from United States Geological Survey (USGS).

2.2.3. Training Polygons

Once the Landsat images were obtained for the areas of interest (basins) and the four
periods, the bands were configured for agricultural areas. Training polygons were identi-
fied, defining two categories: “Agriculture” and “Others”. Intensively irrigated agriculture
was defined as that visible in satellite images, including grazing areas. “Other” encom-
passes non-agricultural areas such as urban areas, bodies of water, native vegetation, and
bare soils, among others. Photointerpretation of satellite images (1996-2022) was carried
out due to the lack of records documenting agricultural growth within the study area.

2.2.4. Land Use Classification

Land cover monitoring using remote sensing data requires robust and accurate classifi-
cation methods that enable the mapping of complex land cover and land use categories [42].
The estimation of the agricultural area was carried out using “Random Forest (RF)”, a
machine learning classifier applied to the Landsat images described in Table 2. RF is a tech-
nique that collects several base models and combines them to obtain improved results [43].
This technique consists of the combination of the concept of “Decision trees” [44] and
Breiman’s “Bagging” [45]. Thus, the concept of “Decision trees” represents an algorithm
to classify information from a set of training data (previously selected) with the aim of
automating and simplifying this process [46]. On the other hand, “Bagging” or “bootstrap
aggregation” would be a type of joint learning, which improves the precision of a weak
classifier by creating a set of classifiers [47]. That is, “Bagging” helps with the generation of
multiple decision trees through the combination of these methods, improving the precision
and generalization of the model [43]. A simplified version of its operation is represented in
Figure 2.

ETrainLng Pulygmlsi

Decision Tree 1 Decision Tree 2 Decision Tree 3 Decision Tree N

Figure 2. Simplified model of the operation of Random Forest.

This technique has been previously used in other Chilean studies, providing good
results [48,49]. Furthermore, training polygons were provided to RF, allowing unsupervised
classification data analysis by estimating missing values through the algorithm. The use
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of the Google Earth Engine cloud geoprocessing platform allowed the implementation of
RF-supervised classification, pixel by pixel, for the four proposed years (1996, 2006, 2016,
and 2022) of the Landsat images.

2.2.5. Estimation of Irrigation Surface

Once classifications were obtained, the results of the RF algorithm were transformed
into vector algorithms using QGIS to calculate the amount of intensive irrigation surfaces
in hectares for the four periods. Its result gave rise to the generation of intensively irrigated
agricultural areas, for each basin and for the four defined years.

2.3. Groundwater Volume Estimation Methodology

Unfortunately, information regarding the size and shape of aquifers in Chile is limited
(non-existent for the studied basins), making it difficult to determine whether surface basins
coincide with them. However, the methodology used in this study allows for estimating
the volume of recharge that the surface basin contributes to the aquifer, as detailed further
down in this paper.

2.3.1. Preprocessing of Data for Calculating Baseflows

The calculation of baseflows was carried out in the two selected basins. This calculation
was based on the information provided by the CR2 flow database [50], which includes
daily flows recorded at its gauging stations (see Figure 1).

The flow analysis period considered data from 1996 to 2022, with particular interest in
those data that were recorded between the beginning of the hydrological year and the end
of the previous one, that is, between 30 March and 2 April for each year of analysis. This
was carried out to determine the recessive behavior of floods when there were lower water
reserves in the basin.

2.3.2. Hydrograph Separation and Model Fitting for the 1996-2022 Period

The focus of this research is on baseflow recession, observable in the typical recession
hydrograph illustrated by Jain [51]. Similarly, Balocchi et al. [52] shows that the recession
curve used includes the second break point of the descending curve of the hydrograph.
According to Pizarro et al. [53], the exclusive inflow of groundwater begins from the third
breakpoint, especially in arid and semi-arid areas. Keeping this in mind, for this research,
the mathematical model of Remenieras, Potential, and Exponential Model 2, here and after
the study by Balocchi et al. [52] (Table 3), were used.

Table 3. Equations for baseflow estimation.

Model Equation Source
Remenieras Q(t) = Qe Balocchi et al. [52]
Potential Q(t) = Qp(1 + «at) -2 Cirugeda [54]
Balocchi et al. Q(t) = Qoe(_z‘x\ﬁ) Balocchi et al. [52]

3571, Qp: Initial recessive flow at time ty. When the flow starts to be fed

Ss7L e Neper’s constant, t: time, «: Recession constant.

Where Q(t): Recessive flow at time t in m
exclusively by groundwater reserves in m

To estimate the groundwater volumes stored in each basin, it was necessary to adjust
each predefined model to the data available for each year and each basin at the beginning
of the hydrological period (end of March or beginning of April). The first step was to
define the value of Q, that is, the maximum flow rate of the recessive or exhaustion
curve and the moment at which this occurs. To do this, on 31 March of each year and
in each basin, the last major flood produced in the area was selected, establishing the
last maximum flow or peak that defined the flood. This could be close to the date under
study or could be delayed by a few months, especially if these are basins located in arid
and semi-arid areas, as was the case. Thus, once the maximum flow is established, the
hydrograph separation methodology [52] establishes that the logarithms of the flows must
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be graphed as a function of time, establishing a semi-logarithmic relationship, InQ versus
t to graphically establish the second break point of the descending curve, which defines
the beginning of the recessive curve at the coordinate (ty, Qp). To clarify how to obtain
the initial flow rate Qo, Figure 3 shows an example of a last flood for the Illapel basin,
before the start of the hydrological year, which occurred in January 1998. An average
daily maximum flow can be seen to be slightly higher than 47 m3s~!. The previous result
(Figure 3) is transformed into a semi-logarithmic graph to estimate the break points in the
curve (Figure 3). Thus, for the second break point, a flow value is obtained on the “Y” axis
(applying an antilogarithm), which is called the baseflow, hereinafter “Qy”, and from the
“X" axis a time, hereinafter “t;”. Once the initial baseflow Qy is defined, another value is
taken corresponding to subsequent weeks or days, that is, a Q(t) at time ty + At. With this
new value, the value of the parameter o for each model considered is obtained (Table 3).
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Figure 3. (a) The last flood of the hydrological year; (b) semi-logarithmic representation of the flood.
Black dots indicate daily Flow while red dashed line is the trend. Source: Own work.

2.3.3. Goodness of Fit (GOF)

In the field of hydrology, error metrics play a fundamental role in evaluating the
quality of fit or in quantifying disparities between predicted and observed values in a time
series [55]. They provide a measure for evaluating and interpreting hydrological models in
terms of their predictive effectiveness based on real data.

The most popular system-scale performance metrics in hydrological modeling are
Nash-Sutcliffe Efficiency (NSE) [56] and Kling-Gupta Efficiency (KGE) [57]. To validate the
authenticity of the data, the use of NSE is ruled out as its value may not be as significant
for highly variable data sets [58]. Instead, KGE is used, which is a more robust metric for
outliers or that considers the synchronization of peaks and valleys [59]. The KGE equation
is defined by Gupta et al. [57] as expressed in Equation (1). For this purpose, Rstudio was
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7

used to establish the KGE values corresponding to each basin and year, using the “Metric’
package [60].

KGE:l—\/(r—1)2+(0c—1)2+(/3—1)2 1)

where 7 is the correlation between the observed and simulated series, « is the relative
standard deviation of the simulated series compared to the observed ones, and S is the bias
(the difference between the averages of the simulated and observed series).

2.3.4. Estimation of Base Volume

With the fitted models, a Q(f) or baseflow (Equation (2)) function was obtained.
Subsequently, to calculate the annual volume of stored groundwater (m3), the expression
of each model adjusted with its corresponding parameters was used. In this context, the
objective was to estimate the volume stored as of 31 March of each year under analysis, or
dates close to them. To this end, it was assumed that there will be no new contributions of
water to the channel, whether from precipitation, snowmelt, or other sources. Therefore, the
area under the curve of the equation that represents each model defined the total volume
stored in the basin after each flood. Since it is very likely that the coordinate (ty, Qp) is on a
date before 31 March, the volume flowing between ¢y and 31 March must be subtracted to
find the volume stored as of 31 March, which is represented in the expressions shown in
Equations (2) and (3).

0o 31March 00
[oawar [T awar= [ o @)
3\ _ 24 (h) = 3600 (s) [
Volume (Hm ) = 1,000, 000 /31Mamh Q(r)dt 3)

2.4. Estimation of Precipitation

The precipitation calculation was carried out at two rainfall stations within the selected
basins using daily data from CR2 [61], from 1996 to 2022 (Figure 1). The selected stations
were Rio Cogoti en Fraguita (04531003) and Rio Illapel en Huintil (04726003).

The analysis was carried out at a monthly level (i.e., the monthly variation of precipi-
tation per year was evaluated) to determine the behavior of precipitation and its possible
impact on the water reserves of the basin.

2.5. Trends

Trend analysis focuses on the long-term trend component. However, it is unfeasible
to achieve infinitely high sampling rates or perfect measurements [62], hence the need
for statistical trend analysis methods. Therefore, in this investigation, the non-parametric
Mann-Kendall (MK) test was applied, which has been frequently used to calculate the
significance of trends in hydrometeorological time series [63].

The MK test examines each possible pair of data points, (x;, y;) and (x;, yj), to determine
whether the pairs have the same relationship with each other, that is, whether there is a
monotonic relationship or not [64]. This makes it possible to determine whether trends in
water reserves show a significant decline over time. According to Pizarro et al. [13], the
MK statistic for a time series of data {Z, k=1, 2, ..., n} is developed through the following
process: (a) The values of the variables are listed in order, that is, from x; to x;, (x1, X2,
..., Xy). (b) The sign of the difference in each pair of values is sought by comparing their
magnitudes (x; — x), with (j > k), following Equation (4). (c) The Mann-Kendall statistical S
is obtained, where if the value of S is positive, it is inferred that the trend is increasing, while
if it is negative, it is inferred that there is a decreasing trend, in which j and k represent two
consecutive years (Equation (5)). (d) Then, based on the indicators, a variance is estimated
for the MK S statistic, which considers the case of ties (Sign x; — x; = 0) obtained in step “b”,
using Equation (6). And, (e) the statistical calculation of Z is carried out using Equation (7).
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1if (X;—X¢) > 0
Sgn (Xj— X;) = { 0if (Xj—X;) =0 @)
~1if (X;—X;) <0

n—1 n
S= Z Z Sng (X] - Xk) (5)
k=1 j=k+1
1 g
VAR = 2o n (n=1) (2 n—|—5)—q_zltq(tq—1) (2 tg+5) (6)

where 7 is the sample size, t; is the frequency of the ties in group g, and g is the number of
groups with ties.
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Once the Z statistic is calculated, it is compared with the p value (0.05), allowing the
null hypothesis to be accepted or rejected. Thus, Hj is rejected if the p value returned by
the MK test is less than 0.05 [65].

The MK calculation was performed using the Rstudio program with the “rkt” pack-
age [66] for the volume series of both basins. Additionally, the rate of change in the time
series was estimated using the Theil-Sen formula (TS), a derivative that is robust to outliers
compared to traditional linear regression [67]. From Equation (8), it is considered that i < j;
i=1,2,...,(n—1);=2,3,..., n Therefore, by combining them, it is possible to analyze
trends in time series, and their use together offers a more comprehensive assessment of the
presence and significance of these trends [67].

(v —vi)
(xj = xi)

The application of the non-parametric MK test to the data series of groundwater
volumes stored in each basin and each year was carried out in two periods. First, the
1998-2010 period was analyzed, excluding the megadrought that has affected the country
since that year, and the period between 1998 and 2020. The objective was to visualize the
trend that stored volumes had before the incidence of a prolonged drought. The simplified
process is illustrated in Figure 4.

Theil — Sen slope = median

®)

’ Selection of fluviometric stations |

Delimitation of basins

Collection and processing of Landsat images Preprocessing of data for calculating baseflows

Hydrograph separation
Model fitting
Goodness of Fit

‘ Estimation of baseflow volumes ‘ | Estimation of precipitation ‘

} I

’ Trend Analysis with MK and Theil-Sen |

Training polygons

‘ Land use classification with RF |

!

Estimation of irrigation surface for the 1996-2022 period

Figure 4. Flowchart illustrating the applied methodology. Source: Own work.
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3. Results
3.1. Land Use Changes

The results of the classification of agricultural land use are presented in Figure 5 for
the four years under evaluation. This surface was estimated by Random Forest and Landsat
images, using the basins delimited in previous steps (“Cogoti” and “Illapel”). Moreover,
each year presented an accuracy of 0.9; 0.8; 0.8, and 0.8, respectively, through Random
Forest classification and using the training polygons (i.e., the estimate is appropriate).
In general, an incremental trend in the agricultural irrigation area amount is observed over
time for each basin until 2016, with a strong decrease in 2022 (Figure 6), most likely due to
the lack of water availability.
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Legend Bl Agriculture Basins

1996 2006 2016 2022

Figure 5. Locations of irrigated agriculture (red) for the Cogoti and Illapel basins (green) in the four

years of analysis. Source: Own work.
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Figure 6. Temporal evolution of irrigated areas. Source: Own work.
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3.2. Estimation of Underground Volumes

During the investigation, it was confirmed that the daily flow data obtained from
CR2 showed a lack of information for different years in the two basins. As a result, the
absence of certain years in the analysis was observed. However, this lack did not prevent
an adequate analysis of the data.

In terms of the determination of the start times of the selected recessive flows as
of 31 March, the first aspect that needed to be addressed was the determination of the
pairs of values (fg, Qp) for each year and for each basin, in order to model the baseflow
in a given period. This determined the need to estimate the second break point of the
descending curve of the flood hydrograph closest to and prior to 31 March. Examples of
results associated with the breakpoints identified in the data for the 1996-2020 period for
the two basins are detailed in Figures Al and A2, which provide a visual representation of
the results segment, allowing for a more detailed understanding of the trends and patterns
identified. An important detail to keep in mind is that the flows, having small values,
which is typical of arid and semi-arid areas, had to be converted to liters per second (15~ 1),
so that the logarithm could have value.

Once the second break points were determined, it was necessary to adjust the math-
ematical models of Remenieras, Potential, and Balocchi et al. [52] to the flow curve.
Goodness of fit was assessed with the KGE test and the results of which are detailed
in Tables Al and A2. In the evaluation of the three models, the average for each basin was
considered. When observing these averages, it stands out that both basins show better
performance in terms of KGE with the Remenieras model, which is the reason it was finally
chosen for further analyses (Figure 7).

1.0

Cogoti Hlapel
Basin

Figure 7. KGE results for the Remenieras model. Source: Own work.

An analysis of the results of the estimation of underground volumes as of 31 March,
for each year and each basin, based on the Remenieras Model, was performed. This volume
estimate is a default because part of the underground volumes in a basin may be evacuated
to another basin, may be evacuated to the sea, or may evaporate from areas upstream of
the control station. However, it is a first approximation to estimating water reserves at a
given time. With this, it was possible to obtain an estimate of the volumes stored in various
temporal scenarios. Based on the integral of the Remenieras’s expression (Equation (9)),
storage volumes were obtained for each basin and times considered. Results are illustrated
in Figure 8. The figure visually denotes a decrease in the volumes stored underground for
the two basins. In fact, the values for some years are so low that they are not seen in the
graph, as exemplified in Illapel for 2013 or in Cogoti for 2020. Cogoti exhibits the lowest
average volume (Table A3), a situation that can be attributed to its smaller area compared
to the other basin under study.
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Figure 8. Estimation result of underground reserves for the Cogoti (left) and Illapel (right) station
with the Remenieras Model.

At the macro level, the trends found are negative and significant in both periods.
The results obtained are presented in Table 4, where it is possible to observe a significant
negative trend of 0.0056 and 0.00178 Hm? for both the first and second periods of analysis,
respectively, at the Cogoti basin. Therefore, it is inferred that an important part of the un-
derground volumes has decreased considerably towards the end of March or the beginning
of April, which is the beginning of the hydrological year.

Table 4. Mann—Kendall trend results for two periods in the two basins.

Basin Period Theil-Sen Slope (Hm®) p-Value zZ

Cogoti 1998-2009 —0.0056 0.049 —1.97
8 1998-2020 ~0.00178 0.014 —245

apel 1998-2009 —0.1389 0.0467 —1.99
P 1998-2020 —0.0296 0.006 —2.75

For the Illapel basin, on the other hand, a significant negative trend is observed for both
periods (Table 4), with 0.1389 and 0.0296 Hm?, respectively. In the 1998-2009 period, the
volume is almost five times greater than in the 1998-2020 period, indicating an accelerated
decline in Illapel even before 2010, when the megadrought began, attributing such a
depletion to the overconsumption of the resource. This is reinforced when considering that
the trends in precipitation, despite being negative, are not significant (Table 5). In other
words, the results of the MK test and the TS slope for the Cogoti and Illapel basins do not
verify trends that are significantly different from zero in both basins.

Table 5. Mann—Kendall trend results for rainfall in two periods in the two stations.

Cogoti Illapel
Month Theil-Sen Slope (mm) p-Value V4 Theil-Sen Slope (mm) p-Value V4
January *
February 0 1 —1.247 0 0.66 —0.633
March 0 0.21 —1.247 0 0.53 —0.633
April 0 0.52 —0.641 0 0.09 —-1.72
May 0 0.88 0.2 —0.003 0.58 —0.547
June —0.0012 0.98 —0.026 0.008 0.84 0.248
July —0.0204 0.51 —0.653 —0.018 0.47 -0.72
August —0.0054 0.8 —0.255 —0.018 0.26 —1.118
September 0 0.5 —0.681 0 0.53 —0.622
October 0 0.6 —0.531 0 0.73 —0.352
November 0 0.41 0.909 0 0.44 —0.765
December 0 0.16 1.576 0 0.16 1.576

* The test was not carried out for January due to the fact that there was no variation in the data.
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3.3. Analysis of the Relationship between Intensive Agricultural Use of Irrigated Land and the
Trend in Stored Underground Volumes over Time

Figure 9 shows a comparison between the variables of intensive agricultural use under
irrigation and the trend in groundwater reserves for the Cogoti and Illapel basins.
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Figure 9. Comparative graph between the trend in stored underground volumes and the use of
agricultural land for irrigation over time at the Cogoti (a) and Illapel (b) basins. The red line is the
Theil-Sen robust trend.

4. Discussion

The results achieved show an increase in the amounts of agricultural areas between
1996 and 2016 at the two study areas; such an increase was 64% and 45% for the Cogoti and
Ilapel basins, respectively. However, in 2022, there was a notable drop in the amount of
irrigation surfaces, returning to the 1996 amount. These results coincide with the agricul-
tural area and production reported by the inventories of the Chilean Natural Resources
Research Center (CIREN) for the Coquimbo Region, where there was a higher value in
2018, but a significant decrease in 2021 [68]. The above could be explained by the presence
of a megadrought that affected the central area of Chile between 2010 and 2020 [69-71].

On the other hand, the drip irrigation method has exceeded 89% in both basins,
highlighting the production of high-value crops such as table grapes, avocados, and citrus.
In this scenario, it is relevant to note that the evapotranspiration of grapes can vary between
30% and 70% [72], while citrus trees exhibit transpiration rates that fluctuate between 0.15
and 2.30 mm/day [73] and agro-industrial avocado production consumes up to 120% of
the surface and groundwater volumes allocated to agricultural use during dry years [74].
Based on the above, the intense use of agricultural land, with the incorporation of highly
water-demanding crops, is an evident example of the overuse of resources in both basins.
Thus, the most evident proof is that from 2016 onwards, the ecosystem was not able
to withstand the pressure and in a scenario of restricted supplies, it was necessary to
abandon a significant proportion of the land because the amounts of water resources were
not sufficient.

The estimation of underground stored water volumes was made through the in-
tegration of baseflows and the application of various mathematical models, where the
Remenieras model presented the best fit to the existing data. As noted, this analysis was
carried out at the beginning of the hydrological year in the southern hemisphere, that is,
31 March to 1 April of each year, with results showing relevant situations in both basins
under study. Thus, it is important to highlight that the estimated volumes present low
values in general, which is to be expected in basins located in arid areas with average
annual rainfall that is less than 200 mm. In this way, the maximum reserve estimated for
Cogoti in the period studied was 0.69 Hm?, while for Illapel, it was 15.2 Hm?. Likewise,
the lowest value for the same period for Cogoti was 0.3 Hm? and for Illapel, it was only a
few cubic meters, values that are generally very low and reflect the situation of arid areas.
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A similar study was conducted by Balocchi et al. [75], where the influence of native
and exotic vegetation (Pine and Eucalyptus) on baseflows in eight basins in central Chile
was evaluated. The results of this study show no significant differences between native
and exotic vegetation, nor an explicit relationship between cover and baseflow. That is,
no significant effect of cover on baseflow was detected. It should be noted that the exotic
cover used in by Balocchi et al. [75] does not require irrigation and, therefore, the effect
on flows is lower. In this study, an inverse relationship was found between the cover of
fruit plantations and water reserves, mainly explained by a higher water consumption
given that this type of monoculture needs constant irrigation. Another factor to consider
is the prolonged drought affecting the country [69,70], derived from the fact that authors
such as Lee and Ajami [76], when analyzing 358 basins in the United States, found that
prolonged droughts (9-104 months) can impact baseflow amounts, and that these effects
can last up to 41 months after the drought ends. This is important, since the megadrought
in Chile has lasted more than 180 months and, therefore, can have a significant impact on
baseflows. Parra et al. [77] studied water reserves in central-southern Chile, concluding
that the depletion coefficient of the baseflow model is sensitive to dry periods, decreasing
the value of the parameter during these periods.

When analyzing the trends obtained through the MK test, these were separated into
two periods (1998-2009 and 1998-2020). The objective was to be able to see if the situation
prior to the megadrought (i.e., the first period) was similar to the entire period integrating
the megadrought. The results achieved indicate that for both the first and second periods
in the Cogoti basin, a significant negative trend of 0.0056 and 0.00178, respectively, was
observed. The existence of a negative and significant trend, even before the megadrought,
suggests that this situation could be attributed to a variable other than this event. In this
context and as previously mentioned, the excessive use of water resources emerges as a
much more influential factor.

In the case of the Illapel basin, a significant negative trend (TS test) is also seen for both
periods (0.1389 and 0.0296, respectively). The 1998-2009 period presents a volume almost
five times greater than the 1998-2020 period, that is, an accelerated decrease is observed
in Illapel even before 2010, which again reaffirms the overuse of the resource before the
megadrought occurred.

The above is relevant because it indicates that before the existence of the mega-drought,
stored volumes already showed a significant decrease. Likewise, carrying out flow analysis
at the beginning of the hydrological year, that is, when water reserves reach their lowest
point and do not receive new water inflows, provides crucial information on the retention,
storage, and depletion of groundwater [51]. In other words, performing the analysis in the
month of March reduces the relevance of precipitation, since more than 85% of it occurs
between the months of June and September [78].

Having carried out the analysis on the recession flow is relevant because although it
represents the gradual depletion of water storage during periods of little or no precipita-
tion [79], it could still be slightly dependent on the distribution of precipitation [80].

Previous studies [13,81,82] analyzed precipitation trends in the Coquimbo Region,
finding no significant variations. The results from precipitation analysis for the Illapel
and Cogoti basins show a similar behavior, where precipitation trends are negative, but
not significant. Regarding surface flows, negative and significant trends are observed
in the average and maximum flows, which has determined an increase in the use of
groundwater [13]. Similarly, Pizarro et al. [13] investigated the decline of groundwater in
the region and found that the main driver of this decline is overuse (i.e., an anthropogenic
factor). Therefore, this study focuses on crop production and its impact on baseflows.
Moreover, future investigations should re-evaluate the behavior of baseflows and how
climate change has influenced them.

Furthermore, Pizarro et al. [13] point out that in 2004, the basins of the region were
closed for the granting of surface water rights, increasing since that date due to the use of
groundwater. Thus, the apparent growth trend in this type of crop then focused on a very
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drastic use of groundwater, which only decreased in the second half of the 2010s, when
extensive surfaces had to be left unused due to the non-availability of water in a period
affected by the megadrought that hit the country and from which the Coquimbo Region
has not yet recovered. Therefore, it follows that water resources were overexploited beyond
their real capacities. This overexploitation had a significant impact on groundwater avail-
ability, especially considering that this water source supported the increase in agricultural
activity from 2004 onwards.

It is important to mention that rainfall in the central-northern area of the country is
greatly affected by climatic phenomena such as the El Nifio Southern Oscillation (ENSO)
or the Pacific Decadal Oscillation (PDO) [83], which determine that the recharge of aquifers
occurs sporadically [84]. In this framework, the fraction of precipitation that eventually
converts to recharge is therefore comparable in magnitude to the uncertainty range in
recharge quantification methods [85]. However, despite these episodic events, there are
studies that have not considered this variable for the estimation of recharges [86,87].

An important aspect of water scarcity is reflected in the quality of life of nearby
populations. Reduced water availability limits crop and livestock yields, thereby decreasing
family income, a situation that has deteriorated the mental health of these communities [85].
This deterioration has led to migration from rural to urban areas in search of better job
opportunities and quality of life [85,86]. Furthermore, the overuse detected by Pizarro
et al. [13] has the potential to accelerate water scarcity in rural areas, which are usually
used (through deep wells) to address water scarcity in the middle term [87].

On the other hand, it is important to note that in Chile, there is a clear lack of wa-
ter resources management at the basin level [9,88]. This deficiency makes it difficult to
implement sustainable water resource use policies that integrate productive, social, and
environmental aspects in their management and thus mitigate the impact of water scarcity
on the population.

Finally, though cadastral the amount of information on agricultural land in Chile is
limited, extending the timeframe or examining different time scales could provide a more
comprehensive understanding of dynamic changes in groundwater reserves. Additionally,
the studied basins were selected because they are in an area with high amounts of agri-
cultural production and low amounts of annual rainfall. However, further studies should
expand the geographic area under analysis to identify patterns in the behavior of baseflows.
Similarly, factors such as urbanization and mining, as well as climate variation models,
should be integrated in further analyses.

5. Conclusions

Based on the results from this investigation, it is possible to conclude that there was an
increase in the areas allocated to crops with high water demand, in a proportion that was
above the ecosystem’s capabilities, which determined that, in the midst of a megadrought,
large areas of crops were abandoned.

It is also possible to conclude that the use of groundwater has increased and has
determined a significant reduction in existing reserves, as demonstrated by the negative
and significant trends obtained in this study.

Finally, it is concluded that overuse is a problem in these basins, above and beyond
climatic factors, since the negative trends in groundwater availability manifest prior to the
existence of the 2010-2021 megadrought and that determines the need to rethink the use of
water resources under sustainability schemes.
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Figure A1. Graph of Ln Q (1s~!) vs. Time (Days), with the three trend lines in Cogoti for the year
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Figure A2. Graph of Ln Q (157 !) vs. Time (Days), with the three trend lines in Illapel for the year
of 2001.
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Table A1. Values obtained for the Kling-Gupta Efficiency (KGE) Test for the Rio Cogoti Station, the
Cogoti Reservoir Entrance (04531002), for the estimation of recessive flows.

Year Remenieras Potential Balocchi et al. [52]
1998 0.92 0.87 0.79
2000 0.80 0.81 0.76
2001 0.56 0.58 0.60
2002 0.70 0.71 0.65
2003 0.73 0.88 0.73
2004 0.68 0.85 0.77
2005 0.58 0.58 0.53
2006 0.89 0.89 0.81
2007 0.74 0.74 0.62
2009 0.87 0.87 0.95
2010 0.69 0.69 0.57
2011 0.59 0.46 0.35
2012 0.67 0.33 0.34
2013 0.50 0.83 0.69
2014 0.69 0.60 0.45
2017 0.69 0.70 0.58
2018 0.94 —0.04 0.13
2019 0.91 0.78 0.62
2020 0.74 0.70 0.53
X 0.73 0.67 0.61

Table A2. Values obtained for the Kling-Gupta Efficiency (KGE) Test for the Rio Illapel Station, in El
Peral (04726001), for the estimation of recessive flows.

Year Remenieras Potential Balocchi et al. [52]
1998 0.85 0.95 0.84
1999 0.76 0.81 0.67
2000 0.83 0.84 0.69
2001 0.66 0.68 0.62
2002 0.63 0.64 0.59
2003 0.83 0.92 0.73
2004 0.79 0.79 0.68
2005 0.63 0.64 0.55
2006 0.98 0.62 0.53
2007 0.86 0.49 0.43
2008 0.55 0.56 0.50
2009 0.86 0.64 0.54
2013 0.53 0.55 0.54
2016 0.62 0.77 0.64
2017 0.51 0.51 0.41
2020 0.57 0.59 0.64
x 0.72 0.69 0.60

Table A3. Estimated underground volumes for each basin (Hm?).

Year Cogoti Illapel
1996 No data No data
1997 No data No data
1998 0.4918 15.211
1999 No data 0.254
2000 0.0168 0.314
2001 0.0340 2.953
2002 0.0767 1.181
2003 0.6887 8.704
2004 0.0289 0.420
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Table A3. Cont.

Year Cogoti Illapel
2005 0.0311 0.504
2006 0.0124 0.145
2007 0.0075 0.116
2008 No data 0.338
2009 0.0085 0.110
2010 0.0226 No data
2011 0.0007 No data
2012 0.0406 No data
2013 0.0054 0.02655
2014 0.0011 No data
2015 No data No data
2016 No data 0.10089
2017 0.00972 0.73790
2018 0.15065 No data
2019 0.00175 No data
2020 0.00297 1.3 x 1077
2021 No data No data
2022 No data No data
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Abstract: Cellulose and paper produce significant waste such as ash, activated sludge, and sludge
from the pulp and paper industry. Depending on the raw material, legislation, and subprocesses,
these sludges contain around 30-50% organic matter, mainly composed of less than 0.02 mm cellulose
fibers and hemicellulose and lignin. This work used sludge from the pulp and paper industry as a sub-
strate for manufacturing mycelium-based biomaterials using the white rot fungus Trametes versicolor.
Chemical and surface analyses revealed the formation of new materials. Acoustic impedance analyses
revealed that these materials have a noise reduction coefficient and sound absorption average compa-
rable to extruded polystyrene and polyurethane. In addition, the material’s thermal conductivity was
near that of sheep wool. Therefore, the biomaterials fabricated using sludge and Trametes versicolor
have the potential to be a game-changer in the industry as promising thermoacoustic insulators.

Keywords: pulp and paper industry; industry waste; mycelium; thermal conductivity; acoustic
conductivity; construction; insulation

1. Introduction

Expanded polystyrene (EPS) is one of the most widely used thermal insulators in the
construction and packaging industry. EPS-based materials are mainly preferred due to
their low cost and versatility, for almost half of thermal. These materials represent 30% of
insulator materials for the construction market in the European Union [1]. According to
the life cycle assessment developed by Kulakovskaya in Switzerland, the economic and
environmental impacts of EPS boards in 2020 were 662 million CHFs and 134 kilotons of
COs-eq, respectively [2]; however, they have a low recycling rate. A 2018 study revealed
that in 2014, of the 2.2 million tons of polystyrene produced in the United States, only
20,000 tons were recycled, representing a rate of just 0.9% [3]. This is why the pollution
associated with this type of material is a growing environmental concern, not only due to
the large amount of waste but also due to the adverse effects of its waste on ecosystems,
such as the marine ecosystem and human health [4].

Developing new biodegradable materials that can replace petroleum-based materials
while mitigating their environmental footprint represents a tremendous scientific and
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technological challenge. In this context, mycelium-based materials that use white rot
fungi are a cutting-edge alternative to replace EPS in the construction industry. These
materials are manufactured using specialized white rot fungi, which decompose wood
or lignocellulosic waste [5], forming a white and spongy substance that can be used to
produce affordable and environmentally sustainable biomaterials, as reported previously.
For instance, Al-Qahtani et al. [6] reported a review on mycelium-based thermal insulation
for domestic cooling footprint reduction. Volk et al. [7] studied the life cycle assessment
of mycelium-based materials. Charpentier-Alfaro et al. [8] reported on decaying fungi for
mycelium-based materials. Ghazvinian et al. [9] investigated the mycelium-based approach
for architectural applications. Attias et al. [10] studied nanocellulose-mycelium materials.
Teixeira et al. [11] analyzed the production of biodegradable mycelium-based materials
and their mechanical properties using white rot fungi. Huang et al. reported that white rot
fungi can degrade lignin and its derived structures, colonizing wood from living or dead
trees through their intra and extracellular systems of oxidative enzymes [12]. Meanwhile,
Harshvardhan et al. [13] proposed that these biomaterials can be promising tools for the
biotransformation of endocrine-disrupting compounds.

Therefore, white rot fungi can colonize a substrate based on the hyphae bind. The
particles that form the substrate act as an adhesive that holds a mycelial network. This
characteristic and its ability to degrade lignin and cellulose make white rot fungi ideal for
creating materials from lignocellulosic waste, such as those from the pulp industry. These
biomaterials, known as mycelium-based materials (MBMs), possess properties that would
allow them to be positioned as a replacement for traditional insulating and packaging
materials due to their thermal conductivity, sound absorption, and fire safety proper-
ties, being similar to materials such as EPS, which are frequently used in this kind of
application [14-16]. In addition, a 2022 study showed that thermal inertia allows the man-
ufacturing of bricks that reduce temperature fluctuations in buildings compared with other
materials, such as expanded vermiculite and lightweight expanded clay [17].

The addition of nano- and microcellulose has been widely researched to enhance
the mechanical properties of fungal biomaterials. For instance, incorporating 30% cellu-
lose nanofibers improves tensile strength by 30% and elasticity by 44% [10]. Bhagavathi
et al. [18] reported that adding microcrystalline cellulose accelerated the curing process of
polyurethane. Marcuello et al. [19] proposed that hemicellulose improves the interfacial
adhesion properties of lignocellulosic polymers. Studies also show that mycelium foams
grown on cellulose from wastewater treatment have compressive strengths comparable to
expanded polystyrene (EPS) but with double the density [20]. Sayfutdinova and colleagues
found that adding cellulose results in cohesive biomaterials, with microcellulose degrading
in two weeks and nanocellulose in five days, promoting mycelium growth [21]. Bacterial
cellulose improves particle cohesion and increases density and tensile strength, thus en-
hancing compressive strength [14,22]. Additionally, Sun et al. showed that adding 2.5%
cellulose nanofibers to a wood particle substrate yields a biomaterial with improved flexu-
ral strength and elastic modulus [23]. These findings highlight the potential of cellulose
additives to significantly enhance fungal biomaterials, paving the way for sustainable and
high-performance materials.

The sludge generated as waste by the pulp industry, called pulp and paper mill sludge
(PPMS), represents a valuable alternative for incorporating cellulose from these residues.
Including micrometric cellulose could significantly improve the mechanical properties
of the resulting biomaterials, especially in terms of compressive strength. This is partly
because for each ton of paper, around 40 to 50 kg of dry solid waste is generated, of
which 70% is primary sludge. It is worth noting that world paper production exceeded
400 million tons in 2020, and the generation of primary sludge far exceeds 12 million
tons annually [24]. These residues, generated during the cellulose fiber liberation process,
are primarily composed of short fibers of less than 0.2 mm, which are unsuitable for
manufacturing cellulose products, as well as hemicellulose, lignin, and peptides hydrolyzed
during the process (see Table 1) [25-27].
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Table 1. Physicochemical parameters of pulp and paper mill sludge. The range is a compilation from
refs. [25-29].

Apparent Density Humidity H Cellulose Hemicellulose Lignin
(g/em?) (%) P (%) (%) (%)

0.419-0.598 50-75 6.8-8.2 57-72 8.0-12.4 19.7-32.5

Building on these premises, this study verified the hypothesis that applying PPMS to
fabric mycelium-based materials is suitable for thermoacoustic insulation in construction
applications. In particular, MBM was manufactured using sludge from the pulp and paper
industry. For this purpose, the white rot fungus Trametes versicolor was used, which has a
high potential for producing this type of biomaterial [14,16,30,31]. The materials produced
were characterized using physicochemical, morphological, microstructural, and acoustic
analyses, compared with commercially available materials currently available as thermal
and acoustic insulators. This way, its potential use in a sustainable construction industry
was evaluated.

2. Materials and Methods
2.1. Materials

The PPMS was provided by a local pulp- and paper-processing mill as original waste.
In particular, it was kept humid and stored in a plastic bag at room temperature for about
two weeks. The solid agar medium was malt extract Agar (Merck, Rahway, NJ, USA) and
agar-agar (Winkler Ltd., Santiago, Chile).

2.2. Physicochemical and Microstructural Characterization of Sludge

The pH of the received sludge was evaluated by suspending 5.0 g of dry sludge in
100 mL of distilled water. The humidity was determined by drying 100.0 g of the sludge
at 105 °C for 24 h and calculating the difference in mass. The organic matter content was
assessed by calcining 100.0 g of the sludge at 800 °C, with the weight of the remaining solid
corresponding to ash and the mass loss representing organic matter. The sludge samples
were analyzed in triplicate.

Chemical analysis of the sludge was carried out using attenuated total reflection
infrared spectroscopy (Shimadzu IRSpirit FTIR, Japan) and atomic absorption spectroscopy
(Perkin Elmer PinAAcle 900 Series AA). The crystalline phases in the sludge were analyzed
by X-ray diffraction (Bruker D8 Advance, CuKx, Germany). To verify the presence of heavy
metals in the sludge, inductively coupled plasma mass spectrometry (ICP-MS) was used
(Perkin Elmer Elan 9000 ICP/MS, USA).

2.3. Preparation of Biomaterial
2.3.1. Fungal Inoculum

The spawn of Trametes versicolor was selected for its performance in biomass gener-
ation and hyphal extension, as described by Jones et al. [32]. This fungus is known for
degrading lignin and cellulose at higher rates than other fungi, making it particularly
suitable for the present study. Its proven ability to grow on Eucalyptus and pine trees, used
in manufacturing cellulose pulp at the plant that provided the PPMS, further justified its
use in this study. For this study, the spawn of Trametes versicolor AC9911 was sourced from
Agrocontinental Chile S.A. and stored at 4 °C in a breathing bag.

2.3.2. Substrate Preparation

The pulp and paper mill sludge was dehydrated at 105 °C (ECOCELL 111, MMM
group, Germany) for 24 h and stored dry in airtight vacuum bags. To be used as a substrate,
the sludge was rehydrated with excess freshwater, blended for 2 min, and soaked overnight.
The excess water was removed, and the sludge was sterilized in an autoclave (All America,
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25X-2, USA) at 121 °C for 20 min using a polypropylene container. Figure 1 summarizes
the substrate preparation carried out in this work.

Soaking overnight
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Figure 1. Schematic representation of mycelium-based material fabrication.

2.3.3. Mycelium Cultivation and Deactivation

The biomaterials were manufactured by mixing 10 wt.% of Trametes versicolor with
90% of the substrate, which had been sterilized in an autoclave using molds. The molds
were filled layer by layer, compressing and filling to achieve a 1.015 g/cm? density. The
prismatic molds used were 160 x 40 x 40 mm, designed in 3D using Thinkercad (http:
/ /www.tinkercad.com, accessed on 27 August 2024), and printed in PLA (Creality Ender-3
V2, eSUN 1.75 mm). They featured easy-release mechanisms and holes to facilitate gas
exchange between the substrate and the atmosphere.

The samples were then incubated at 28 °C and 85% relative humidity (BIOBASE BJPX-
M150) for 7 days inside the molds, followed by 3 days outside to allow the growth of a white
mycelium covering. All samples were dried in a convection oven (ECOCELL 111) at 80 °C
for 12 to 24 h until their weights stabilized, ensuring a low humidity unsuitable for further
fungal development. The mycelium’s weight, diameter, and height were measured for
each sample before and after drying. The percent shrinkage was calculated by subtracting
the dry volume from the wet volume and then dividing this shrinkage by the wet volume.
Figure 2 shows photographs of the mycelium-based material fabricated using Trametes
versicolor on PMMS.

Figure 2. Photograph of biomaterials obtained using Trametes versicolor on PPMS.

2.4. Hyphae Growth Rate

To measure the hyphal growth rate, malt extract agar (MEA) (48 g/L, Merck) and
a solid medium composed of sludge from the pulp and paper industry and agar-agar
(Winkler) (53 g of dry PMMS and 20 g of agar-agar in 1000 mL of distilled water) were
used. The media were sterilized in an autoclave at 121 °C for 20 min. Molten agar was
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aseptically poured into 90 mm Petri dishes under a laminar flow hood and allowed to
solidify. A single inoculum was placed at the edge of each Petri dish, contacting the wall of
the dish. Each experiment was performed in triplicate. The plates were individually sealed
with Parafilm and incubated at 28 °C and 85% relative humidity in the dark. The radial
growth (mm) was measured daily from the center of the inoculum to the tip of the longest
hypha at the same time each day for 11 days. The plates were photographed and processed
with the Image] software (1.54i version) [33].

2.5. Characterization of MBM

The density of the biomaterials was evaluated following the ISO standard 9427:2003 [34],
considering the biomaterial’s dry mass ratio to its volume. The moisture content was also
determined based on ISO 16979:2003 [35]. The water absorption rate was also evalua-
Japanted following the ASTM standard C 1585 [36].

The biomaterials were chemically analyzed by attenuated total reflectance spec-
troscopy (Shimadzu IR Spirit FTIR, Japan) at 24 °C with 40% relative humidity, averaging at
10 scans with a resolution of 1 cm~!. Additionally, surface analysis of the biomaterials was
performed using field-emission scanning electron microscopy (FE-SEM, Zeiss GeminiSEM
360, Germany) operated at an EHT of 5 keV, which also allowed for a relative chemical
analysis using EDX (Oxford max ultra 40).

2.6. Thermal and Acoustic Analysis

The thermal conductivity of the biomaterials was analyzed using a KD-2 PRO thermal
analyzer with the KS1 probe. Using the transient linear heat source or hot needle method,
the KD2-Pro device was used for thermal analysis and complied with references [37,38].
In the traceability process of the thermal analyzer KD2-Pro with the KS-1 sensor, several
thermal conductivity measurements were performed on glycerin (CAS 56-81-5), whose
thermal conductivity was 0.282 W/mK at 20 °C.

The acoustic conductivity of the biomaterials was studied through an acoustic We
added this reference to the reference section and modified the reference numbers impedance,
according to references [39,40], using a sonometer located 5 cm from the tube entrance,
and then a white noise signal was applied and adjusted to 90 Dba. The sound spectrum
was also adjusted using an equalizer for 1/8 frequency bands between 63 Hz and 5000 Hz.
Before the analysis, an initial test was conducted using an acoustic isolation foam sample
with the exact dimensions of the studied samples. When the sound absorption measures
were similar to those reported by the material supplier or in bibliographic references, each
sample was analyzed. To verify the data consistency, every sample was registered up to
6 times for 5 s at 7 different microphone positions.

2.7. Data Analysis

In this work, the OriginPRO 2016 software, Version 93E (Origin Lab Corporation,
Northampton, MA, USA) was used to process the raw data using different techniques.

3. Results and Discussion
3.1. Physicochemical Characterization of Sludge

Table 2 shows the main physicochemical properties of the sludge used for manufac-
turing the mycelium-based materials in this work.

Table 2. Physicochemical parameters of sludge obtained from a local pulp and paper mill.

S o Organic Matter o
Humidity (%) pH Content (%) Ash Content (%) Color
85+ 2 7.49 £+ 0.07 11.45 £ 0.02 144 £0.1 Grayish
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Figure 3 shows the ATR FT-IR spectrum of the sludge and the main infrared transmit-
tance bands of the chemical components of the sludge, where the presence of characteristic
cellulose signals can be observed. In particular, the stretches characteristic of the O-H bond
specific to cellulose are present between 3595 cm ™! and 3865 cm ! (peaks 8,9, 10, and 11).
Also, the peaks between 2800 cm ™! and 2937 cm ™! (peaks 6 and 7) correspond to the asym-
metric stretches of the C-H bonds of the aromatic and aliphatic groups found in cellulose,
hemicellulose, and lignin. The presence of cellulose is further supported by the peaks at
1054 cm~! and 1030 cm ! (peaks 1 and 2), corresponding to the asymmetric stretches of
the C-O-C bonds present in cellulose [41,42]. The transmittance band at 1684 cm ! (peaks
4 and 5) corresponds to the OH group likely associated with water absorbed in the sludge.
Finally, peak 3 at 1512 cm ! is characteristic of calcium carbonate, which is used in the
Kraft process of cellulose production [43,44].

100
Siﬁ:al Wav;:nml{:n;ber Functional Group
50 4 1 1030 C-0-C bond and glucose C-O and OH stretch
2 1054 C-0-C bond and glucose C-O and OH stretch
3 1512 CaCQO;
P 60 - § 4 1651 C-0 aldehyde group
=2 5 4 3 2 5 1684 OH group
10 4 6 2863 C-H stretch of aromaticand aliphatic groups
7 2837 C-H stretch of aromaticand aliphatic groups
8 3595 -OH of cellulose
20 + ] 3626 -OH of cellulose
10 3730 -OH of cellulose
0 . . : . . " 3865 -OH of cellulose
4000 3500 3000 2500 2000 1600 1000

Wavenumber cm™
Figure 3. ATR FT-IR spectrum of sludge.

Table 3 summarizes the contents of elements detected by ICP-MS. It reveals several
heavy metal ions, such as Cd, V, and Hg, but their concentrations are insignificant. There-
fore, manipulating the sludge in manufacturing mycelium-based materials would be safe
for humans. Additionally, the high contents of calcium, sodium, and potassium ions and
the absence or low concentration of toxic metals favor mycelial growth, indicating that the
substrate is adequate.

Table 3. Chemical composition of sludge (in mm/g) by atomic absorption spectroscopy and induc-
tively coupled plasma mass spectrometry (ICP-MS).

Ca Na K As Ba B Cd A% Hg
11002 £57 3730+ 1.7 1378 £4.0 43+0.1 78144+22 1355+£12 05+£0.01 38.7+0.6 <0.25
Co Cr Cu Mo Ni Pb Se Zn Au
1.3 £0.01 5.6 + 0.02 123 £0.1 3.2+0.04 93+0.2 1.5 £ 0.02 <0.22 947 £ 0.2 <0.23

Figure 4 shows the sludge’s X-ray diffraction patterns, revealing the presence of a
crystalline cellulose phase [41,45], with diffraction peaks located at 20 = 15.04°, 16.88°, and
22.74°, associated with the (1-10), (110), and (200) planes [46], highlighted in red. It has
been reported that cellulose favors the development of mycelia, improving the mechanical
resistance that allows them to spread and explore their environment [21,47].
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Figure 4. X-ray diffraction pattern of sludge sample. The red lines highlight the diffraction peaks
related to the crystalline cellulose phase, as mentioned in the previous paragraph.

3.2. Physicochemical Analysis of Biomaterials

The mycelium-based materials were characterized by scanning electron microscopy to
determine the presence of hyphal fibers, which act as a binding agent in the biomaterial.
Figure 5 shows scanning electron microscopy images of the biomaterials formed from
Trametes versicolor and the substrate formed with the sludge. These images reveal the
formation of filaments of different sizes corresponding to the hyphae of T. versicolor.

Figure 5. SEM images of mycelium-based biomaterials using Trametes versicolor. (a) Exterior face;
(b) interior face.

The hyphal extension rate of Trametes versicolor was evaluated to assess its potential
as a biomaterial for construction applications. Figure 6 shows the radial extension in both
media, MEA and PMMS, revealing that the radial growth rate in MEA increased daily
while the growth rate in the PPMS medium remained constant. Additionally, an analysis
of the cumulative growth in both media showed that the MEA slope was steeper than
that of PPMS. This indicates a difference in nutrient availability between the two media.
MEA provides simple molecules like sugars, readily available for fungal assimilation. In
contrast, PPMS contains more complex molecules that require biochemical processes to be
broken down and utilized by the fungi. A 6.02 mm/day growth rate was observed, slightly
higher than the 5.27 mm/day reported in a previous study [48]. This suggests that Trametes
versicolor could be a promising candidate for biomaterial production using PPMS, as its
rapid hyphal growth would allow for the quick colonization of the support material and
increased biomaterial production.
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Figure 6. Radial extension of Trametes versicolor hyphae in MEA and PPMS. (a) Cumulative growth;
(b) daily growth rate.

The hyphal diameter was also measured using SEM micrography and the Image]J
software. The hyphal mean diameter was close to 1.7 um, as shown in Figure 7, higher
than the hyphae diameter reported for Trametes versicolor in other substrates [49]. Thinner
hyphae could affect the mechanical properties of the biomaterials, which will be evaluated
in future studies.
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Figure 7. Hyphal diameter of biomaterials obtained using Trametes versicolor on PMMS.

Chemical characterization of biomaterials was carried out using FT IR-ATR spec-
troscopy to confirm the formation of a new biomaterial. Figure 8 shows the infrared
spectrum of the biomaterials using the sludge and Trametes versicolor, revealing transmit-
tance bands that disappear and appear compared with the substrate’s infrared spectrum, as
seen in Figure 8. The characteristic bands in the range between 3595 cm~! and 3865 cm ™!
can be related to the O-H bond stretching due to the presence of cellulose. The peaks
between 2800 cm ! and 2937 cm ™! correspond to the asymmetric stretching of the C-H
bond of the aromatic and aliphatic groups found in cellulose, hemicellulose, and lignin.
The transmittance band at 1684 cm ™! is related to the OH group of water absorbed in
the sludge. The peaks at 1054 cm ™! and 1030 cm ™! correspond to cellulose’s asymmetric
stretching of the C-O-C bonds [41,42].
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Figure 8. ATR FT-IR spectrum of Trametes versicolor on PMMS.

3.3. Thermoacoustic Analysis of Biomaterials

The biomaterials obtained using T. versicolor on PMMS were analyzed using acoustic
impedance, according to reference [40]. Table 4 shows the values of the sound absorption
coefficients expressed as noise reduction indices (NRCs) and sound absorption (SAA),
which were obtained for the biomaterial using the sludge as a substrate and Trametes
versicolor. The biomaterial manufactured with T. versicolor on PMMS presented similar
values to those reported for commercially available thermoacoustic insulators, such as
expanded polyurethane and extruded polyurethane. However, its density was higher than
that of traditional isolator materials [50], suggesting that it has potential as an alternative
to commonly used acoustic insulation materials.

Table 4. Sound absorption coefficients of materials.

Noise Reduction Sound Absorption
. . 3 P
Material Density (g/cm?) Coefficient (NRC) (SAA)
Sludge biomaterial with 0.689 0.25 + 0.02 0.25 + 0.02

T. versicolor
Expanded polyurethane 0.028 0.50 -
Extruded polyurethane 0.025 0.33 -

Table 5 shows the thermal conductivity of the biomaterials obtained using the KD-2
PRO thermal analyzer. These results reveal that the biomaterial had similar thermal values
and conductivity coefficients lower than 0.1 W/m K, regardless of the type of substrate
used. In addition, all biomaterials recorded values of thermal conductivity slightly higher
than those of commonly used thermal insulation materials, such as fiberglass and extruded
polystyrene [51,52]. These results demonstrate the potential of this type of biomaterial as a
thermal insulator, which may represent a significant challenge that must be overcome to
gain traction as a viable alternative in the construction industry.

Table 5. Thermal absorption coefficients of biomaterials based on Trametes versicolor.

Thermal Conductivity Coefficient

Material Substrate (W/m K)
Mycelium-based material Sludge 0.052 4 0.003
Fiberglass Not applicable 0.033-0.045
Extruded polystyrene Not applicable 0.025-0.035
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3.4. Prospect for Large-Scale Industrial Use

This study demonstrated that mycelium-based materials produced from forestry
waste, like PPMS, possess significant potential for large-scale industrial applications. These
biomaterials exhibit high porosity, low density, excellent thermal insulation, and satisfactory
sound absorption properties. Furthermore, they are fully compostable at the end of their
lifecycle, promoting environmental sustainability [53]. However, for practical use at a large
scale, there are still some challenges to be addressed:

1. The selection of fungal species: Using native fungi adapted to local conditions could
make the production process more efficient and sustainable [32,54]. These fungi
thrive in their local environment, leading to better and more consistent growth on
forest debris. Alternatively, using economically damaging fungi such as Trametes
versicolor [55], known for their efficiency in breaking down lignocellulosic materials,
could reduce the energy required for incubation.

2. The optimization of growth parameters: The optimization of parameters such as
temperature, humidity, aeration, and modularity to allow the exchange of energy and
matter during the growth process could improve the properties and consistency of
the final product [56].

3. Substrate quality: The contaminant and metal concentration, as well as the additional
processing of the forest waste substrate, such as size reduction and pretreatment,
could improve the homogeneity and performance of biomaterials [31,57,58].

4.  Sterilization: For large-scale production, it is essential to investigate methods that
enable the rapid sterilization of substrates, such as nuclear radiation, to ensure the
development of microbiologically contamination-free biomaterials [59].

Further research and development are essential to overcome these challenges and
enable large-scale industrial use. Optimizing growth parameters, improving substrate
quality, maintaining homogeneity, and developing scalable sterilization techniques will be
crucial for successfully implementing mycelium-based materials from forestry waste in
various applications, such as thermal and acoustic insulation, in building construction.

4. Conclusions

Sludge generated by the pulp and paper industry is now being used as a raw material
for sustainable construction biomaterials based on the mycelium of the fungus Trametes
versicolor. Chemical, physical, microstructural, and surface analyses confirmed the forma-
tion of these new biomaterials. Acoustic impedance analyses revealed that these materials
have a noise reduction coefficient and sound absorption average comparable to extruded
polystyrene and polyurethane. In addition, the material’s thermal conductivity is near that
of sheep wool. These mycelium-based materials produced from forestry waste possess sig-
nificant potential for large-scale industrial applications due to their high porosity, low den-
sity, excellent thermal insulation, and satisfactory sound absorption properties. Therefore,
they are an ecological and promising alternative to conventional construction materials.
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Abstract: Conventional cement production is a major source of carbon dioxide emissions, which
creates a significant environmental challenge. This research addresses the problem of how to reduce
the carbon footprint of cement paste production using agricultural and industrial waste by-products,
namely wheat straw ash (WSA) and silica fume (SF). Currently, accurate models that can predict
the mechanical properties of cement pastes incorporating these waste materials are lacking. To fill
this gap, our study proposes a model based on response surface methodology and Box-Behnken
design, designed to predict the strength of cement pastes with partial substitutions of WSA and SF.
Through mechanical and characterization tests, the model demonstrated high accuracy in predicting
the strength of the pastes, validated with three mixes, which showed maximum errors of less than 6%
at different ages (7, 28, and 56 days). Response surface analysis revealed that replacing cement with
0-20% WSA and more than 5% SF can effectively reduce the carbon footprint by maximizing waste
incorporation. This model allows for the calculation of optimal cement substitution levels based on
the required strength, thus promoting sustainability in the construction industry through the use of
local waste /resources.

Keywords: sustainable concrete; cement paste; design of experiment; silica fume; wheat straw ash;
low carbon; supplementary cementitious material; Box-Behnken Design

1. Introduction

According to data provided by the Global Cement and Concrete Association, 14 billion m3
of Portland cement concrete (PCC) were produced in 2020 [1], and it is estimated that this
production was responsible for 5-8% of global anthropogenic carbon dioxide emissions [2].
Because conventional PCC is a mixture of cement, water, admixtures, and mineral ag-
gregates, its most polluting aspect is the Portland cement manufacturing process, with
emissions of approximately 866 kg COxq per ton [3], and currently about 4.5 billion tons
of cement are yearly produced worldwide [4]. On the other hand, due to an increase in
housing and infrastructure demands, especially in developing countries, it is estimated
that cement production will continue to increase to 5-6 billion tons per year by 2050 [5]. For
example, in Chile, the housing shortage in 2020 was 3.3%, equivalent to 641,421 houses [6],
and in other South American countries, similar amounts are demanded. Among them, the
Brazilian housing deficit stands out with a shortage of more than 6 million dwellings [7].
In Colombia, during 2021, the housing deficit was estimated for the first time, and the
results showed a deficit of 5.24 million households, equivalent to 31% of the country’s
households [8]. Likewise, in 2015, the Argentine Chamber of Construction estimated the
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housing deficit based on data from the 2010 census at 1.8 million homes, equivalent to
16.1% of the total housing stock [9]. This growing demand for housing will result in an
increased demand for concrete production to meet the housing deficit.

For the previous reasons, the concrete industry must move towards sustainability, and
one of the significant measures of such would be reducing CO, emissions related to the
cement content per cubic meter of PCC acting in the reduction of the clinker factor, which
may be accomplished by using supplementary cementitious materials (SCMs) because
such materials have been shown to be effective in significantly reducing emissions [10-12].
These replacements have been used either on site or in cement production and have been
extensively studied. Among the best known are industrial by-products such as fly ash, silica
fume (SF), ground granulated blast furnace slag, limestone dust, and metakaolin, among
others [13-17]. Micro-silica, for example, is an industrial by-product from ferrosilicon
alloys or silicon industries [18], which has been widely studied and used to improve the
physical and chemical properties of concrete because it accelerates the hydration process of
cement at early ages given its fine particle size [19]. On the other hand, a major source of
waste in the world is agriculture since 9.4 billion tons of primary crops such as sugarcane,
corn, wheat, and rice are produced annually to feed the population, and all these crops
have by-products [20]. Many of these by-products can be converted into SCMs, given the
large amounts of biomass residues derived from the harvest, such as leaves, stalks, husks,
or straw [21]. Among the best known are rice husk ash [22-31].

According to cereal production data, wheat is one of the three most-produced cereals,
with an estimated production from 2022 to 2023 of 776.7 million tons, and its consumption
is expected to continue increasing as a result of population growth [32]. On the other hand,
to obtain 1 kg of wheat grain, 1.3-1.4 kg of wheat straw is generated [33]. Although wheat
straw is sometimes used to feed livestock, a large amount is still considered waste, so, in
many countries, it is typically burned in the fields because it is a fast and economical method
to eliminate it. However, this method brings negative consequences such as oxidation of
soil organic matter; generation of greenhouse gases; increased water erosion; air pollution
with particulate matter, which leads to serious health problems; increased risk of fires; and
decreased water permeability, among others [34]. Even though there are alternatives to
burning, none have completely solved the problem [35]. In Chile, this problem persists
given that there is a planted area of more than 623,000 ha, which translates into more than
5 million tons of total stubble throughout the country [36], including crops such as wheat,
oats, malting barley, corn, rice, beans, and lentils. One of the most relevant research projects
carried out in Chile on the addition of agricultural residues in construction used grapevine
shoots with the aim of improving the thermal conductivity of fired clay bricks [37].

Taking into consideration the previous context, this research considered the use of
WSA, started by [38], who demonstrated that this material possessed pozzolanic activity
and triggered the study of this new potential SCM. It is known that the chemical compo-
sition of WSA changes depending on different factors, some related to its place of origin,
such as variations in soil conditions and climate, thus directly affecting its pozzolanic
efficiency [39]. Furthermore, calcination temperature and particle size are also important
when using WSA as an SCM [40]. Early research investigated the controlled combustion of
WSA for 5 h at temperatures of 570 °C and 670 °C [38] and showed that WSA obtained at
670 °C had better pozzolanic behavior. It was then reported that the mechanical properties
“of autoclaved mortar specimens” were improved with WSA obtained by burning straw
at 650 °C for 20 h [41]. Since those studies, several other similar studies have concluded
that the optimum WSA calcination temperature is roughly 600 °C, evidencing that upper
temperatures tend to transform the amorphous silica into crystalline silica, thus reducing
the pozzolanic efficiency [42,43].

Although the WSA is a promising material, its incorporation into cement pastes
presents some negative impacts, such as the loss of strength, which can be improved using
another type of SCM such as SE. To see the relationship between the incorporation of SCM
and changes in mechanical characteristics, response surface method studies have been
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Objective 2 Objective 1

Objective 3

Objective 4

carried out on concretes incorporating industrial and agricultural wastes to evaluate the
mechanical characteristics, but such studies have not been carried out with WSA and SF.
Therefore, the objectives of this research were to predict the compressive strength as a
function of the percentage of cement replaced by SCM, to analyze the physical-chemical
behavior of the materials, to propose ranges that maximize the substitution of cement
by SCM and minimize the loss of strength, and to quantify the reduction in the carbon
footprint of the mixes defined in the research. According to the findings of this research,
up to 30% of the cement can be replaced by the combination of WSA and SF at the cost of
losing up to 24% of compressive strength but achieving an 11% decrease in CO, emissions
from the mix.

In relation to the limitations of the research, it is worth mentioning, on the one hand,
the inherent variability of the WSA nature depending on its origin. On the other hand,
it should be noted that the WSA and SF replacement rates have been set at fixed values:
(0, 10, 20) for the WSA and (0, 5, 10) for the SE.

2. Materials and Methods
2.1. Materials
2.1.1. Research Workflow

Figure 1 below presents the research workflow in a simplified form with the main
objectives of the research.

Process

Experimental design
(BBD) Prediction of com iv
: Code development in R pressive
2 —p- Data analysis. —- P c};tw aTe — strength as a function of %
Compression test results cement substitution by SCM.
at 7, 28, and 56 days.

Sample of WSA, SF —_— Tests . Physico-chemical knowledge
PSD — XRF - SEM ’ Data analysis. 5 of materials.

Prediction of compressive
strength as a function of %
cement substitution by SCM

(Objective 1). Identify and discuss

acceptable substitution
Physico-chemical- ranges.
mechanical knowledge of
materials (Objective 2).

Carbon footprint of
constituent materials Identify the best strategy for
el measuring carbon footprint based [y 2
Results of compression tests onstrength
at 56 days.

Selecting the most
efficient mixes

De_ﬁl?.e Iixing strategies to
minimize strength losses.

Literature Review

Propose ranges to maximize
cement substitution by SCMs
and minimize strength losses.

Quantify the reduction in
carbon footprint in the defined
mixes.

| Results, conclusions and recommendations

Figure 1. Research workflow.

2.1.2. Raw Materials

For this study, high-strength pozzolanic Portland cement supplied by Melon S.A.,

Santiago, Chile, in accordance with ASTM C595 [44] was used with a density of 3000 kg/m?.
WSA was prepared in the lab according to the procedure explained next. SF use in the
research was obtained from a supplier (Sika, Baar, Switzerland) that corresponded to the
product SikaFume®, which has a density of 2200 kg/m?.
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The COg¢q values of the raw materials were obtained from the literature and are shown
in Table 1; specifically, values for the WSA were not found, so an approximate value for
biomass ash is shown.

Table 1. Emissions of CO; in kg per kg of raw material.

Material COzeq (kg/kg) Reference
Cement 0.813 (Maddalena et al., 2018) [40]
Biomass ash 0.05 (Gonzélez-Kunz et al., 2017) [45]
SF 0.00001 (Maddalena et al., 2018) [40]

2.1.3. Preparation of WSA

The straw waste used in this investigation was obtained from durum wheat (Triticum
turgidum var. Durum L.) harvested in Linares, a central region of Chile with a mild Mediter-
ranean climate, Csb according to the Koppen climate classification. The wheat straw was
burned in an electric furnace with an initial temperature of 50 °C and subsequent heating
at a rate of 10 °C/min up to 600 °C for 120 min, following previous pozzolanic efficiency
studies [43,46,47]. Once burned, the wheat straw was rapidly cooled by setting the ashes
at a controlled room temperature of 20 °C. For each calcination, a consistent ash yield of
7% of the original straw weight content was obtained. The resulting ash was then filtered
through a #50 sieve to reduce the particle size and thus increase surface area since fineness
has been reported to yield higher pozzolanic performance [39]. The density of this material
was 2210 kg/m?3 [46].

2.1.4. Definitions of the Design of Mixtures

The definitions of the input levels of the different variables necessary for setting up
the theoretical model were determined from the literature so that calculations could be
made to properly infer intermediate values not studied experimentally [48]. The proportion
of cement to be replaced in mass was based on a literature review so that the maximum
WSA replacement ranged up to 20%, beyond which several authors reported significant
decreases in the pozzolanic reaction [39,49]. Likewise, the maximum SF replacement
percentage was set up to 10% because multiple studies demonstrated a relevant worsening
of the mechanical properties beyond this value [50-52]. Additionally, the water content
represented by the water-binder ratio (W/B) ranged from 0.4 to 0.6 to obtain complete
hydration of the cement particles. The designed mixtures were classified in three categories
or combinations: 100% cement (mono), binary, and ternary mixes using the two SCMs.
In conclusion, the final selected variants entailed W/B ratios of 0.4, 0.5, and 0.6, WSA 0%,
10%, and 20%, and SF replacements of 0%, 5%, and 10%.

2.2. Methods
2.2.1. Experimental Design and Predicting Modeling /Carbon Footprint

The study by Ferreira et al. validates the use of the Box-Behnken design as an efficient
methodology for the optimization of analytical methods. Through various practical exam-
ples, the authors demonstrate that the Box-Behnken design can provide precise results at
intermediate levels of selected ranges, minimizing the number of necessary experiments
and improving the efficiency of the experimental process. This ability to infer results at
intermediate levels supports the application of the Box-Behnken design in a wide range
of scientific and technological research, confirming its validity and utility in the optimiza-
tion of complex analytical methods. Figure 2 presents an illustration of the BBD model
experimental design space. The BBD allows for fewer experimental runs than does a
central composite design (CCD) because the BBD needs only three levels defined (-1, 0, 1),
whereas the CCD needs five (—«, —1, 0, 1, «). This methodology was used to predict the
response variable with three input variables, in which the coefficients were estimated and
adjusted to a mathematical model capable of being adjusted to check the effectiveness of the
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model [48]. The response surface methodology (RSM) allowed for the correct multivariable
analysis, in which the variables of interest were affected by others. The objective of setting
the BBD was that the experiments and thus the data collection would permit a model that
fit in such a way that the response variable obtained accurate values, thus predicting the
behavior of the variable in question. An example would be the determination of local
tendencies, maxima, or minima [53], with the objective of improving the processes involved.
The mathematical formulation of the BDD can be expressed as a quadratic or higher-order
polynomial, as shown in Equation (1):

Y=Bo+Y . Bixi+) . Bixi+ 2;:1 Yo Bixixjte 1

where Y represents the variable to be predicted, x the values of each decision variable, § the
regression coefficients, By the expected value of Y if all the variables associated with the
response are equal to 0, n the number of variables and i, and j and ¢ a random error of the
system [52].

a®

W/B

:

WSA

Figure 2. BBD model.

To calculate the impact of using SCMs on the reduction of the carbon footprint,
COseq/ m? was calculated using the CO,eq values (kg/kg) obtained from the literature
with the mix ratios used on the design considered above.

It can be seen how this value was obtained from Equation (2):

COZ,eq = Pc* COZ,C + Pwsa- COZ,wsa + Osf- COZ,sf )

where CO, ., refers to the kg/m® of CO, equivalent of the ternary mixture, p. refers to
the cement density of the mixture in kg per m3, CO, . are the kg of CO, emitted by kg of
cement, pys, refers to the wheat straw ash density of the mixture in kg per m?3, CO2,wsa
are the kg of CO; emitted by kg of wheat straw ash, and pys and CO, ¢ are, respectively,
the density and CO, emission related to silica fume. As Equation (2) shows, increasing
the replacement with both WSA and SF will decrease the COeq/m?. Therefore, in order
to compare how the resistance obtained was related to the carbon footprint emitted, the
intensity indicator was analyzed, which allowed the estimation of the global warming
potential in the formulations by calculating the amount of binder required (kg/m?) to
provide 1 MPa of resistance and was expressed as CO,eq/m?/MPa.

In order to determine the compressive strength of the 15 mixes (combinations), Table 2
presents how the different levels (—1, 0, 1) were distributed for the three studied variables,
W/B, WSA, and SF, where the last two show the percentage of cement replacement by
weight; for example, for the first mix, the levels were —1, —1, and 0, which means a water-
cement ratio of 0.4, with 0% WSA cement replacement and 5% SF cement replacement.
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Table 2. Summary of the different paste mixes with cement replacement by WSA and SF.

Levels in the BBD Model Experimental Composition
Mixes Nomenclature W/B WSA SF W/B WSA (%) SF (%)
B0.4W0S5 -1 -1 0 0.4 0 5
B0.6W0S5 1 -1 0 0.6 0 5
B0.4W20S5 -1 1 0 0.4 20 5
B0.6W20S5 1 1 0 0.6 20 5
B0.4W10S0 -1 0 -1 0.4 10 0
B0.6W10S0 1 0 -1 0.6 10 0
B0.4W10S10 -1 0 1 0.4 10 10
B0.6W10S10 1 0 1 0.6 10 10
B0.5W0S0 0 -1 -1 0.5 0
B0.5W20S0 0 1 -1 0.5 20 0
B0.5W0S10 0 -1 1 0.5 0 10
B0.5W20510 0 1 1 0.5 20 10
B0.5W10S5-1 0 0 0 0.5 10 5
B0.5W10S5-2 0 0 0 0.5 10 5
B0.5W10S5-3 0 0 0 0.5 10 5

In the mixture’s nomenclature of BBD experimental design, B corresponds to the W/B
ratio, W to WSA, and S to SE.

2.2.2. Mixing and Preparation of Specimens

The materials were mixed in accordance with the ASTM C305-20 standard [54] using
a mechanical overhead stirrer to homogenize the dry components prior to the addition of
water. Cubic specimens were manufactured following ASTM C109-21 [55], with dimensions
of 20 mm to optimize resource utilization. A total of nine specimens were cast for each
cement paste mixture with the aim of assessing the evolution of compressive strength
after 7, 28, and 56 days of curing (three identical specimens for each time interval). The
specimens were stored in a curing chamber, maintaining temperature and relative humidity
conditions as prescribed by ASTM C511-13 [56] for a duration of 24 h. Subsequently, the
specimens were demolded and immersed in water until testing, as can be seen in Figure 3.

Figure 3. Curing of specimens in water.

2.2.3. Particle Size Distribution

The particle size distribution was performed in the raw materials by wet method
laser diffraction using a Mastersizer 2000 (Malvern Instruments, Malvern, UK) Hydro
2000S wet sample dispersion unit with a recirculating pump. The dispersant used was
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isopropyl alcohol. The particle size distribution (PSD) is summarized in Figure 4. The
cement particles had an average particle size (Dsp) of 14.22 um. WSA had a D5 of 32.2 um
and presented a wider distribution, which therefore could have improved the packing
density of the blends [57]. SF was the finest material, with a D5 of 0.674 um; however, in
Figure, it appears as the coarsest material, with a D5y of 113 um, because particles were
agglomerated, so the properties of blended cement pastes may have been controlled by
the agglomerated size of this particle, which led to the pozzolanic reactivity potential of
this SCM decreasing considerably, resulting in an increase in the late-age strength of the
mixtures [58].
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Figure 4. Particle size distribution of raw materials.

2.2.4. Compressive Strength Tests

As per the ASTM C109-21 [55] standard, compression tests were performed on cubic
specimens using a 300 kN-capacity universal testing machine, Laryee UE34300 (Laryee,
Beijing, China), at a loading rate of 2.4 kN/s at 7, 28, and 56 days old, with three specimens
tested at each age. Figure 5 shows the different samples that were tested in compression.

Figure 5. Compression test of samples.

2.2.5. Field Emission Scanning Electron Microscopy/Energy-Dispersive X-Ray Spectroscopy

The field emission scanning electron microscopy (FE-SEM) analysis of all paste mixes
was performed on crushed specimens at 56 days old. Samples of raw materials (cement,
WSA, SF) were also analyzed using a Quanta FEG250 microscope (Federation Equestre
International, Lausanne, Switzerland). All specimens were examined for changes in mor-
phology and composition, and magnification scales were chosen according to representative
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particle sizes. All the samples were spread on carbon tape and coated with a gold layer
approximately 5 nm thick to improve sample conductance.

2.2.6. Isothermal Calorimetry

The isothermal calorimetry was performed in the paste mixtures according to ASTM
C1679-14 [59] using a TAM Air isothermal calorimeter at 23 °C for 7 days with duplicated
samples for each mixture. The fresh mixtures were weighted with an ampoule and directly
placed in the calorimeter. The heat-release rate was normalized according to the weight of
cementitious materials.

2.2.7. X-Ray Fluorescence

The analysis of the samples was conducted using a wavelength dispersive sequential
spectrometer (WDX, 54 equipment). The measurement was performed using the Fast-
Vac34 method.

3. Results and Discussion
3.1. Discussion of the Experimental Results
3.1.1. Field Emission Scanning Electron Microscopy

The morphological characteristics of the materials were visualized by Field Scanning
Electron Microscopy (FE-SEM). It was observed that the SF was in an agglomerated state
with a large spherical shape (see Figure 6a,b) by a large number of fine SF particles,
approximately <1 um (see Figure 6c), which was in concordance with the PSD test shown
in figure.

Figure 6. (a) Morphology of silica fume by electron microscope, (b) agglomeration, and (c) silica fume.

This size of the agglomerated silica particles directly affected the strength of the ce-
mentitious mixes. Since the pozzolanic reaction would only take place at the agglomeration
surface and at early ages, the strength of cement pastes would be most affected because,
for conventional concrete mixes, the aggregates are able to separate these particles [60,61].

The FE-SEM of the rest of the constituents at a scale of 20 um and 200 um is shown in
Figure 7. As can be seen in this figure, cement particles were the smallest, followed by WSA
and SF, respectively. Figure 7a shows the cement with particles of different sizes, where an
angular morphology can be appreciated. Figure 7b,c show two distinct structures: on the
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one hand, elongated and flat structures in the longitudinal direction and, on the other hand,
a honeycomb structure corresponding to a cross-section of the WSA particle. Moreover, as
can be observed, these ashes are very porous, thus explaining the decrease in workability
in the mixtures because the pores absorbed the mixing water [62].

Figure 7. Morphology of cement and WSA. (a) cement particles, (b) and (c) WSA.

3.1.2. X-Ray Fluorescence of Raw Materials

As shown in Table 3, the cement was mainly composed of CaO, S5iO;, Al,O3, and
Fe;O3, which were present in silicate and aluminate forms. SF was composed almost
entirely of SiO, in 95.5% of its weight. Finally, the WSA obtained was mainly composed of
510y, K70, and CaO. However, the oxides did not total 100% because there was organic
matter that was calcined in the form of carbon, and this was not detected by the equipment.

Table 3. Chemical composition of raw materials.

Compounds Cement (%) WSA (%) SF (%)
CaO 59.0 5.33 0.18
SiO; 24.8 27.12 94.50

ALOs 5.80 0.57 -
Fe,05 3.29 0.15 0.14
SO, 2.88 0.79 -
MgO 1.07 0.52 -
KO 0.79 6.81 0.45
TiO, 0.23 - -
SrO 0.09 - -
Cl - 1.18 -
P,0s5 - 0.69 -

Na,O - 0.42 -
MnO - 0.17 -
LOI 2.01 - 4.76
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3.1.3. Isothermal Calorimetry of the Mixtures

The normalized hydration heat and the normalized heat flow from selected mixtures
at 48 h are presented in Figures 8 and 9, respectively. In the mixes nomenclature of BBD
experimental design, B corresponds to the W/B ratio, W to WSA, and S to SF. A water-
cement ratio of W/B = 0.5 was used for all the mixtures in the calorimetry test. The mixtures
used for the analysis corresponded to a cement-only mixture (B0.5W0S0), a binary mixture
with WSA (B0.5W20S0), and another with SF (B0.5W0S10). The B0.5W0S10 mix showed
the highest value of hydration heat when the calorimetry data were normalized by cement.
This result indicated that the B0.5W0S10 mix produced the highest number of hydration
products during the first 24 h.
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Figure 8. Normalized hydration heat.
4 7N

35 T

z BO.5W0S0

s

!

— — — - B0.5W20S0

s

E25+ ¥ NN\ |- BO.5W0S10

3

= 27T

-

©

Q

< 15 +

o

Q

s

® 17

E

a

2 0s 4 ﬁz..--—__‘__‘_._‘_*

0 T t T t } t t T t T t
0 6 12 18 24 30 36 42 48

Time [h]

Figure 9. Normalized heat flow.

On the other hand, with respect to the normalized heat flow of the mixes, the second
peak heat flow is generally related to cement properties such as initial and final setting
times and late compressive strength, among others. In Figure 9, it can be observed that
the mix with the highest heat flow corresponds to the sample with WSA, which has the
lowest compressive strength at 56 d, while the mix with SF has the lowest heat flow and
the highest compressive strength at 56 d.
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3.1.4. Compressive Strength of Hardened Samples

Figure 10 presents the results of compressive strengths for each mix at 7, 28, and
56 days of curing and representative photographs of the failure mechanism. As shown
in Figure 10, cone failure was predominant in the tested specimens, which indicates a
homogeneous load application and good mechanical behavior. In general, compressive
strength increases with age. These results are used to build the model and the regression
analysis is presented in the next section.
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Figure 10. Results of compressive strength (above) and illustration of the failure mechanism (below).

As evidenced in Figure 10, the compressive strength of the different combinations
presented some variability as expected, and some combinations did not have high strength.
The agglomerated silica particles may have directly affected the strength of the cementitious
mixes. Since the pozzolanic reaction only took place at the agglomeration surface and
at early ages, the strength of cement pastes would have been most affected because, for
conventional concrete mixes, the aggregates were able to separate these particles [55,56].
Therefore, based on the literature and results obtained by SEM and PSD, in the mixtures in
this study, the particle size of the agglomerated micro-silica was the one that controlled the
mechanical properties of the cement pastes.

The microstructure of samples at 56 days obtained by FE-SEM is shown in Figure 11.
By comparing Figure 11a,b, it can be noticed that the latter shows more amorphous struc-
tures due to the pozzolanic reaction of SF with unreacted compounds of the cement to form
secondary calcium silicates. In addition, the pore size decreased due to the nucleation of
the cement, causing a more compact microstructure and therefore increasing the strength of
the cement pastes. Figure 11d shows how WSA was incorporated into the mixture, whereas
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Figure 11c, being on the same scale as the control paste, showed a decrease in pore size, an
increase in hydration products, and a densification of the matrix.
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Figure 11. Exemplary FE-SEM images of the B0.6W10S10 paste (28-day average compressive strength
of about 23 MPa) at 56 days. (a) cement, (b) SE, and (c¢) WSA at 1 um, (d) WSA at 20 um.

In summary, the results obtained in the simple compression tests of the cement pastes
with partial substitution of WSA and SF have been satisfactory, obtaining values at 28 days
ranging between 20 and 39 MPa, compared to the 38 MPa obtained with the cement paste
without substitutions.

A more detailed analysis of the results obtained allows us to draw some preliminary
conclusions and highlight some significant data. On the one hand, the reference results,
those obtained for a cement paste without substitutions, are situated in compressive
strengths of around 38 MPa (very similar values for 28 and 56 days), with strengths at
7 days slightly above 20 MPa. This is the specimen with the smallest increase in strength
between 28 and 56 days. On the contrary, the greatest differences in strength between these
ages are found in those specimens with a higher proportion of SF in the mix.

The specimens with the highest results in the simple compression test were those
without WSA substitution and with the maximum proportion of SF substitution, slightly
improving the results at 56 days with respect to the reference specimen, although the results
at 28 days are significantly lower.

The specimens with the lowest results are in general those with maximum WSA
substitution, as expected, although with appropriate adjustments in the SF substitution
percentages and in the W/B mix, satisfactory results are obtained.

3.2. Multiple Regression Analysis and Design Model
3.2.1. Data Analysis and Model Adjustment

The results of the Shapiro-Wilk test, which is a statistical test used to determine
whether a set of data comes from a normal distribution, are presented in Table 4. As shown
in the table, a p value > 0.05 was obtained at all ages; therefore, the null hypothesis could
not be rejected, and the population of data were normally distributed. In addition, the
quantile-quantile graphs shown in Figure 12 for all ages and mixtures evidenced a tendency
towards a straight line, further confirming their normal distribution.
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Table 4. Shapiro-Wilk normality test.

Age \ p Value
7 days 0.97 0.86
28 days 0.97 0.89
56 days 0.97 0.85
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Figure 12. (a) 7-day, (b) 28-day, (c) 56-day quantile-quantile plots.

The results of the analysis of variance of the strength prediction model at 7, 28, and
56 days are shown in Tables 5-7, respectively. The validation method was based on
demonstrating, through the p values < 0.05, which variables were the most important
to represent the regression model. Those variables were to be kept or eliminated from
the model depending on how they affected the predictive fit of the model over the entire
response surface. For all the above reasons, to complete the validation and correct the
model, we also computed the R?, qu djr and lack of fit.

The R? obtained from the model already adjusted for the three ages (7, 28, and 56)
corresponded to R3, ays = 92%, Ry, ays = 93%, and RZ, ays = 83%, respectively. This
indicated a good fit of the regression model and explained more than 80% of the variability
of the data, as well as a significant relationship between predicted and calculated values
for all ages. By taking into account the predictor variables of the three models, we obtained

the Ri‘dj for the three ages, with values of Ri\dj—%lays = 89%, R%‘ldj—ZSdays = 88%, and
R dj—56days = 77%, meaning that the parameters investigated explained a large percentage
of the variation in the sample while the difference was the overall variance not explained by
the model. The predictor variables were chosen through a process of iteration that allowed
the improvement of the model at a global level, with the criteria described above. Finally,
to complete the validation, we analyzed the lack-of-fit, yielding a p valueyg,ys = 0.065,
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p valueygqays = 0.92, and p valuesgqays = 0.47, which is non-significant, implying that the
predictions made by the model were as good as if additional experiments were performed
(maintaining the experimental conditions).

Table 5. Analysis of variance and estimated coefficients of compressive strength for the 7-day model.

Factor Coefficient Std. Error t Value Pr(>I1tl)
Constant 17.62 0.65 27.07 0.0000000001093 ***
W/B —4.69 0.61 -7.7 0.01649 ***
WSA —-33 0.61 —5.14 0.0004356 ***
W/B:WSA 4.13 0.86 4.8 0.0007220 ***
(W/B)2 —2.14 0.89 —24 0.0373727 *

Note: significance codes: 0 “***” 0.001 “** 0.05.

Table 6. Analysis of variance and estimated coefficients of compressive strength for the 28-day model.

Factor Coefficient Std. Error t Value Pr(>Itl)
Constant 25.13 1.14 22.04 0.00001896 ***
W/B —5.31 0.84 —6.32 0.0002274 ***
WSA —5.35 0.84 —6.38 0.0002136 ***
SF —1.53 0.84 —1.82 0.1057541
W/B:WSA 3.48 1.19 2.93 0.0189174 *
(W/B)2 —3.39 1.23 —2.75 0.0249159 *
(SF)2 3.52 1.23 2.86 0.0211537 *

Note. Significance codes: 0 “***” 0.001 “*” 0.05.

Table 7. Analysis of variance and estimated coefficients of compressive strength for the 56-day model.

Factor Coefficient Std. Error t Value Pr(>1tl)
Constant 26.21 1.25 21.04 0.000001308 ***
W/B —5.21 1.17 —4.47 0.001203 **
WSA —5.08 1.17 —4.36 0.001423 **
SF 0.8 1.17 0.68 0.510685
(SF)2 5.52 1.71 3.23 0.008980 **

Note. Significance codes: 0 “***” 0.001 “**’ 0.01.

3.2.2. Models and Interactions Effect of Factors

With the adjustments made and the validations obtained, the following equations for
the compressive strength regression models could be determined, where the variables were

normalized:
2
Crdays = 17.62 — 4.69% —3.13WSA + 4.13% «WSA —2.14 (‘g) 3)
2
Cosdays = 25.13 — 531% — 5.35WSA — 1.53 SF + 3.48% « WSA —3.39 (‘g) +3.52 (SF)? @
w 2
Codays = 2621 5215 —5.08WSA + 0.8 SF +5.52 (SF) 5)

Once the models for each age were defined, it was possible to identify the behavior of
the most important variables and how they affected the compressive strength of the mixes.
Figure 13 illustrates the response surface at different ages: (a) shows the interaction among
the significant variables of the model at 7 days W /B with WSA, and (b) and (c) show the
interaction at 28 and 56 days, respectively, between the variables SF and WSA keeping
W /B constant at the mean level of 0.5.
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Figure 13. Three-dimensional model of RSM. (a) 7, (b) 28, and (c) 56 days with W/B = 0.5.

In general, the effect of the W/B cementitious water ratio decreased the mechan-
ical compressive strength as its levels increased at all ages, which can be observed in
Equations (3)-(5) above, so this ratio was identified as a significant variable in them.

In the 7-day model, we observed that the substitution of cement by WSA was a
significant first-order variable that negatively affected the strength throughout the response
zone and was observed in the regression equation (see Equation (3)). As shown in Table 5,
the interaction between W/B and WSA was significant, mainly because of the variations in
strength caused by both variables (see Figure 14a), because by reducing the W/B ratio from
0.55 to 0.4, the replacement of cement by WSA contributed to the loss of strength more
directly by replacing more mass.

For the 28-day model, the significance of the variables exposed at 7 days was main-
tained for both the first-order variables and the interaction between W/B and WSA, but
the main difference was that now the second-order terms for the variables W/B and SF
were significant. It is important to consider that due to the chemical and morphological
composition of SF, it was to be expected that at late ages, it would begin to have relevance in
the increase in resistance, which was also confirmed by the regression model in Equation (4).
It is also possible to observe the effect of the second-order factors on the response surface in
Figure 13b, which shows concavity on the axis associated with SF. In the same line, in the
contour plots (see Figure 14) relating WSA to SF (see Figure 13b), it is possible to observe
that for the SF axis, approximately from levels —5% to 5%, where the concavity was found,
the resistance decreased.

Finally, the 56-day model further confirmed what was described above because, for
this model, the second-order coefficient corresponding to SF was the only significant one
and largely determined the strength increase at this age (see Equation (5)) because the
highest level of substitution (10%) managed to overcome the strength of the cement-only
mix (see Figure 11). Likewise, from Figure 14c, we can see that from the intermediate level
of replacement, i.e., 5%, up to the highest level of SF, the strength of the mixes increased
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independently of the amount of WSA replacement, maximizing in this range the total
amount of replacement that could be generated with both SCMs.
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Figure 14. Contour plots for (a) 7, (b) 28, and (c) 56 days with W/B = 0.5.
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3.2.3. Model Validation

To validate the RSM, three mixtures were chosen and are shown in Table 8.

Table 8. Validation mixtures to confirm the predictive model.

Mixtures W/B WSA SF W/B WSA (%) SF (%)
B0.5W15510 0 0.5 1 0.5 15 10
B0.51W1259 0.1 0.2 0.8 0.51 12 9

B0.5W12S5 0 0.2 0 0.5 12 5

The experimental results can be seen in Figure 15, where the -P mixtures correspond
to the values predicted by the model while the -E mixtures correspond to the experimental
values obtained at 7, 28, and 56 days. Table 9 shows the model errors with respect to the
mean of the experimental results at each age, where a conservative model was observed,
because in 90% of the cases, the experimental results showed higher values than the model.
Therefore, in addition to accurately approaching the values predicted by the model, the low
errors (the maximum was 6.1%) confirmed the use of the BBD and the RSM to optimize the
design of mixes with SCM cement substitution.
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Figure 15. Predicted (-P) and experimental (-E) mixes from RSM.

Table 9. Model prediction errors as per the validation experiments.

Mixtures Model Error 7 Days (%) Model Error 28 Days (%) Model Error 56 Days (%)

B0.5W15510 48 41 5.1
B0.51W1259 22 5.4 6.1
B0.5W12S5 5.6 0.3 —2.7

3.2.4. Carbon Footprint

In order to analyze the CO,eq emissions of pastes, the kg of CO, per unit volume
(m?) of pastes with a W/B ratio of 0.5 were calculated since this W/B ratio contained
mono, binary, and ternary mixes. First, considering the COeq values (see Table 1), as
the replacement of cement by SCM increased, the CO,/m3 decreased, which is why we
analyzed it on the basis of the intensity index.
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Figure 16 shows the compressive strength and the intensity index, which, as described
in previous paragraphs, allowed us to measure the amount of binder required for 1 MPa of
compressive strength, defined as CO,eq (kg/m?)/strength (MPa) at 56 days. In order to
have a reduction of CO,eq emissions with an increase in compressive strength, the intensity
index needed to be lower.
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Figure 16. Carbon footprint (intensity index) versus 56-day compressive strength.

According to the results, the ternary mixture B0.5W10S5 had the highest intensity
index because, although the total replacement was 15%, the levels used were intermediate,
and, as explained in previous paragraphs, it was the most unfavorable region in terms of
resistance. However, the opposite scenario was the case with B0.5W20510 (also ternary),
which was in the optimal region of replacement to obtain higher mechanical properties.
Comparing both cases, it was possible to determine that the last mix was 29% lower in terms
of COyeq/strength and had a higher resistance at 56 days, confirming that the proposed
region was better in terms of both resistance and reduction of CO, emissions. Furthermore,
compared to the cement-only mix (B0.5W0S0), B0.5W20510 was 11% lower in terms of
CO, emissions.

Finally, it is important to highlight that B0.5W20510 presented lower CO, emissions
per m3, even though its strength was not the highest. At the same time, B0.5W20S0 (only
WSA replacement) presented lower compressive strength and the highest CO; emissions.

Based on the research carried out, optimal recommended proportions for the mixes
are suggested, considering all the variables analyzed and seeking a balance between the
resistances obtained and the equivalent CO; in each case. In this sense, as has previously
been pointed out, the most suitable proportion, based on the results obtained, is the one
with 20% WSA and 10% SF substitution.

4. Conclusions

This research demonstrated that the use of agricultural and industrial wastes, specifi-
cally wheat straw ash (WSA) and silica fume (SF), as supplementary cementitious mate-
rials (SCMs), is technically feasible in certain proportions. Three statistical models were
developed using the Box-Behnken design (BBD) that accurately predicted the strength
of all possible combinations of W/B variables in the range of 0.4 to 0.6, SF at 0-10%
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Abstract: Structural lumber is designed to meet the technical standards that ensure safety, cost-
effectiveness, and sustainability. However, some tree species face limitations in their growth, which
restricts their widespread use. An example of this is Nothofagus alpina, which has excellent mechanical
properties but is not utilized much due to the challenges in extracting its timber and poor utilization,
mainly because of the length of the wood. There is little information concerned with the uses and
better management of small pieces using Nothofagus species, but it is still insufficient. This study in-
vestigates the adhesion performance of green-glued finger joints with varying wood ring orientations
and moisture contents ranging from 21% to 25% using Nothofagus alpina. The primary aim is to assess
how ring orientation and wet timber affect the green gluing process for creating larger wood pieces
than sawn wood. The resulting products could meet the standards for wood serviceability number
three for native Chilean wood. The findings indicate that finger joint performance improves with
higher timber moisture levels. However, the orientation of the wood fibers did not significantly affect
the performance under the tested conditions. It is important to note that this effect may become more
significant near the fiber saturation point. These findings emphasize the need for a detailed protocol
on the green gluing technique for Nothofagus alpina and the associated drying and surface processes
in finger joint construction.

Keywords: Nothofagus alpina; green gluing; finger joints

1. Introduction

Wood is a highly competitive material due to its favorable weight-to-strength ratio and
sustainability criteria [1]. However, due to its natural growth patterns, wood production
faces limitations in size, consistency, and mechanical and physical properties homogeneity.
Glued-Laminated Timber (GLT) or glulam is a technique developed to overcome these
challenges [2,3]. This technology involves creating structurally Engineered Wood Products
(EWPs) by finger-jointing and gluing wood lamellae end-to-end, resulting in a more ho-
mogeneous, shape-stable material. GLT allows the production of massive timbers, up to
30 m in length, which would be difficult or impossible to obtain from a single tree [4]. This
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technique is also valuable for eliminating the natural defects of plain wood, such as knots
or any other defect that reduces mechanical properties.

At the same time, Laminated Veneer Lumber (LVL) and Cross-Laminated Timber
(CLT) are two popular engineered wood products extensively used in modern construction
due to their strength, stability, and sustainability. LVL is mainly used for linear structural
elements and provides high strength and stiffness in one direction. On the other hand, CLT
is used to create large panels with strength and stability in multiple directions, making it
ideal for the walls, floors, and roofs of multi-story buildings. Both LVL and CLT are solid,
stable, and sustainable building materials. They offer significant environmental benefits,
making them a more eco-friendly choice than traditional construction materials [5,6].

In the same way, glued laminated timber, often called glulam, is an engineered wood
product created by bonding layers of wood (known as laminas) with adhesives. This process
enables the production of structural elements in different sizes and shapes, including long
spans and unique designs that captivate interest and are often challenging to achieve with
solid wood [7].

The glulam technique uses moisture above the fiber saturation point (FSP) timber [8].
On the contrary, green gluing is a technique used to bond freshly sawn lumber that has not
been through a kiln or air-drying process [9]. Several authors have reported the impact of
this technique in protecting and assessing native forests. For instance, Lissouck et al. [10]
explained that developing the glulam industrialization of species of wood native from the
Congo basin can mitigate their overexploitation, thus protecting them against rarefaction
and extinction risk. Similar studies have been developed using different native species
worldwide [11-13], a robust background to implement this technique in other species.
However, limited information on research on native Chilean species is found [8,14].

In a previous study by Rosales et al., the feasibility of using the green gluing technique
with Nothofagus Chilean species was tested [14]. The green gluing with timber near or
above the fiber saturation point shows promising results. However, their potential is
limited by the standard for laminated wood products, which require kiln-dried wood for
manufacturing. Typically, wood products are made by machining and gluing dried timber
with a moisture content of around 10%. While manufacturing GLT with green wood and
letting it dry as a final product saves time and energy, the wood tends to retract while
drying, which can cause shrinkage and internal strain in the material until it ruptures.
Hence, the primary challenge of green wood gluing is to ensure that the product can
withstand the drying cycle. At the same time, the lack of regulations for using the green
gluing technique in hardwoods presents a challenge. As a result, this study intends to push
to develop this technique for use in more minor structural elements like pergolas, garages,
and playgrounds. If the method’s focus shifts to small companies and producers, it could
lead to the more sustainable management and production of these types of constructions.

Previously, Sterley and Gustafsson [15] studied the shear fracture properties of one-
component polyurethane (PUR) wood-adhesive bonds. Their article examines the impact of
moisture content (MC) and pressing conditions during the gluing process. This study aims
to improve our understanding of how these factors affect the mechanical performance of
adhesive bonds, especially in green gluing where unseasoned wood is used. The findings
indicate that the precise control of moisture content and pressing conditions is essential for
optimizing the performance of PUR adhesive bonds in wood applications. Additionally, the
study highlights the potential of green gluing techniques to enhance wood utilization and
energy efficiency in the wood processing industry, potentially leading to more sustainable
wood use. These results can serve as a valuable reference for understanding potential
outcomes when using the Nothofagus alpina species and incorporating finger joints.

The finger joint technique may provide a solution to overcome this issue. Pommier
and Elbez demonstrated that finger joints made with green-glued softwood could be
more potent than those made with gluing on dry wood [16]. This situation is due to the
higher ductility of greenwood, which allows the finger profile to fit up to the tipping
point, resulting in a more regular glue line [16]. Despite this information, it is crucial to
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consider the hygroscopicity of wood, which allows the wood products to endure thermal
and hygroscopic variations with the seasons’ changes throughout their life. This anisotropic
wood swelling with humidity variations provokes internal strain that may harm the
beam [4]. Green-glued wood products can suffer swelling while drifting to moisture
equilibrium, but pieces with deformations are reduced.

Furthermore, other factors, such as the length and slope of the finger joint, are closely
related to the strength of a specimen [17,18]. The applied pressure is also crucial for
evaluating the ultimate tensile strength [2,19]. Additionally, the stiffness and thickness of
the bond line are essential factors, as emphasized by Groom and Leichti [20]. Therefore,
the performance of the wood product is critical in the initial cycle.

Wood’s drying process and its direction-dependent shrinkage may be particularly
harmful to the finger joint region depending on the relative orientations of wood rings on
the two sides of the joint. This information could be crucial to overcoming the structural
standard of the norm and implementing green gluing using native Chilean wood. Moreover,
equipping small industries with simple tools and procedures is vital, especially considering
their access to smaller woods. This action not only protects forests with these species but
also reduces the need to replace them with other species (pine or eucalyptus), underlining
the practicality of the proposal and its potential to empower small producers. Due to that,
this research studied the adhesion performance in green glued finger joints using different
wood ring orientations. The results of this research can provide helpful information for
understanding the behavior of green-glued wood sections and thus use them in longer
sections for construction.

2. Materials and Methods
2.1. Selection, Preparation, and Characterization of Wood

The study used Nothofagus alpina (Rauli), a native wood species in Chile with a
500 kg/m?> oven-dry density. Softwood green-glued finger joints have been shown to have
potential by Pommier et al. [16]. Moreover, this study used a one-component polyurethane
adhesive (1C-PUR) due to its good mechanical properties and low environmental impact [2,
21]. This adhesive is certified for structural use in the traditional dry bonding process (13-
18% humidity), that is, on the support of wooden structures (safety data sheet according to
Chilean standard NCh2245:2015) [22]. Nonetheless, this product was used in a previous
report to carry out the green gluing technique with promising results [14].

At the same time, to reduce the uncertainty and variability of wood, all specimens were
made with wood from the same lot, and half of them were dried before gluing. According to
the EN 408 standard, the moisture content in the specimen must be stable when tested (less
than 0.1% mass variation in 6 h). The modulus of elasticity (MOE) of wood was measured
using a FAKOPP Microsecond Timer© (Agfalva, Hungary), designed explicitly for wood
measurements by the Hungarian company Fakopp Enterprise (Agfalva, Hungary) [23,24].
Therefore, the green-glued specimens were dried to Equilibrium Moisture Content (EMC)
corresponding to 14% moisture content for the Santiago of Chile city before being tested.
All specimens were tested at 6-8% moisture content measured with the RDM3 tool by the
Delmbhorst Instrument Company (Towaco, NJ, USA). To appreciate the effect of relative
wood ring orientation, a batch of tests was made for each of these configurations (Figure 1):
Tangential-Tangential (T/T): six dry-glued and six green-glued, Radial-Radial (R/R): six
dry-glued and seven green-glued, Radial-Tangential (R/T): 11 dry-glued and 11 green-
glued. A batch of 10 plain beams without junctions was also tested as a reference. In total,
57 tests were conducted.

Moisture content, reference density (mass and density at moisture content at 14%)
and oven-dry density (mass and density at 0% moisture content) were determined for
each end of the tested pieces according to Chilean standard NCh 176/1 [25] and NCh
176 /2 [26], respectively.
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a b c

Figure 1. Different orientation ring combinations to build the finger joint samples: (a) Tangential—
Tangential (T/T); (b) Radial-Radial (R/R); and (c) Radial-Tangential (R/T).

2.2. Measurement of Moisture

Upon receipt, the sawn board samples measuring 50 mm x 50 mm x 920 mm were
observed and separated based on the orientation of the rings concerning the lumber’s
faces. Only treads with rings tangent to one side (around 20 degrees) were selected for
the study. Each lumber’s humidity was measured using the RDM3 tool from Delmhorst
Instrument Company. To prevent the lumbers from drying, they were kept in plastic bags
when not being manipulated for cutting or gluing. All specimens were prepared within a
minimum period of approximately two weeks to maintain their humidity at environmental
temperature (20 £ 3 °C). These efforts were successful as the moisture content was re-
measured for the green-glued specimens and had not changed. The moisture content
measures varied between 21% and 25%. The moisture measurements were conducted
using the sensor mentioned, which is faster and less intrusive for determining the moisture
content. Furthermore, small companies or producers will be able to utilize this method.

2.3. Drying Protocol

When received, the reference lumber and dry-glued specimens were placed in a dry
oven at 40 degrees Celsius and kept there for nine days. Afterward, they were moved
to laboratory conditions for an additional week before being cut down in a controlled
environment of 20 =+ 3 °C and less than 60 & 5% relative moisture. In Chilean standards
(NCh 176/1 [25] and NCh 176 /2 [26]), it is mandatory to work within the specified range
of temperature and moisture to certify the data’s value. This protocol helped to achieve
a measured moisture content of 6-8%, with very few cracks on the lumber. Most of the
cracks were located at the ends of the lumber, which were subsequently removed.

2.4. Finger Joint Profile Cutting Protocol

The green-glued lumbers squared to 46 mm X 46 mm x 920 mm, while the others
were left to dry. Then, as shown in Figure 2, a 3-axis CNC machine and a finger joint
cutting bit were used to cut the finger joints off. The machine corresponds to Shopbot,
the PRSalpha model. The depth of the finger cutting was determined through tip gap
adjustment tests to find the optimal depth of 11 mm. The ends of the beams were planned
to ensure consistency in the depth of the finger joints, as illustrated in Figure 2. The fingers
were cut in four passes, each being 3 mm, except for the last one, which was 2 mm to limit
defects during the cutting process.

Support was built to cut the finger profile in half and specimens 12 by 12, using the
same CNC machine as the finger profile to guarantee orthogonality between the fingers
and the specimen’s axis. Slots were machined in plywood boards, and a system blocking
the specimens was mounted on top of this board. The slots ensure the position of the
specimen on two axes, and the first pass provides the precision on the third axis. The CNC
has a 0.01 mm precision on each axis. The cutting speed was set to 18,000 rpm.
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Dimensions

@amm/16in
= - (@ 14mm /0.55 in
- — (3 46 mm /1.81in
- @) 11.9 mm/0.47 in

(® 2 mm /0.08 in
® 5mm/0.2in
@ 40 mm/1.57 in
107.5 mm /4.23 in
(@ 8 mm /031 in

Figure 2. Details of finger joint construction. Each number indicates the position and the length used.

Lastly, the 92 cm lumbers were cut in half just before cutting the finger profile to
prevent the finger from drying. The lumbers were immediately covered with plastic film to
keep it from drying out.

Forty-eight hours after cutting the parts, they were glued together using Jowapur
685.12 adhesive and pressed at 6 N/mm?, following Pommier’s and Elbez’s instruc-
tions [10]. The pressure was kept for a few seconds, as recommended by He et al. [27].
The pressure was applied end-to-end without guidance, resulting in a maximum 1-degree
misalignment, which was corrected during the following squaring process. After two days
for the glue to polymerize, the specimens were dried using the same protocol (nine days in
a dry-40 degrees Celsius oven followed by one week at lab conditions).

The reference lumbers were immediately squared and cut to the correct dimensions
for the EN 408 four-point bending tests. The dimensions were 36 mm x 36 mm x 800 mm
(Figure 3) since the lab’s test bench had a 700 mm span. On the other hand, the dry-glued
specimens were squared down to 43 mm X 43 mm X 920 mm lumbers. These pieces were
cut in half, and the fingers were cut. They were then glued and pressed at 6 N/mm?.
After two days of polymerization, they were cut to 36 mm x 36 mm x 800 mm and made
ready for testing. The green-glued specimens were squared again once dry, cut down to
the 36 mm x 36 mm x 800 mm dimensions, and prepared for testing. Slices showing the
glued zone were kept as much as possible when cutting the specimen to its ultimate size to
observe the glue joint and compare it to the mechanical test results.

The green gluing technique described in this research was developed by Rosales et al.
(2023) [14]. In this procedure, a spatula is used to apply 150 g/m? of adhesive to each
contact surface. A clamping pressure of approximately 0.6 MPa is maintained for two
hours. The pressing operations were carried out in a controlled environment at 20 + 3 °C.
The NCh 2148 standard [28] sets out the operating range for pressing conditions.

F/2 F/2 >h/2
I L 6h =216 mm 16h + 1.5h =242 mm; |

18h + 3 h =700 mm

Figure 3. Dimensions of the specimens following the EN 408 standard.
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2.5. Mechanical Tests

The bending tests were conducted following the instructions of the EN 408 stan-
dard [29]. Although the norm required more specimens, a clear tendency was observed with
the specimens used in the study. The study determined each specimen’s bending strength
and rupture mode (MOR). The determination of the local modulus of elasticity (MOE) in
bending for each specimen was subjected to a symmetrical load by being bent at two points
throughout 18 times its depth, as illustrated in Figure 3. The lateral restraint was applied
as needed to prevent lateral torsional buckling. This action allowed the specimen to deflect
with minimal frictional resistance. All the procedures followed the EN 408 standard [29].
The press model was TC10001, and a local manufacturer made it [14].

The two following equations are used to calculate the MOR and MOE of finger wood [30].

3-P-a

_ 6:Pal?
where: | )
a
=551l ®)

P: applied load (N);

a: distance from one of the supports to the applied load (mm). In this case, 242 mm;
L: span of the tested element (mm). In this case, 700 mm;

b: width of the section of the part (mm);

h: height of the section of the part (mm);

w: coefficient of elastic deformation;

0: deformation at span center.

In summary, MOR relates to the stress at yield during bending, while breaking strain
quantifies the material’s deformation capacity before fracture occurs.

2.6. Micro-Computed Tomography (Micro-CT)

A high-resolution Bruker SkyScan 1272 microtomography (Kontich, Belgium) was
used to scan the samples. The scanner operated a rotation of 0.4 at 80 kV, 125 mA, and
used an aluminum filter of 0.25 mm. The resolution of the analysis was 12 pm. The images
were visualized with Nrecon reconstruction software (Version 3.1.1), and three-dimensional
scanned images were obtained. The images were repositioned with Data Viewer software
v1.5.1.9 to standardize the sample positioning. Quantitative assessments were performed
using micro-CT and software analysis in a volume of interest (VOI) of approximately
2 cm3 in the transversal plane. Images of each sample were obtained using a visualization
software, with a pixel size of 24 um. Voxels with grayscale values between 25 and 255 were
considered solid material, while voxels between 24 and 0 were considered void space [14].

The image analysis was similar to that of the research group in [14]. This analysis
consisted of processing and analysis with Image ] software version 154e (The National In-
stitutes of Health, Bethesda, MD, USA). Images obtained from micro-CT were corrected by
removing the background. The corrected image was then converted to a binary black-and-
white format for post-processing and parameter estimation. The thresholding procedure
used was the iterative selection method. Finally, the percent porosity was calculated by
dividing the number of black pixels by the total number of pixels and multiplying by
100 [31].

2.7. Roughness Measurement

The average roughness (Ra) was carefully measured for each piece. Duplicate mea-
surements were taken on each side of the five finger joints of every piece. The fingers on
each end were identified and cut with a carpenter’s saw. The pieces were then conditioned
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at 20 + 3 °C and 55 £ 5% RH for 48 h. Validating the procedure is a critical step. Before
registering the value and realizing the measurement, it is essential that the parameters are
in the specified range. The average roughness (Ra) was measured using a PCE-RT 1200
roughness tester. This thorough approach involved taking duplicate measurements on
both faces of the five finger joints of 30 pieces, resulting in 1200 roughness measurements.
This meticulous process ensured a comprehensive and accurate analysis.

2.8. Statistical Analysis

A one-way ANOVA was conducted to compare species under each condition. Signif-
icant differences were noted on each graph. An unpaired t-test with Welch’s correction
compared the same orientation wood under different moisture levels. The analysis and the
graphics were carried out using the GraphPad Prism 6 program.

3. Results
3.1. Wood Characterizations

Various wood parameters can affect the outcome of the green gluing technique, and
density is one such parameter. Table 1 below summarizes this parameter for samples with
varying moisture content in finger jointing using the green gluing technique. The values of
samples extracted from the finger joint and the opposite side of the finger were obtained.

Table 1. Physical parameters of wood and finger joint tested.

Physical Parameter Statistical Tests Finger Joint of Green Gluing Wet Wood Finger Joint of Dry Wood Dry Wood
Oven-drv densit Average 0.511 0.534 0.541 0.548
Vel&gr}'mf)m Y Standard deviation 0.046 0.045 0.039 0.037
Size sample 14 14 16 16

The results suggest that the moisture had a low impact on the density using Nothofa-
gus alpina. However, the water gradient into the wood could affect the gluing efficiency.
On the other hand, the roughness of the wood (Table 2) showed significative statistical
differences in the variance test among the groups (Table 3), which gives evidence of the
influence of the roughness on the performance of the green gluing technique.

Table 2. Roughness (um) values for finger-jointed wood under different treatments were assessed.

Statistical Tests Finger Joint of Green Gluing Wet Wood Finger Joint of Dry Wood Dry Wood
Average 12.345 8.707 9.650 10.497
Standard deviation 2.900 1.727 2.475 2.709
Size sample 69 70 80 80

Table 3. Analysis of variance for the roughness value.

Factors Degrees of Freedom Sum of Squares = Mean Square F-Value Probability F Critical
Between groups 3 502.765 167.588 26.847 22169 x 10712 # 2.635
Within groups 295 1841.500 6.242
Total 298 2344.265

* significant difference.

In Table 4, Tukey’s mean comparison test identified significant differences in the
roughness of the finger joint used for the green gluing technique compared to the other
conditions. Additionally, there were significant differences in the roughness of dry wood
compared to wet wood and the finger joint area used for the green gluing technique.
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Table 4. Tukey test of roughness for the conditions tested.

Finger Joint of Green Gluing Wet Wood Finger Joint of Dry Wood Dry Wood
Finger-joint of green gluing - <0.001 * <0.001 * <0.001 *
Wet wood - 0.0988 NS <0.001 *
Finger-joint of dry wood - 0.1421 NS

Dry wood -

NS: non-significative. * significant difference.

3.2. Mechanical Test

The study’s results that focused on the orientation effect of wood rings on the green
gluing technique are presented in Table 5. The table includes the mean modulus of rupture
(MOR), MOR coefficient of variation, mean modulus of elasticity (MOE), MOE coefficient
of variation, and the type of failure. The types of failure indicated in Table 5 are presented
in Figure 4.

Table 5. Mechanical results of the experimental design.

Orientation
Condition
R/T R/R T/T
Mean MOR (MPa) 23.09 Mean MOR (MPa) 20.10 Mean MOR (MPa) 18.02
COV 0.175 COov 0.396 Ccov 0.398
Dry Type of failure ¢ (100%) Type of failure E((éZ(())O//o)) Type of failure ¢ (100%)
Mean MOE (Mpa) 10,665.4 Mean MOE (Mpa) 10,319.97 Mean MOE (Mpa) 9842.91
COV 0.99 COV 0.056 COV 0.148
Mean MOR (MPa) 51.32 Mean MOR (MPa) 50.42 Mean MOR (MPa) 45.80
COV 0.158 COv 0.074 Ccov 0.109
a (25%) a (30%)
Green Type of failure b (60%) Type of failure b (40%) Type of failure a (50%); b (50%)
C (150/0) C (300/0)
Mean MOE (Mpa) 11,151.88 Mean MOE (Mpa) 11,813.25 Mean MOE (Mpa) 11,771.55
COV 0.126 COv 0.092 Cov 0.182
Different combinations of wood fiber orientation: Radial-Tangential (R/T); Radial-Radial (R/R); Tangential—

Tangential (T/T).

Figure 4. Types of failures observed: (a) wood failure crossing the joint zone; (b) failure initiated by
the fingertip gap; and (c) separation of the fingers.
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The comparison of the average MOR values supports the fact that the different combi-
nations of orientation did not influence the results. This trend was observed in dry wood
specimens and those made with green wood.

However, the ANOVA test noted a significant difference (p-value < 0.0001) when
comparing dry and green wood samples. These results suggest that using green wood in
the finger joint resulted in superior performance compared to using dry wood. The same
conclusion was drawn when comparing the results of each orientation combination using
wood with different moisture levels, as determined by an unpaired t-test with Welch’s
correction. On the other hand, the MOR value of the reference samples (wood of total
length of finger joints) showed a much higher value, almost four times more (approximately
84.23 4 17.25 MPa). This value confirms the excellent mechanical properties of the wood.

The modulus of elasticity was calculated based on each specimen’s ultimate load and
strain. This modulus was adjusted for each specimen’s linear elastic behavior range. The
results showed that the modulus of elasticity of the wet-glued specimens was similar to that
of the standard specimen. However, the modulus of elasticity in bending for the wet-glued
samples was higher than that of the dry-glued samples, although this difference was not
statistically significant.

The variability index of the results indicated low values for both the wet and dry-glued
samples, with 10.1% for the dry-glued samples and 13.3% for the wet-glued samples. It was
also observed that the stiffness of wooden parts was higher when the gluing was realized
using wet timbers, but the difference in stiffness between damp and dry wood was not as
significant as the breaking strain.

Furthermore, the analysis of deformations revealed that the tension was proportional
to the loads and higher in wet specimens. The tension was significant when comparing wet
conditions in the same ring orientations. Additionally, the load that caused a deformation in
all specimens exhibited a linear behavior without a range of inelastic behavior, suggesting
an extremely brittle behavior.

Regarding the type of failure, the dry-glued specimens unexpectedly broke utterly at
the joint (failure type “a”) when using the R/T timber orientation with dry timber. This
type of failure suggests a possible issue with the adhesion process. On the other hand, the
green-glued specimens showed a mix of wood failure crossing the joint zone (B) and failure
initiated by the finger gap (C). Some specimens had partial separation of the fingers, but
never entirely, and only when other rupture modes occurred. Strain concentration at the
tip gap of the fingers caused a rupture that followed the glue joint on the side of the fingers.
However, a defective glue joint for the green-glued specimens did not initiate the rupture.
The shift in the roughness in the zone of a finger could be responsible for these results.

3.3. Characterization by Microcomputed Tomography (Micro-CT)

Micro-CT was used to examine the internal morphology of finger joint samples made
from native wood with varying moisture levels. The analysis revealed a wide range of
wood porosity in dry and moist samples, ranging from 50% to 70%, despite being sourced
from the same batch of wood (Figure 5). This situation could potentially impact the
specimen performance, especially regarding adhesive penetration. However, no significant
difference was observed in the thickness of the glued line between the samples with the
same orientation but different humidity levels. This comparison was made in the end
finger, allowing for better results. The adhesive covered a large surface area in this union
zone, using between 75% and 97% of the surface area. All the relevant data are presented
in Table 6.

The data on the porosity of the glue line and its thickness indicate that the fiber
orientation does not affect the performance of the finger joints made with Nothofagus alpina.
However, it is important to investigate why finger joints with green wood have better MOR
and MOE values.
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Figure 5. Porosity distribution with different timber orientations in finger joints under different

moisture levels.

Table 6. Summarize the influence of different fiber orientations and moisture levels on the average
porosity and thickness of the glue line in various types of finger joints.

Sample Thickne'ss of Ave.rage Average P.orosity
the Glued Line (um) Porosity (%) in Glue Line (%)
Dry R/T 340 +72.1 56.7 £ 0.79 13.7
GreenR/T 341.3 +120.7 59.6 £0.33 11.3
Dry R/R 229 + 63.7 70.7 £0.29 9.4
Green R/R 350 £ 55.7 50.2 £ 0.48 1.49
Dry T/T 187.7 £51.9 66.3 +0.23 6.07
Green T/T 247 + 614 525+ 141 7.03
Different combinations of wood fiber orientation: Radial-Tangential (R/T); Radial-Radial (R/R); Tangen-
tial/Tangential (T /T).

4. Discussion

This study promotes the use and conservation of Nothofagus alpina, a species known
for its excellent mechanical properties. However, its potential use is restricted due to the
limited availability of specimens in the right size for different applications. The study
aims to identify the best techniques to extend the length of the pieces and improve their
mechanical response under green gluing conditions.

The wood’s characterization showed an MOE and MOR value almost four times higher
than the samples with finger joints, indicating good timber quality. However, unexpected
results were observed in the finger joints sample.

Using the green gluing technique mixed with finger joints showed better behavior
than the samples made with dry timbers (Table 5). According to the research, the green
gluing technique effectively produces long-lasting pieces with good mechanical behavior.
The data gathered show a significant difference in the MOR and tension values between
the samples made with dry wood and those made with wet timber. The use of timber
with high moisture content seems to improve the adhesion capacity of glue compared to
other factors, as there was almost no difference in the line thickness and porosity between
the samples with the same treatment but using timber with a different moisture content.
The difference in the average porosity line was more significant in the samples with R/R
orientation. Probably, the R/R orientation had a more substantial influence on the glue
polymerization than the T/T orientation, where the difference was not noticeable (Table 6).

In a previous study, the samples made with dry wood performed better than those
made with higher moisture contents using Nothofagus alpina [14]. However, the results of
this research are contrary. The finger joint construction probably creates a localized drying
effect and a gradient throughout the finger. This assumption is based on the thickness of the
glued line between the specimens, which had similar values between dry and wet samples,
without the influence of the ring orientations (Table 6). Moreover, previous backgrounds
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supported the hypothesis since it was demonstrated that the thickness of the glued line
was almost double in wet samples compared to dry samples [14].

The study by Jakob et al. highlights the crucial role of fiber orientation in determining
the mechanical properties of wood products [32]. The research indicates that unidirectional
fiber orientation is necessary for high composite strength and stiffness. However, the
present study found that fiber orientation did not significantly affect the MOR and MOE
values. In the analysis of the mechanical behavior of the finger joint, we observe that
when pure bending is applied, there are no shear stresses in the studied section. However,
due to the shape of the connection, tensile stresses appear perpendicular to the fiber.
This observation confirms that the bending resistance should be lower when the piece is
arranged in the T/T plane than in the R/R arrangement. The tensile strength normal to the
signature is higher in the radial plane than in the tangential plane. This finding suggests
that fiber orientation would play a more significant role in the mechanical performance of
composite materials than solid wood products. In practical applications, a structure such
as cross-laminated timber (CTL) could distribute forces over a wide surface area and the
wood fibers.

In contrast, finger joints could create rupture points that may concentrate forces and
reduce mechanical performance. The fibers” orientation had a more significant impact on
how well the adhesive penetrated the body of the finger, where the wood structure could
differ from the end of the finger. This situation was shown in a study by Shirmohammadli
et al. [33], which demonstrated how the cellular structure of softwoods and hardwoods can
affect the penetration of 1C PUR adhesive.

Choosing the correct type of glue is essential for achieving the best results with green
gluing. The selection can be a difficult decision because the performance of the glue depends
on many factors, including the type of wood, wood density, application process, surface
treatment, and the final timber product [8,14,34,35]. In this research, the glue selected had
previously been tested with good performance [14], whereby the possibility of a wrong
selection was discarded. Despite this, moisture can significantly affect the performance
of adhesives in wood bonding, impacting both short-term and long-term bond integrity.
In this study, a high moisture content in wood may inhibit adhesive penetration. For
example, adhesives like urea-formaldehyde (UF) [36] and polyvinyl acetate (PVA) [37] may
not penetrate as deeply into wet wood fibers, resulting in weaker mechanical interlocking
and reduced bond strength. Wood’s moisture content can affect its mechanical properties,
including tensile strength. It can also impact the bonding strength of adhesives and the
overall performance of finger-jointed lumber. Generally, wood with higher moisture content
tends to have lower mechanical strength due to reduced bonding efficiency and potential
for dimensional changes. Therefore, the drying process of the wood influences the bonding
and could be relevant to ensure consistent and reliable results in terms of tensile strength
under high-temperature conditions [38].

However, the mechanical results may be attributed to changes in roughness in the
finger joint area and shifts in pore size, which may have influenced the green gluing
performance more than the type of glue used and the moisture content in this study.

To confirm this suggestion, a more thorough study should be carried out that includes
various microscopy techniques and adhesives. These considerations will help to determine
whether the changes observed could be due to the formation of intra-chain hydrogen
bonds at dehydrated crystallite surfaces caused by drying cycles. These bonds may cause
conformational changes within the cellulose chains and increase packing density. A similar
phenomenon was previously reported by other authors [39,40].

The construction of finger joints was the most relevant action for this research. This
step is influenced by the finger’s characteristics and the wood’s drying process. In this sense,
the shape and size of the finger probably helped in the local drying process, triggering a
better performance in the wet samples. This behavior was reflected in a higher MOR value
compared to the samples made with the dry wood. In the same way, the results in the
glue line could support this suggestion because the thickness of the glue line was similar
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between the samples with the same orientations but with different moisture levels (Table 6,
Figure 5). The orientation probably limited the adhesive penetration, but the union capacity
was given by the moisture localized in the body of the finger.

The study by Gonzalez-Prieto et al. [41] reported similar findings. They made green-
glued finger joints using Eucalyptus globulus wood and a single-component polyurethane
adhesive. The study evaluated the mechanical behavior of the joints and found that the
moisture state was a significant factor. The finger joints made in a moist environment
showed higher elastic modulus and resistance compared to those made in a dry environ-
ment. The results suggest that these joints had resistance to inflection, similarly to solid
pieces without finger joints for this species. The authors concluded that using finger joints
in green castings is feasible and can improve the quality of the joint for hardwood species.

It should be noted that finger-jointed pieces have reduced bending strength compared
to a solid piece of wood. In this case, wet-glued pieces showed an average drop in strength
of 41.6%, while dry-glued pieces showed a drop in bending strength of 75.8%. This behavior
can be attributed to the discontinuity of the piece, which makes it structurally weaker.
However, it should be noted that the green gluing technique combined with finger joints
still requires significant improvement. The MOR and MOE values need to be higher
than 90% of solid wood in order to be used for structural applications. Creating smaller
structures that meet the service class 3 wood standards is more feasible.

Although the wet specimens showed the best results in the mechanical test, there is still
a long way to go. The green gluing technique involves various areas of knowledge [8]. One
important consideration is the characteristics of wood, where density plays a significant
role. Previous research by Alia-Syahirah et al. [42] reported that higher density can harm
adhesion in wood products. This finding is consistent with the results of Ahmad et al. [13],
who found that denser wood species have worse bonding characteristics than less dense
ones. However, the density was not a relevant factor in the finger joint construction using
Eucalyptus globulus wood with a high moisture content [41]. These findings suggest that the
gluing procedure must be adapted depending on the species studied.

This study used a preliminary approach to identify the factors that influence surface
roughness. The results of the multiple linear regression model will help control these
factors better, thus improving the performance and application of green gluing using
finger joints in future projects. It has been reported by Yu et al. [43] that surface roughness
can significantly impact the ability of glue to wet wood surfaces. This effect should be
evaluated more accurately to determine the best way to apply the green gluing technique
to Nothofagus species.

In future studies, it is essential to investigate how moisture levels affect the bending
modulus of elasticity and compressive strength of wood. Research has shown that the
pliability of treated wood differs significantly depending on its moisture content since
the most favorable pliability is achieved when bending the wood at or close to its fiber
saturation point [44].

5. Conclusions

Green gluing is a method that could increase the value of various wood species to
increase the size of wood pieces. In this study, it was found that the finger joint samples
performed best when made with timber that had high moisture levels. Future studies must
examine the influence of moisture close to the fiber saturation point on the finger joint, the
effect of surface roughness, its mechanical response, and the drying process.

Research and development in this technology will enable us to produce higher-quality
components, maximize our use of local wood resources, and encourage improved forest
management. This method could create laminated beams and decorative and construction
panels. It also has applications in the production of indoor and outdoor furniture.
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Abstract: Due to its inherent characteristics, such as a light weight and ease of workability, timber is
ideal for prefabricated and modular construction. However, since the research in this field covers a
wide range of niches such as structural engineering, building physics, design for assembly and disas-
sembly, and life cycle analysis, among others, and since there has been considerable development of
the field in past years—boosted by new mass timber products and tall timber construction—it is diffi-
cult to critically analyze the current state of the art, current trends, and research challenges. Therefore,
this research aimed to cover a systematic review of 409 articles to assess the field of prefabricated and
modular timber construction critically. The methodology comprised a co-word network approach
using the Science Mapping Analysis Software Tool (SciMAT, Version 3) to illustrate their evolution
from 1990 to 2023. The findings show that the circular economy and digital technologies significantly
impact the development of these technologies, which can potentially provide practical solutions
for designing buildings with a circular approach and improving productivity and efficiency in the
construction process. However, it is essential to acknowledge a notable deficiency in the research
and understanding of these subjects. Therefore, various sectors must take the lead in conducting
a thorough reassessment to enhance research and development in the field. Finally, the findings
from this research can significantly contribute to existing knowledge and serve as a comprehensive
platform for the further exploration of prefabricated and modular timber construction.

Keywords: prefabrication; modular timber construction; circular economy; digital technologies

1. Introduction

Off-site construction, also commonly referred to as prefabrication, involves manu-
facturing various structural components within a controlled factory environment, sub-
sequently facilitating the transportation of complete assemblies or subassemblies to the
designated construction site where the intended structure is to be established [1]. Modular
construction is widely recognized as a fundamental approach within offsite construction [2].
This technology can achieve a remarkable level of completion, reaching upwards of 95%
before its transportation to the designated location [1]. While some researchers state that
modular construction is constituted by a dimensionally unified spatial unit or a 3D volu-
metric section [3-6], others describe it in the form of 2D planar components (pre-assembled
elements) or fully volumetric units [7-9]. From the viewpoint of these authors, modules can
cover a diverse range of prefabricated elements or systems, including component groups
and complete units of significant size and volume.

These two approaches will be appropriate depending on the demands of each project.
The assembly work involved in a 2D panelized system is intricate due to its requirement
for additional internal finishing. Nevertheless, it provides superior flexibility. In contrast,
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volumetric units require adaptation to building specifications, which demands early in-
volvement in the design process to ensure the desired result. Still, it has the potential for
the most favorable efficiency and time savings [10,11]. If existing criteria are no longer
satisfied, prefabricated elements or systems can be removed individually for expansion
and reused to produce new buildings, providing the opportunity for adaptability.

Even though the materials utilized in modular buildings are generally identical to
those employed in on-site installations, they exhibit enhanced quality since the components
are fabricated within regulated conditions [12]. Timber constructions possess a notable
competitive edge in this aspect due to their substantial degree of prefabrication (quick and
precise assembly), lightweight nature [13,14], and simplicity of connections [15]. Further-
more, timber structures “can be renewed, manipulated, and laminated” [1]. These are favorable
conditions for the effective recycling and repurposing of complete architectural elements,
specific sections of buildings, and individual components [16], reducing expenses and
shortening installation schedules [17]. In addition, the waste produced can be reused in
the manufacturing process for various applications, which ensures a significantly cleaner
and more regulated environment. Simultaneously, it enhances health and safety because
the operational process is greatly minimized [15]. Given all these benefits, timber may be
considered an optimal modularization material. Therefore, the utilization of timber as an
off-site material has been extensively researched and promoted in the industry.

Recently, there has been a comprehensive evaluation of prefabricated /modular struc-
tures, examining various aspects related to management strategies [18-20], structural
systems in high-rise buildings [7], building design [8], environmental and economic per-
formance [21], as well as the features of modular construction utilizing exclusively cross-
laminated timber [22]. However, the specific advancements and recent innovations in
prefabricated /modular timber structures, which include light-frame, mass timber, and
prefabricated hybrid elements, systems, or structures have not been reviewed and critically
analyzed to identify current trends and challenges in the field.

Therefore, the objective of this research entails the assessment of the current state
of the art regarding modular timber construction, analyzing its evolution as a research
field and critically assessing the current trends and challenges. This contribution aims to
assist researchers in understanding the current state of technology and orient them towards
researching the most impactful needs. To achieve this, the applied methodology included
the following: (i) to quantitatively evaluate the existing literature; (ii) to develop a scientific
mapping analysis utilizing a co-word network approach; (iii) to establish the evolution of
the underlying themes within this domain; (iv) to identify future trends and gaps in the
current literature; and (v) to provide valuable insights and directions for future research
endeavors. The organization of the article encloses a comprehensive methodology section
(Section 2), a scientometric analysis and presentation of the results (Section 3), a critical
analysis of the results (Section 4), and a conclusion section (Section 5), which encapsulates
the essential findings and potential approaches to further investigation.

2. Methodology
2.1. Bibliographic Search

The initial phase involved acquiring data and selecting the primary source of the
Web of Science (WOS) collection database. This database was chosen due to its reputation
for including many valuable publications, such as journals, book chapters, conference
proceedings, and other scholarly works [23]. A comprehensive set of keywords was de-
veloped by drawing upon the relevant literature and diverse reviews [7,18,24,25]. These
keywords were then categorized into two themes delineated in Table 1: (a) prefabricated
construction/modular construction and (b) wood. In the case of the former, terms associ-
ated with prefabrication and modularization were also considered to ensure the inclusion
of all pertinent information. WOS includes multiple search criteria, and the following were
taken into consideration: (a) the topic, which encompasses various parameters such as the
title, abstract, author keywords, and Keywords Plus (additional keywords automatically
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generated by the WOS website concerning the research topic); (b) the abstract, which pro-
vides a summary of the existing knowledge about the subject matter under investigation;
and (c) the title, which encapsulates keywords that reflect the main issues addressed in the
study [26]. As for the relationship between the keywords, the “OR” connector was utilized
for the terms prefabricated construction/modular construction and their associated terms,
while the “AND” connector was employed to incorporate the term wood. Therefore, the
selected literature must contain at least one keyword from each theme.

Table 1. Selected keywords, connectors, and associated terms applied to the search criteria.

Theme 1 Connector Theme 2

Topic:
prefab*
pre-fab*

modular*
*assembl*

OR

Abstract:
“offsite construction”
“off-site construction”
“offsite manufacture”
“off-site manufacture”
“modular building”
“modular construction”
“modular technology”
“prefab building”
“prefab construction”
“pre-fab building”
“pre-fab construction”
“industrialized construction”
“industrialized building”
“panelized construction”
“tilt-up construction”
“volumetric construction”
“prefinished construction”
“preassembly building”
“preassembly construction”
“plug & play modular”

AND Title: timber* OR wood*

By defining the search domain based on the parameters above (topic, abstract, and
title), a total of 3573 publications were retrieved. However, the search was restricted
to journal articles, as these documents are considered high-quality research studies [21].
Moreover, the search was limited to specific fields, namely, civil engineering, construc-
tion building technology, architecture, green sustainable science technology, engineering
manufacturing, management, and industrial engineering. The selected information was
limited to publications written in English. Finally, the analysis period was set from 1990 to
November/2023 to elucidate the development and evolution of prefabrication with wood
and its connection to future trends, obtaining 623 articles. Subsequently, these articles
underwent analysis, resulting in the exclusion of papers focusing on timber shells, timber
grid shells, folded structures, wooden domes, or timber textile modules, as these elements
or structures did not align with the definition of prefabrication levels (linear, panelized sys-
tems, or volumetric) [4,15]. Furthermore, the study did not embrace research on elements
or structures based on other materials, even if it included relevant parts fabricated from
wood or cellulose-based materials, plastic, or biocarbon, which are increasingly attracting
attention for their utilization in the sustainable advancement of functional materials [27,28].

It is important to emphasize that the compiled publications must examine several
aspects of the performance of prefabricated/modular timber elements or structures. These

90



Sustainability 2024, 16, 2134

aspects included the structural, acoustic, hygrothermal, and thermal characteristics. Fur-
thermore, the scope of the analysis covered single-level and multi-level constructions made
of light-frame and mass timber, including cross-laminated timber (CLT), nail-laminated
timber (NLT), dowel-laminated timber (DLT), glue-laminated timber (GLT), and laminated
veneer lumber (LVL). The investigation also explored hybrid elements combining mass
timber with steel or concrete. In addition to these technical aspects, the review focused on
the design, construction, production, management, and life cycle assessment (LCA) of pre-
fabricated and modular timber structures. Finally, a comprehensive final assessment was
carried out based on a thorough examination, leading to the identification of 11 papers that
lacked the author’s keywords, which were vital to developing the scientometric analysis.
Therefore, after the selection criteria, a total of 409 articles were considered.

2.2. Scientometric Analysis

The subsequent step involved executing a scientific mapping analysis based on a
co-word network using Scientific Mapping Analysis Software Tool (SciMAT), software
developed by the University of Granada (Spain) in 2011. According to [29], this tool
incorporates a range of essential functionalities such as data retrieval, data preparation,
network extraction, network normalization, mapping, analysis, and visualization. In this
investigation, the organization of co-word analysis facilitated an in-depth exploration of
the conceptual framework of the topic through the associations between keywords. This
powerful technique allowed for obtaining insights into the principal investigation concepts
while also enabling distinguishing the trajectory of their evolution and the interaction
between scientific research themes [30]. These research themes represent different research
fields and can be visualized on the two-dimensional strategic diagram in Figure 1.

DENSITY
QUADRANT 2(Q2) QUADRANT 1 (Q1)
Highly developed and isolated Motor themes
themes
CENTRALITY

QUADRANT 3(Q3) QUADRANT 4 (Q4)
Emerging or declining Basic and transversal

themes themes

Figure 1. Strategic diagram adapted from [31].
3. Results

This section presents an interpretation and examination of the outcomes originating
from the co-word network of the scientific mapping analysis. This outline is structured
into two distinct subsections: (i) a comprehensive thematic analysis conducted by periods
with the relationship between the diverse themes, and (ii) an assessment of the thematic
conceptual evolution.

3.1. Thematic Analysis Conducted by Periods

As stated before, the investigation involved the analysis of articles published between
1990 and 2023. The research was divided into three subperiods: (i) 1990-2004, (ii) 2005-2019,
and (iii) 2020-2023 (see Table 2). Particular attention was given to CLT’s emergence
and subsequent development as an industrial product, which commenced in 2005 [32].
Furthermore, to conclude the same subperiod, constructing the tallest all-timber Mjostarnet
building in 2019, located in Norway, marked another crucial milestone. It is important
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to note that, as defined by the Council on Tall Buildings and Urban Habitat (CTBUH),
an all-timber building is characterized by having its main vertical and lateral structural
elements, as well as its floor spanning systems, constructed primarily from timber while
other materials, such as concrete elements, play a secondary role in the structure [33].
The three subperiods provide a comprehensive understanding of the topic and illustrate
the progression of various factors such as the number of documents, number of citations,
h-index, and average citations attained.

Table 2. Subperiods from 1990 to 2023 and the number of publications developed during the

subperiods.
Subperiod Name Number of Documents
1990-2004 11
2005-2019 198
2020-2023 200

3.1.1. Subperiod 1990-2004

1.  Quantitative measures and strategic diagram.

The 11 documents of this period (about 2.7% of all published papers) were linked
with specific themes; thus, it can be observed that this subperiod exhibits a relatively low
number of keywords associated with each document. Following the strategic diagram
illustrating the characteristics of this initial period (see Figure 2), it becomes evident that
there are no motor themes (1st quadrant) or highly developed themes (2nd quadrant).
Additionally, there is an absence of emerging or declining themes (3rd quadrant) and
basic themes (4th quadrant) that guide the field of prefabricated timber construction.
However, this period is focused on two distinct clusters. The first cluster, denoted as
TIMBER-STRUCTURES (within the 1st and 2nd quadrants of the strategic diagram), can be
considered the motor topic of the research. The second cluster, DESIGN, appears to possess
characteristics of a motor or basic theme (within the 1st and 4th quadrants of the strategic
diagram). Upon closer examination of the quantitative measures presented in Table 3, the
first theme has the highest number of citations, amounting to 38, while the second theme
has 27 related publications. As previously mentioned, due to the limited number of papers
associated with this specific period’s themes, both exhibit relatively low h-index scores,
further emphasizing the scarcity of scholarly contributions in this domain.

Table 3. Performance measures for the themes of the subperiod 1990-2004.

Number of Number Average of

Theme Name Documents of Citations Citations h-Index
TIMBER-STRUCTURES 3 38 12.66 3
DESIGN 3 27 9 3

2. Thematic network

e  Themes

The network graph analysis reveals that the clusters of TIMBER-STRUCTURES
and DESIGN (Figure 3) are highly interconnected (in other words, each cluster
focuses on a specific topic, and all their keywords are related between them). The
first cluster is related to various aspects and components involved in constructing
and evaluating timber structures, including steel, fiber-plaster-boards, trusses, walls,
experimental-test, fem-analysis, structural-performance, and joints. On the other hand,
the second cluster, centered around the efficient performance of structures and
design processes, delves into concepts such as resistance, reliability, construction,
civil-engineering, behavior, loads, and connections.
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Figure 2. Strategic diagram for the 1st subperiod with two distinct clusters (1990-2004).

(a) (b)
Figure 3. Cluster networks of the 1st period: (a) TIMBER-STRUCTURES; (b) DESIGN.

e  Relationship between themes with most-cited articles
The collection of keywords provides valuable insights into the research focus
during this period. For example, Dobrila and Premrov [34] discussed the im-
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portance of the composite timber frame—fiberboard panel wall design. Their
study demonstrated that inserting diagonal steel strips attached to the wooden
structure represents the most effective method to enhance the resistance and
flexibility of the elements. Among the investigations that concentrate on finite
element method (FEM) analysis in timber structures, the work of [35] stood out
due to its introduction of an analytical technique for examining the behavior
of light-frame wood structures when subjected to static loads. The study pri-
marily focused on the behavior of substructures and system components that
have not been previously included in a comprehensive structural model. The
findings indicate remarkable similarities between the experimental and analyti-
cal outcomes. Similarly, Tarabiate and Itani [36] described a three-dimensional
computer model for evaluating light-frame wood constructions. Their study
showcased the model’s capability to explore various structural configurations
and generate design requirements for wood structures.

3.1.2. Subperiod 2005-2019

1. Quantitative measures and strategic diagram.

One hundred and ninety-eight (198) documents were published within the research
focused on prefabricated timber construction in the specified subperiod, representing a
significant increase compared to the initial period. The comprehensive analysis of these
publications revealed the presence of nine distinct research themes, which are subsequently
described through the quantitative measurements presented in Table 4 and strategic dia-
grams illustrated in Figure 4. Within the 1st quadrant of the strategic diagram, the theme
CONNECTIONS emerged as a highly relevant and influential area of study (motor theme).
This theme achieved an impressive number of citations, amounting to 2028, making it the
most frequently referenced theme. Furthermore, it had the highest number of published
articles, with a total of 76, thus solidifying its substantial impact on the research field, as
evidenced by its high h-index score of 26. Another motor theme within this subperiod is
LIFE-CYCLE, which, despite being ranked fourth in the number of citations (517), exhibited
a low number of published articles related to the topic (13). For this reason, it presented a
relatively low impact within the research field, as indicated by its h-index score of 11.

Table 4. Performance measures for the themes of the subperiod 2005-2019.

Number of Number of Average of

Theme Name Documents Citations Citat?ons h-Index
CONNECTIONS 76 2028 26.684 26
MODELING 26 521 20.038 14
WALLS 24 454 18.917 13
INDUSTRIALIZED-CONSTRUCTION 21 723 34.429 14
NUMERICAL-MODELING 16 215 13.438 10
HYGROTHERMAL-PERFORMANCE 14 339 24.214 11
LIFE-CYCLE 13 517 39.769 11
THERMAL-PERFORMANCE 11 225 20.455 9
CONCRETE 10 353 35.3 8

In the second quadrant of the strategic diagram, there are highly developed and
isolated themes, HYGROTHERMAL-PERFORMANCE, MODELING, and THERMAL-
PERFORMANCE. HYGROTHERMAL-PERFORMANCE ranks in the seventh position re-
garding the number of citations (339). Similarly, MODELING and THERMAL-PERFORMA
NCE rank in the eighth and ninth positions, respectively, with 225 and 215 citations. The
theme WALL, situated within the 3rd quadrant of the strategic diagram, can be perceived
as either an emerging or declining theme despite occupying the fifth position regarding the
number of citations, with a count of 454. It does not make a substantial impact, as evidenced
by its relatively low h-index score of 13. Finally, in the 4th quadrant, one notes themes
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deemed relevant to the research field (basic and transversal themes). INDUSTRIALIZED-
CONSTRUCTION emerges as the central and most basic theme, with 723 citations. The
next theme is MODELING, with 521 citations, while CONCRETE ranks sixth in the number
of citations, with a count of 353. It is crucial to emphasize that the themes positioned within
the last three quadrants (2nd, 3rd, and 4th) exhibit the lowest impact or h-index scores,
predominantly due to the limited number of published papers dedicated to the themes.

HYGROTHE@FORMANCE density

TH ERMRMANCE

centrality

INDUSTRIASTRUCTION

Figure 4. Strategic diagram for the 2nd subperiod (2005-2019).

2.

Thematic network

Motor themes

Analyzing the network graph (Figure 5a), it can be observed that the principal
motor theme, CONNECTIONS, forms a highly interconnected cluster that ex-
plores various structure-related aspects. These aspects include timber-structures,
behavior, experimental-tests, and structural elements such as beams. It is also linked
to engineered timber materials like c/f and the combination of timber with other
materials, such as hybrid and composites. It is worth noting that during this pe-
riod, certain studies assessed the performance of connectors in prefabricated
timber-framed walls [37] or prefabricated timber composite systems [38].
Moving on to the second motor theme, LYFE-CYCLE (Figure 5b), this cluster cov-
ers many aspects related to the Life Cycle Assessment (LCA) methodology, such
as energy-performance, environmental-impact, emissions, carbon, impacts, and climate.
Additionally, it includes other terms associated with construction processes, such
as civil-engineering and production-planning. However, it is essential to note that
despite being a motor theme, it does not have an extensive collection of published
articles. This can be attributed to the lack of specific rules governing the LCA
of whole buildings and wooden building products before 2011. Consequently,
this led to a vast dissimilarity in approaches, results, and interpretations among
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various studies, as highlighted by [39]. For instance, the study conducted by [40]
emphasizes prefabricated techniques, specifically wood-frame systems, as an
alternative approach to reducing a building’s carbon footprint.

ENVIRONMH PERFORMANCE PRODU(@ANNING

(a) (b)

Figure 5. Cluster networks of the motor themes: (a) CONNECTIONS; (b) LYFE-CYCLE.

Highly developed and isolated themes

In the second quadrant, the theme NUMERICAL-MODELING (Figure 6a) delves
into various aspects related to the seismic behavior of structures. These aspects
include analysis, seismic-performance, cyclic-testing, materials, and structural el-
ements such as steel, timber-framed-walls, and timber-shear-walls. Furthermore,
this theme considers components in the design of facades, such as openings and
sheating. The research undertaken by [41] investigated a hybrid structural system
comprising a steel moment-resisting frame and prefabricated infill light-frame
timber shearwalls. The author stated that quasi-static cyclic and monotonic
loading tests were carried out to analyze such structures’ seismic performance
accurately, and the results were evaluated using a numerical model.
HYGROTHERMAL-PERFORMANCE (Figure 6b) focuses on factors leading to
potential issues, such as mold and moisture. It covers the parameter measurement
of insulation performance such as u-values, evaluation forms such as simula-
tions, construction elements such as assemblies, and construction elements such
as highly-insulated-wood-frame-walls. Also, it is related to other factors that im-
pact hygrothermal performance, such as air-leakage and risks. Moving forward,
THERMAL-PERFORMANCE (Figure 6c) is linked to energy transfer aspects,
such as heat, materials, and construction typologies, such as insulation, phase-
change-materials, systems, prefabricated, and residential-buildings, and processes
such as retrofitting. Additionally, it includes other keywords, such as interviews.
As the demand for energy-efficient buildings continues to rise, an urgent need
is to improve building envelope insulation [42]. Glass et al. [43] focused on
analyzing the moisture characteristics of highly insulated wood-frame walls in
mixed-humid climates. The authors of [44] employed hygrothermal simulations
and field measurements to analyze the moisture content in the surface layers
of cross-laminated timber (CLT) panels. Other studies have attempted to opti-
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mize the structural and thermal performance of light wood-frame structures to
enhance thermal efficiency and structural capacity [45].
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Figure 6. Cluster networks of the highly developed and isolated themes: (a) NUMERICAL-
MODELING; (b) HYGROTHERMAL-PERFORMANCEM; (c) THERMAL-PERFORMANCE.

Emerging or declining themes

The theme WALLS (Figure 7) focused on structural forces, characteristics that
influence the behavior of structures, and methodologies employed to measure
them, such as loads, ductility, failures, full-scale-tests, and nonlinear. It also includes
architectural typologies and structural elements, such as buildings, frames, and
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timber-framed-structures. For instance, Van De Lindt et al. [46] focused on examin-
ing the damage incurred by lateral load-carrying assemblies within wood frame
structures, specifically shearwalls. The researchers also explored the potential
for developing a holistic predictive damage model for the entire structure and
integrating it into seismic design practices.
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Figure 7. Cluster networks of the emerging or declining themes: WALLS.

Basic and transversal themes

Among the themes that hold significant relevance to the field but have not yet
been extensively explored, we found the theme MODELING (Figure 8a), which
was linked to various aspects of timber structures, encompassing structural-
performance, design, strength, and fire-behavior; different types of timber structures,
like light-frame-structures; and structural support elements, such as shear-walls. It
was also associated with hurricanes and wind. The authors of [47] presented a
three-dimensional model of a two-story house design utilizing a prefabricated
timber-frame structural system. Using parametric analysis, the study offered
a single-variable parameter to find the suitable glazing area size value for all
modern prefabricated timber buildings.
INDUSTRIALIZED-CONSTRUCTION (Figure 8b) is a highly interconnected
cluster that incorporates various topics related to the construction process and
structural design, such as modular-construction, timber-construction, innovation,
shrinkage, and performances, as well as the structural components of buildings,
such as floors and concrete-composite-structures. Novel modular structures that
could facilitate the rapid fabrication of new residential complexes were proposed
in this period. As demonstrated by [48], a versatile construction system in which
the prominent structural members, made by combining steel-timber hybrid
shearwall and floor components, present a low environmental impact, given
their recyclability and quick replaceability. Similarly, Ref. [49] proposed an
innovative composite steel-timber prefabricated floor component that showcased
the system’s potential in bearing capacity, stiffness, and construction methods.
Finally, the theme CONCRETE (Figure 8c) primarily focuses on exploring struc-
tural timber elements, such as mass-timber and timber-concrete-composite-structures.
Furthermore, it mainly delves into materials that bond these elements, including
adhesives and gluing. It also covers structural topics like shear, balances, and rein-
forcement, and numerical methods like fern-analysis. To illustrate this point, some
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researchers have dedicated their efforts to conducting experimental tests that

examine the structural performance of prefabricated timber—concrete composite
floors [50,51].
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Figure 8. Cluster networks of the of the basic and transversal themes: (a) MODELING;
(b) INDUSTRIALIZED-CONSTRUCTION; (¢) CONCRETE.

e  Relationship between motor and basic themes with most cited articles

In this period, numerous investigations persisted to determine the structural
behavior of light-framed prefabricated timber buildings [52-55]. Nonetheless,
the comprehensive examination of the structural performance of mass timber
construction methods has not been fully addressed. Among the most crucial
aspects of the design process in mass timber structures lies the design of connec-
tions, as they impact the joining of members and the load capacity, stiffness, and
ductility of the entire system [56].

Regarding the most frequently mentioned subjects (related to the motor or fun-
damental themes and their networks), a noteworthy instance of connections and
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their strong relationship with CLT was the complete-scale seven-story framework
composed of CLT panels following the European seismic standard Eurocode 8. It
was subjected to earthquake-induced loading on a three-dimensional shaking
table. The seven-story structure was part of the research project “SOFIE-Sistema
Costruttivo Fiemme”, whose goal was to exhibit the capability to self-center,
possess high stiffness, and possess sufficient flexibility to avert brittle failures.
Additionally, tensile joint assemblies were developed, and their importance in
dissipating energy in structures with rigid CLT panels became apparent. Lastly,
the authors noted that the seven-story structure experienced relatively strong ac-
celerations at higher levels, which could result in secondary damage and should
be addressed in future investigations [57]. Another approach to the same topic
was the work of [58]. The study examined alternative mechanical “dry-dry”
connections previously integrated into a prefabricated concrete slab. Direct shear
tests were conducted on small blocks constructed from glulam segments affixed
to a prefabricated concrete slab. The experiment measured the relationships
between shear force and relative slip and calculated mechanical properties, such
as slip moduli and shear strengths. The findings indicated that innovative con-
nection technologies for precast concrete slabs can perform comparably to cast-in
situ slabs while being more cost-effective.

Lastly, one of the most frequently addressed topics was the energy efficiency of
timber buildings. The authors of [59] utilized a consequential-based lifecycle
approach to examine the carbon implications of conventional (Swedish build-
ing regulations) and low-energy (Swedish passive home standards) versions
of three timber multi-story building systems. The building systems were con-
structed using mass timber (CLT components), beam-and-column structures
(glulam and LVL components), and prefabricated modules of light-frame volume
elements. The analysis encompassed the entire resource chain throughout the
lifecycle of the building, tracking carbon flows from fossil energy, industrial
processes, changes in carbon stocks in materials, and potential avoidance of fossil
emissions through the substitution of fossil energy with woody residues. In
conclusion, the study emphasized the potentially significant role of multi-story
timber structures in carbon-efficient construction by demonstrating that the low-
energy variant of the CLT building emits the least amount of carbon over its
lifespan. In comparison, the standard beam-and-column construction exhibits
the highest lifespan emission.

3.1.3. Subperiod 20202023

1. Quantitative measures and strategic diagram.

CONNECTION emerged as the dominant motor theme (Figure 9). It accumulated
the highest number of citations, totaling 518, and had the most significant number of
published documents, reaching 80. However, it had a relatively low impact on the
field of research, as indicated by its h-index score of 12. The following motor theme
was ENERGY-PERFORMANCE, which ranked third in the number of citations with
a count of 183. However, the number of published papers was comparatively low
(36), resulting in a correspondingly low h-index score of 9. Additionally, within the
first quadrant of the strategic diagram, other motor themes emerged: CIRCULAR-
ECONOMY and COMPOSITES. The former had a number citation count of 127, while
the latter had 123 citations. Both themes shared the same number of publications, 16,
and achieved an h-index score of 7, as can be seen in Table 5.
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Table 5. Performance measures for the themes of the subperiod 2020-2023.

Number of Number of Average of

Theme Name Documents Citations Citatigons h-Index
CONNECTIONS 80 518 6.475 12
ENERGY-PERFORMANCE 36 183 5.083 9
CONSTRUCTION 32 232 7.25 8
BUILDING-ENVELOPE 19 127 6.684 8
CIRCULAR-ECONOMY 16 127 7.938 7
COMPOSITES 16 123 7.688 7
FLOORS 14 84 6 5
MODELING 13 98 7.538 5
SEISMIC-PERFORMANCE 13 74 5.692 6

centrality

Figure 9. Strategic diagram of the 3rd subperiod (2020-2023).

Moving on to the second quadrant, the highly developed and isolated theme was
BUILDING-ENVELOPE. This theme was characterized by 19 published documents,
127 citations, and an h-index score of 8. In the third quadrant, we observed emerging or
disappearing themes such as FLOORS, MODELING, and SEISMIC-PERFORMANCE.
FLOORS was represented by 14 published documents and achieved 84 citations. The
h-index score was the lowest among all the themes analyzed, standing at 5. On the
other hand, MODELING and SEISMIC-PERFORMANCE boasted citation counts of
98 and 74, respectively. The h-index score for MODELING was 5, while for SEISMIC-
PERFORMANCE, it was 7. Finally, the fourth quadrant was occupied by the basic
and transversal theme, CONSTRUCTION. This theme ranked second in the number
of citations, with a count of 232. It was accompanied by 32 published documents and
an h-index score of 8.
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Upon comparing this subperiod to the previous one, the number of themes remained
relatively consistent. However, there was a noticeable increase in the quantity of motor
themes within the quadrant. Additionally, the number of published documents in this
subperiod, totaling 200, was almost on par with the previous subperiod. Similarly,
we found that the motor themes (first quadrant) and basic themes (fourth quadrant)
continued to be the most highly cited and were associated with the highest number of
documents. It is worth noting that the analysis only covered three years, yet it was
evident that researchers have shown a growing interest in the motor and basic themes.
2. Thematic network

e  Motor themes

As illustrated in the thematic networks, the motor themes CONNECTIONS (Figure 10a)
and ENERGY-PERFORMANCE (Figure 10b) are closely connected clusters (each clus-
ter is focused on a specific topic). The first motor theme is mainly focused on the
conditions of structures under loading and construction materials, which include
structural-performance, experimental-tests, shear, performances, behavior, clt, and timber-
concrete-composite-structures. Additionally, this cluster incorporates analytical models
such as fem-analysis. On the other hand, the second motor theme is associated with
crucial measures for assessing the sustainability of a structure, including life-cycle,
environmental-performance, thermal-performance, carbon, and heat. In addition, it contains
structural and construction topics such as residential-buildings, timber-structures, and
blast. Although CLT is now being utilized for previously considered improbable
structures, the technology for connecting these elements is still evolving [60], and
it is discussed in various papers published during this period [61,62]. Furthermore,
there is a specific focus on enhancing the energy dissipation capacities of mass timber
building assemblies by utilizing steel energy-absorbing connections [63].

Another motor theme that exhibits significant connectivity is CIRCULAR-ECONOMY
(Figure 10c), which delves into construction and structural concepts, including archi-
tecture, design-for-disassembly, business-models, systems, challenges, and buildings. It also
covers construction materials such as mass-timber and concrete. The circular economy
concept is extensively discussed in the publication by [64], which presents a system-
atic literature review highlighting significant knowledge gaps and urgent research
needs for developing holistic approaches to circularity potentials for panelized mass
timber structures.

In contrast to the previous ones, the theme COMPOSITES (Figure 10d) does not
possess a well-connected cluster. This theme focuses on the structural behavior of
the structures, construction elements, and materials such as loads, collapse, strength,
resistance, part-1, validation, beams, and steel. In the scope of composites, several in-
vestigations concentrate on the structural behavior of prefabricated timber-concrete
composite elements with innovative connections [65,66].

e Highly developed and isolated themes

The theme BUILDING-ENVELOPE (Figure 11) is related to the external behavior
and properties of the building’s envelope. This covers various aspects, such
as hydrothermal-performance and airtightness. Moreover, it covers construction
elements, potential issues, and the materials utilized in the building envelope,
such as wood-frame-walls, walls, mold, moisture, air-barrier, and oriented-strandboard.
Research efforts have been ongoing to study timber-framed and mass-timber
external wall assemblies, as timber proves to be effective in reducing thermal
bridges due to its low thermal conductivity, which enhances a building enve-
lope’s overall energy efficiency [67]. For instance, [68] demonstrated the cor-
relation between the hygrothermal simulation tool (WUFI) model output and
the measured values of OSB moisture content (MC), cavity temperature (T),
and cavity relative humidity (RH) for wood-framed walls with various exterior
insulations in cold climates.
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Figure 10. Cluster networks of the basic and transversal themes: (a) CONNECTIONS; (b) ENERGY-
PERFORMANCE; (¢) CIRCULAR-ECONOMY; (d) COMPOSITES.
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Figure 11. Cluster networks of the of the basic and transversal themes: BUILDING-ENVELOPE.

Emerging or declining themes

FLOORS (Figure 12a) covers structural material properties and processes to im-
prove the structural material properties such as flexural-behavior and prestress,
and types of connections including shear-connections, joints, and screws. It also
covers the parts and features of the structures, including elements and prefabricated.
The analysis presented by [69] shed light on the acoustic performance of timber
buildings and complex composite floor systems in the Australian construction
industry. The study indicated that prefabricated construction methods show-
cased improved performance compared to on-site construction. However, direct
comparisons are challenging due to the varying timber products and construction
techniques. Thus, establishing well-defined measurement methods, predictive
models for sound insulation properties, and numerical simulations for airborne
and impact sound transmission becomes imperative.

The theme MODELING (Figure 12b) focuses on the structural behavior of systems,
structural elements, and the evaluation of processes. This includes fragility, failures,
post-tensioned, stiffened-engineered-timber-wall-systems, timber-framed-structures, and
damage-assessment. In addition, it covers technology types and visual media
such as digital-design and virtual-design. For example, Wei et al. [70] proposed
implementing a Digital Twin model, a collection of technologies to establish
seamless physical and virtual connections. This model was designed to enhance
the productivity of a wood-panel construction company. The company could
foresee significant waste reduction and improve overall efficiency by utilizing
this model. Additionally, it facilitates the widespread application of technology
by providing a holistic framework.

SEISMIC-PERFORMANCE (Figure 12c) is related to the seismic characteristics
and evaluations of the behavior of a structure, covering various factors such as
ductility, lateral-performance, damage-free, and analysis. Also, it includes types of
connections, dowel, and construction systems, such as frames. In the study con-
ducted by [71], the focus was on the redesign of a nine-story residential building
constructed with reinforced concrete (RC) using a hybrid disassembly building
approach involving cross-laminated timber floors, glue-laminated timber frames,
and concentrically braced steel frames. This research shed light on the fact that
although the lateral load capacity of the hybrid building is lower than that of
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the RC building, its deformation capacity is significantly higher. Moreover, the
LCA results indicated that the carbon emissions from the RC building were twice
as much as those emitted by the hybrid building. Therefore, material selection
and construction technologies are critical for implementing circular projects in
seismically active areas.
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Figure 12. Cluster networks of the emerging or declining themes: (a) FLOORS; (b) MODELING;
(c) SEISMIC-PERFORMANCE.

e  Basic and transversal themes
CONSTRUCTION (Figure 13), a relevant theme in the field, presents a highly
interconnected cluster. It mainly focuses on structural processes, including de-
sign, management, manufacturing, climate, opportunities, and production-planning.
It also covers the application of technology to improve them, such as automa-
tion and industrialized-construction. Understanding the multitude of variables
that influence the adoption of prefabricated timber construction enhances the
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implementation of the construction industrialization process. In their study, Du
et al. [72] examined modern timber structures (MTSs) in China from the stake-
holders” perspective. This analysis encompassed critical elements, including
government policy, public awareness and acceptability, cost considerations, and
the connections between designers, prefabricated component producers, and
construction companies. Finally, the research provided recommendations to
enhance existing perceptions, bridge the knowledge gap, and accelerate current
development efforts to expand the prefabricated timber construction or MTS
building sector.

Figure 13. Cluster networks of basic and transversal themes: CONSTRUCTION.

Relationship between motor and basic themes with most cited articles

As shown below, the motor and basic themes’ networks are the predominant sub-
jects of reference in the publications developed in this subperiod. It is highlighted
that there is a growing interest in automation in timber manufacturing with ad-
vancements in digital fabrication technology (e.g., robotic timber manufacturing).
This interest stems from the potential for the fully automated production of
non-standard timber structures [73] and prefabricated timber buildings. A pi-
oneering approach to robotic manufacturing within the construction industry
was introduced by developing, designing, and testing a large-scale, portable,
and adaptable automated wood construction platform called TIM [74]. This me-
chanical system can be swiftly incorporated into existing manufacturing setups
in standard carpentry projects, thereby facilitating the exploitation of synergies
between traditional craftsmanship and specialized automation technology. As a
result, the quality and productivity of the trade can be significantly enhanced.
Additionally, the study underscored an interdisciplinary co-design approach
that emphasizes cyber-physical design and production methods for multi-story
timber buildings. The researchers emphasized the need to address several sig-
nificant challenges in future studies before the widespread adoption of robotic
timber-building platforms can be realized in the industry.

Considering the current focus on energy performance and the circular economy,
Margani et al. [75] proposed an innovative solution for rehabilitating reinforced
concrete (RC)-framed buildings considering energy, seismic, and architectural
factors. This solution involves the utilization of prefabricated cross-laminated
timber (CLT) panels in conjunction with wood-framed panels on the exterior
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walls. The combination of these panels incorporates insulation and cladding
materials, enhancing the energy performance and aesthetics of the renovated
building. Furthermore, innovative seismic energy dissipation devices connect
the CLT panels to the existing RC frame, reducing structural damage and repair
costs during seismic events. In conclusion, retrofitting significantly enhances the
energy performance of multi-story residential buildings in Italy, resulting in a
reduction of up to 60% in global energy demand.

Projections indicate that global demand for mass timber will continue rising
upward, particularly in Australia, Japan, and New Zealand [76]. Responding to
this trend, Li et al. [77] studied the out-of-plane bending behavior of Radiata Pine
XLam CLT panels subjected to four-point loading. The experiments revealed
brittle failure modes when the samples were loaded along the central and minor
axes. Various analytical approaches were employed to evaluate the bending
characteristics of the test materials, with the shear analogy proving to be the
most accurate predictor. Other theoretical techniques yielded satisfactory results
in determining effective bending stiffness and bending and shear strengths. The
bending characteristics of CLT were further assessed through finite element anal-
ysis, with the thickness of the panels being quantitatively evaluated concerning
their influence on bending behavior. The authors concluded that further para-
metric analysis was required to comprehensively understand these effects and
providing data support for future practical applications.

3.2. Thematic Conceptual Evolution

The evolution map (Figure 14) showcases the changes in themes over time within each
subperiod. According to [31], each column in the map represents the themes established
during a specific subperiod. Additionally, themes from successive subperiods are connected
if they share common keywords. Solid lines indicate that the connected themes have the
same name or that one theme’s name is part of the other theme, while a dotted line signifies
that the themes share different keywords that are not their names [29].

When examining the evolution of the number of themes, we can observe a significant
increase during the first and second subperiods, with four times as many themes as in the
first subperiod. However, for the last subperiod, the number of themes remains the same
as in the second subperiod, indicating a continuous evolution of themes from the second
subperiod until the final one studied. Furthermore, most thematic areas exhibit increasing
evolution regarding the number of documents (dimensions of the spheres). This signifies
a growth in the number of documents compared to the previous period, indicating the
sustained interest of the research community in these themes.

Regarding the thematic composition of each thematic area, the following observations
can be made:

1. The themes TIMBER-STRUCTURES and DESIGN (undefined themes) evolve into
motor, basic, highly developed, and emerging or disappearing themes in the sec-
ond subperiod.

2. TIMBER-STRUCTURES and DESIGN are the origins of the theme CONNECTIONS, a
motor theme in the second and third subperiods.

3. Two thematic areas consist of motor or basic themes throughout all the subperiods:

e LYFE-CYCLE (motor theme) evolves into ENERGY-PERFORMANCE (motor
theme) and CONSTRUCTION (basic theme).
e CONCRETE (basic theme) evolves into CIRCULAR-ECONOMY (motor theme).

4. Only one thematic area comprises a highly developed theme in all the subperiods:
HYGROTHERMAL-PERFORMANCE evolves into BUILDING-ENVELOPE.

5. Pour thematic areas consist of motor or basic themes and an emerging or disappear-
ing theme:
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e CONNECTIONS (motor theme) evolves into CONNECTIONS (motor theme),
ENERGY-PERFORMANCE (motor theme), COMPOSITES (motor theme), and
FLOORS (emerging or disappearing theme).

e NUMERICAL-MODELING (motor theme) evolves into SEISMIC-PERFORMANCE
(emerging or disappearing theme) and COMPOSITES (motor theme).

e INDUSTRIALIZED-CONSTRUCTION (basic theme) evolves into CONSTRUC-
TION (basic theme) and FLOORS (emerging or disappearing theme).

e  MODELING (basic theme) evolves into MODELING (emerging or disappearing
theme), COMPOSITES (motor theme), CONSTRUCTION (basic theme), and
CONNECTIONS (motor theme).

6.  Only one thematic area comprises a highly developed theme, two motor themes, and
an emerging or disappearing theme: THERMAL-PERFORMANCE (highly devel-
oped theme) evolves into ENERGY-PERFORMANCE (motor theme), CIRCULAR-
ECONOMY (motor theme), and FLOORS (emerging or disappearing theme).

7. Only one thematic area consists of three emerging or disappearing themes and two
motor themes: WALLS (emerging or disappearing theme) evolves into BUILDING-
ENVELOPE (highly developed theme), COMPOSITES (motor theme), CIRCULAR-
ECONOMY (motor theme), MODELING (emerging or disappearing theme), and
SEISMIC PERFORMANCE (emerging or disappearing theme).
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Figure 14. Thematic evolution network of the research field from 1990 until 2023.

4. Analytical Description by Subperiod

According to the insights provided by the bibliometric analysis, an analytical descrip-
tion of the leading research topics and current challenges is outlined as follows:
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4.1. Superiod 1990-2004

It demonstrates a notable inclination toward studying timber-framed panel walls’
design and structural behavior. These walls are commonly employed as the primary
bearing capacity elements in constructing prefabricated timber structures [78]. Furthermore,
there is a noticeable growth in the development and utilization of simulation tools, such as
FEM, to analyze the behavior of timber structures. Overall, this period denotes a significant
advancement in the research and exploration of prefabricated timber structures, beginning
the way for further improvements and innovations.

4.2. Superiod 2005-2019

The utilization of CLT as a prefabricated component in medium- and high-rise build-
ings became critical, and it worked hand-in-hand with connections. While concrete is still
used, it assumes a different role in this context as a material that complements emerging
prefabricated timber structures, such as hybrid systems. It is also clear that model ap-
proaches remain an essential tool for comprehending the behavior of timber structures.
Two fundamental concepts emerge within the construction industry: life cycle and industri-
alized construction. Unquestionably, one of the most significant advantages associated with
employing prefabricated timber systems in construction lies in reducing costs, labor, and
time, and the subsequent decrease in carbon emissions and their impact on the structure’s
overall life cycle.

4.3. Superiod 2020-2023

During this subperiod, the researchers kept attracting attention by exploring the
structural behavior of prefabricated and modular timber buildings (mass timber and
composite elements). Vital aspects involved examining new wood species that exhibited
potential for being employed in the manufacturing process of CLT and innovative proposals
for developing connections. Furthermore, attention was being given to improving the
energy efficiency of timber buildings by enhancing building envelope systems. There were
ongoing research studies on prefabricated timber walls (light timber-framed and mass-
timber external assemblies) due to wood’s susceptibility to humidity and temperature
changes. Apart from these matters, the construction industry was also witnessing the
emergence of the circular economy concept as a prominent topic. Prefabricated timber
technologies possess various qualities that make them suitable for implementing a circular
construction approach. According to the existing literature, these qualities include a faster
construction process, reduced pollution, and the potential for material reuse and recycling.

Finally, another significant change observed in the timber construction industry during
this period was the application of new digital technologies into industrialized construction
practices. There was a clear indication of interest in the extensive application of technology
to provide a holistic framework for designing, managing, manufacturing, and producing
prefabricated /modular timber buildings.

5. Conclusions

The primary contribution of this study is the identification of relevant topics, emerging
trends, and prospective pathways in the research of prefabricated and modular timber
structures through the analysis of strategic diagrams and cluster networks with the aid of
the SciMAT software.

The thematic evolution revealed an initial interest in understanding the structural
behavior of timber buildings with light structures. This interest was achieved using
numerical factors, analytical models, and experimental tests. The rationale behind this
focus was based on the fact that this system constituted a substantial percentage of the
houses constructed in North America, Australia, New Zealand, Japan, and Europe [36].
Subsequently, with the introduction of mass timber products and composite elements, the
design and construction methods demanded increased concern in detailing critical elements
and new planning methods. Consequently, research efforts were primarily concentrated

109



Sustainability 2024, 16, 2134

on the study of two critical elements, namely, connections (which impact the structural
functionality, manufacturing, and construction of the entire building system) and the
building envelope systems (which safeguard the timber building structure from undesirable
weather conditions during the construction phase and enhance the energy efficiency of
timber buildings during their operational lifespan). Despite the increasing demands and
challenges, the number of CLT modular projects achieved a remarkable milestone in 2017,
reaching its peak with the completion of 26 buildings [22].

Furthermore, the analysis results indicated a strong correlation between design and
prefabricated and modular timber structures. This correlation was observed from the first
subperiod and represents potential opportunities for future research. It was found that
prefabrication and modularization offer numerous advantages, such as flexibility in design
and the ability to customize and standardize constructive elements. However, Ribeiro
et al. [79] identified specific barriers associated with prefabrication. One such barrier is that
architectural design often fails to consider the modular construction aspect, primarily due
to aesthetic limitations. Similarly, Svatos-RaZnjevic et al. [80] pointed out that only some
modular timber projects differ from the traditional rectangular and orthogonal footprints.
From the publications analyzed, the modular design approach has predominantly been
applied to houses rather than large-scale projects, potentially due to the limited exposure
to modular technology in the popular literature and timber databases.

In addition, the analysis of thematic clusters and trends revealed that two factors
influence the development of prefabricated and modular timber structures:

e  Circular economy. Researchers have shifted their focus towards the reusability and
efficiency of prefabricated elements. Prefabricated timber construction is characterized
by utilizing large-format building elements and the associated logic of joining them
together [16]. This characteristic makes it suitable for disassembly, reuse, and recy-
cling. Therefore, adopting strategies and measures that reduce the carbon footprint,
minimize waste, and increase the life cycle of structures aligns with the principles of
circular construction. To this end, various initiatives have been developed, exemplified
by the MAI-Ivalsa Modular House. This environmentally sustainable system of prefab-
ricated housing modules employs reused CLT for the load-bearing structure, allowing
for the prefabrication of components at one site and their successful transportation to
another [81]. Another example is the Collegium Academicum IBA, the first multi-story
modular timber student residence that offers significant spatial flexibility through
simple modular pieces that can be easily disassembled and recycled [82,83]. Addi-
tionally, a ten-square-meter prototype utilizing a fully modular precast lightweight
engineered timber structural system, as developed by [84], has demonstrated the po-
tential of building-scale additive manufacturing with cost-effective materials to enable
deconstruction and material recovery. Studies focusing on hybrid structures have
recently begun incorporating assessment strategies such as design for disassembly
or deconstruction (DfD). For instance, Griiter et al. [85] presented two case studies of
modern residential timber hybrid buildings in Switzerland, employing digital tools to
evaluate strategies that facilitate a circular design process for timber elements. These
strategies specifically address the elements’ start and end of life, thus serving as a solid
foundation for future research. Similarly, Derikvand and Fink [86] proposed directions
for future developments and advocated for DfD in timber—concrete composite (TCC)
floors, emphasizing deconstructable connectors that enable material recovery and
reuse as the preferred end-of-life scenario. These projects underscore the importance
of integrating sustainable practices into the design and construction processes. Despite
the recent release of a standard by the International Organization for Standardiza-
tion (ISO), which provides general rules for integrating design for disassembly and
adaptability (principles of circular economy) into the service life of structures [87], few
studies have, thus far, presented innovative solutions and designed buildings that fully
address these strategies. From the literature content analysis focusing on connections
and building envelope systems (as was established before, they are critical elements
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in the design and construction of prefabricated and modular timber structures), only
one study stands out as it introduced a novel reversible mass timber connector for
prefabricated systems [88] while another explored the design and construction of fully
prefabricated facade components to reduce materials and production energy [89].

e Digital technologies. Digital architecture, computer science, engineering informat-
ics, virtual reality (VR), and building information modeling (BIM) are critical in
prefabricated and modular timber construction. Integrating these parameters into
industrialized construction practices necessitates the implementation of automation in
timber manufacturing. For instance, in Canada, there is a strong focus on integrating
BIM information into the construction phase, specifically in the context of automated
fabrication. A study by [90] delved into a BIM-based framework that aims to automate
the machine capability evaluation of timber frame assemblies. This proposal high-
lights the system’s ability to accurately determine whether a user-selected machine
can effectively manufacture a construction product that has been pre-designed using
BIM software. In the United Kingdom, the research developed by [91] adopted BIM
models in the game environment (gamification) to facilitate the implementation of
small- and medium-sized architectural and construction practices dedicated to vi-
sualization creation. The collected evidence showcases that combining a game-like
platform and BIM can lead to simplified data delivery to clients, ultimately resulting
in customer satisfaction, confidence, and increased sales of timber frame houses. Ac-
cording to [92], “the level of automation is high in the initial stages of prefabrication but
relatively low in the assembly stages, which require flexibility and human knowledge.” To
address this, some research groups are focused on developing robotic systems. Robotic
fabrication, directly connected to a precisely planned virtual model, significantly re-
duces the risk of construction mistakes and ensures high global precision. This results
in a cost-effective and efficient construction system [93]. The literature reveals that
robotic systems have enabled the construction of unconventional structures, such as
the BUGA Wood Pavilion. Furthermore, companies like Weinmann and Randek have
gained recognition for adopting these technologies in their processes [94]. Similarly,
researchers in the United States have devised a simulation-based methodology to
evaluate the automated assembly of wood frames through BIM, utilizing various
robotic systems [95]. By employing simulation techniques, researchers can assess the
effectiveness of different robotic systems in automating the assembly of timber frames.

However, among the selected papers, only a few studies delved into the practical
implementation of these technologies. This can be attributed to the persistent obstacles
that hinder the adoption of digital technology, such as the fragmented and disorganized
nature of reverse supply chains, resulting in a lack of practical information sharing among
stakeholders. Moreover, these supply chains’ intricate and diverse nature renders the
recreation of accurate (BIM) models representing the existing conditions often expensive
or time-consuming. Additionally, actors involved may lack the necessary knowledge or
skills to embrace certain technologies, further impeding their application [96]. Furthermore,
establishing and improving manufacturing environments, which typically necessitate
substantial investments, also pose a significant challenge in adopting these technologies.

Drawing from the results obtained in the investigation, it becomes evident that the
market ratio of these construction technologies continues to evolve. This development
highlights the interrelation of digital technologies in effectively supporting and facilitating
advanced circular economy strategies in the design and construction processes. These
strategies include supporting forestry, reducing expenses, shortening installation schedules,
and ensuring a significantly cleaner and more regulated environment, which enhances
workers” health and safety, as the operational processes are greatly minimized. However,
it is essential to acknowledge a significant gap in research and knowledge surrounding
these topics, which necessitates further exploration and understanding. Studies conducted
in Austria and Australia focused on developing perception surveys and interviews of
relevant industry stakeholders to gain insight into the barriers to the widespread applica-
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tion of digital technologies and circular strategies on prefabricated and modular timber
construction. For instance, Santana-Sosa et al. [97] highlighted a lack of knowledge and
experience, limited implementation of digital tools such as BIM, inadequate capacity of
current infrastructure and procedures, and absence of standardization in design, planning,
optimized construction management, and manufacturing. Similarly, in Australia, the study
conducted by [98] identified a lack of regulations, performance concerns, limited appli-
cation experience among local manufacturers and suppliers, inadequate regulatory and
insurance policies, financing challenges, difficulty in incentivizing clients, and a shortage
of a skilled workforce.

Considering the significance of these findings, it becomes crucial for multiple sectors
to act:

e  Reevaluating the regulatory framework is necessary to encourage research collabora-
tions between countries, facilitating the transfer of specialized technology knowledge
to the labor market.

e  Open new research areas in the construction sector, contributing to the growth of
existing scientific systems and advancing these fields.

e Implementing professional training programs in industries can promote competitive-
ness and employment opportunities.

e Integrating timber expertise, including designers, producers, and construction compa-
nies, at different stages of the construction process can further enhance the adoption
of prefabricated and modular timber construction.

e  Raising society’s awareness and knowledge transfer of timber’s potential, such as its
safety, cost-effectiveness, adequate structural performance, and environmental aspects,
can foster the acceptance of these technologies.

Ultimately, the findings of this research significantly contribute to the existing body of
knowledge and serve as an initial comprehensive platform that supports further investi-
gations of these construction technologies. Future research will explore the relationship
between circular economy strategies concerning prefabricated and modular timber con-
struction, such as design for disassembly/deconstruction (DfD) and design of adaptabil-
ity (DfA).
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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.

Keywords: bibliometric analysis; tall building; timber; multi-storey building; science mapping

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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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.

Articles

Initiad Search on
Wos
P 2 Articles
| Manual post-processing
Tl (one-by-one review

i, -

Articles

| NOT TS={house* or "rise
| ordweling®) search

e A

i Articles

:-----'—)[ Data intersection
Setiing up the science
mapping analysis

Science map Owerlapping map
creation Evolution map
in SciMAT Perniod analysis

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.

TS = ((timber* or wood*) and (building*) and (“mid” or “tall” or “high” or “multi-story” or “multi story” or

1
“multi-storey”)) and (AK = (building™) or TI = (building*™)) @
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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 ' ' ¢F1A¢ F2| & F1A€F2
1 1 |
i >07 i il 139 368
: | Not | mcluded |
: Included jl-meEed "|eFingF2| eFineF2
1 1 i
i o | 27 9236 || 1ss .
: : "l |25
. , [ [25]
! i i 133
(a) ' (b) ' (©) ! (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] analyzed
and discussed the structural dynamics of high-rise timber structures, specifically the
constructed Mjestarnet 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
1 Select periods %8};:;8;8
2021-2022
Select the unit of analysis Words
2
Data reduction per period g
3
2 Network base Co-occurrence
0
Network reduction ;
2
Similarity measure for network normalization Equivalence index

Clustering algorithm: Simple centre algorithm
3 Cluster algorithm Max: 9
Min: 5

Core mapper

Document mapper .
pp Union mapper

H-index

uality measures o
4 Q ty Sum citations

Evolution map: Inclusion index

Longitudinal and temporal analysis Overlapping map: Jaccard index

The selection of the study periods (1988-2010, 20112016, 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, ¢; and ¢; represent a value associated with the elements
i and j, respectively. On the other hand, ¢;; represents a value shared by the elements
iand 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 i and j, respectively [23,27]
(Cij)®

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].
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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, SciMAT 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.

123



Sustainability 2025, 17, 1928

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.

0 | C2

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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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.

55(0.06) 228(0.14

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

life-cyle concrele concrete

® ® o —

embodied-energy performance

timber-buildings "

'\ connections
timber-buildings . B ;

. performance /

/((l[ timber-buildings

timber

timbec-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.

domenty

v mber-bulldings

.- cenrraliny

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 Mahin [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.

l ra seismic-design seismic-engineering

seismic-performance inspection

timber-Ruddings

CO2-emissions

— buildingistructures-design
structural-s) '

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.

n-foot-grint

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).

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
strategic diagram at the first quadrant, Figure 14, and the multiple links of its cluster net-
work, 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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Abstract: Urban development in coastal areas has become increasingly important due to the climate
crisis and its effects on sea level rise and extreme events, which increased the vulnerability of coastal
zones. Therefore, it is important to analyze possible sustainable development techniques in urban
planning and residential housing construction based on low-carbon footprint materials such as
timber. These techniques should be capable of mitigating the effects of flooding and uncontrolled
rises in coastal areas, as well as identifying normative and economic differences in their application
in the Chilean context. For this purpose, a bibliometric analysis of 3882 articles selected from the
Web of Science database between 1987 and 2022 was conducted, allowing us to identify a range of
possible solutions to be developed in the study area. This includes evaluating their potential for
normative application and a cost analysis of these solutions. In this regard, housing solutions such
as amphibious houses and houses on stilts are two types of flood-resistant homes that are gaining
popularity worldwide. Following the technical-economic analysis, it was observed that the solution
on stilts can be up to 50% more cost-effective to implement in Chile. However, both options offer
a promising solution to minimize the risks of coastal flooding and should be taken into account in
the urban planning of coastal areas.

Keywords: urban development; coastal areas; timber; flooding; resilient buildings

1. Introduction

Urbanization is a community process that favors socio-economic development but
also generates environmental conflicts. The urban growth of cities has been the most
important human activity in the development of irreversible environmental and ecosystem
changes on a global scale in recent decades. This has influenced the social and ecological
interaction of our societies with the environment [1,2]. In recent years, the literature has
explored the motivations and mechanisms of urbanization [3-5]. Studies related to urban
occupation in coastal regions are of great interest, as about 40% of the population lives in
coastal areas [6,7]. Certain research identified that urban development is clearly influenced
by environmental, geophysical, institutional and socioeconomic conditions throughout the
world [8]. In addition, urban centers become focal points for the expansion of neighboring
communities, which occupy a larger territory. This is especially significant in coastal areas,
which have a terrestrial as well as an intertidal and marine area of influence [9], where
a population increase of 20% is expected over the next three decades. In the case of areas of
coastal influence (Figure 1) (e.g., coasts, estuaries and wetlands), they have historically been
inhabited by humans due to the accessibility to various elements that provided basic needs
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for human communities [6,9]. At present, the areas of coastal influence favor industrial
fishing and tourism development [10-12]. Human community development has been
modifying coasts in multiple forms. Many of these changes are permanent, arising as
a result of the many activities that take place in the coastal zone, which are carried out by
coastal managers and engineers.

Figure 1. Example of coastal types considered in this work are (a) ocean-sea, (b) estuary, and
(c) wetland.

The process of adapting to climate change, and in particular, to rising sea levels,
requires strategic and adaptive planning and the forecasting of coastal urban development
and the type of architecture for the projected building [13,14]. Therefore, it is essential to
know the scientific evolution patterns associated with land use management in coastal
cities (LUM-CC) (Figure 1), which will serve as a guide for the Architecture, Engineering
and Construction (AEC) industry in the design of public policies and adaptation strategies,
since the latter has a fundamental role in reducing the vulnerability of housing built on
the coast.
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Urban resilience can help address the challenges of climate change in cities by focusing
on transforming the political and economic structures that perpetuate the vulnerability
of urban communities. This involves putting people and their power at the center of
decision-making and addressing the social and economic inequalities that make some
communities more vulnerable than others [15]. Some aspects that improve urban resilience
correspond to investment in infrastructure, including the construction of roads, bridges
and other infrastructure that can withstand extreme events. On the other hand, developing
early warning systems helps people to prepare for and respond to extreme weather phe-
nomena. It is also essential to promote sustainable development, which helps to reduce the
vulnerability of people and communities to climate change [13]. In this context, the type of
residential architecture can help mitigate the risk to communities due to climate change [16].
In Chile, a study was developed to determine the risk of climate change impacts on its
coasts, highlighting mainly the risk of flooding in residential areas near the coast [17]. The
study concludes that for the entire national territory, a rise of (0.15-0.18 & 0.1 m) of the
Mean Sea Level (MSL) is expected in the 2026-2045 projection. In addition, an increase of
0.65 £ 0.3 m of the MSL is projected for the end of the century. Based on this, the study
defines Valdivia as a critical commune due to the high number of inhabitants living below
10 m.a.s.l,, in addition to the high amount of infrastructure, coastal infrastructure and
equipment present below the mentioned elevation. The city of Valdivia presents 20.17%
of its exposed area, with a coastline length of 437 km. In response to this need, the main
objective of this work is to analyze the global state of knowledge in LUM-CC, identifying
trends and key concepts to define sustainable adaptation measures and whether this is
possible to realize with the use of timber. This, as a renewable material, offers significant
environmental benefits by reducing the carbon footprint of buildings [18]. In addition, its
versatility and durability make it an excellent choice for construction. By promoting the
use of timber, we are contributing to a more sustainable and healthy future for generations
to come [19].

The above, together with a technical-economic analysis for residential housing at risk
of coastal flooding in southern Chile, and specifically for the city of Valdivia, will allow us
to provide constructive and sustainable alternatives.

2. Materials and Methods

A bibliometric analysis will be carried out to establish the state of knowledge and the
trends of scientific development in the last decades. We will then use the gaps in knowledge
to develop technical applications in building solutions adaptive to the new climatic reality.

For the literature review, the Web of Science (WoS) databases were used. As shown
in Figure 2, the methodology of this work considers two macro groups of analysis as-
sociated with coastal cities: “Management plan” and “Land use”. The thematic search
criteria were developed according to the following: (i) collect scientific articles from WoS
databases in knowledge between 1987 and 2022 associated with LUM-CC; (ii) realize
a quantitative review using bibliometric analysis and scientific mapping to find trends; and
(iii) analyze the results obtained from the bibliometric analysis in order to identify topics of
increasing interest.

Scientific mapping shows the structural and dynamic components of scientific work
through graphical maps. These graphs represent a given field of knowledge and/or its
specialties of individual documents and authors and how they relate to each other.

For the development of scientific mapping, an open-source software, SciMAT (Science
Mapping Analysis Software Tool) Version v1.1.04, will be used to aggregate procedures,
algorithms and measurements to evaluate each step of the overall scientific mapping
workflow [20,21]. SciMAT applies bibliometric measures as important as the h-index [22],
g-index [23] and hg-index [24], which describe the productive level of the development
of the researcher and report on the number of articles defined. SciIMAT was successfully
applied in many areas, such as management [25,26], urbanism [27,28], construction [29,30]
and health [31,32].
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Figure 2. Relationship between the two search macro groups and coastline types.

2.1. Bibliometric Analysis

The bibliometric performance analysis corresponds to a statistical review of bibliomet-
ric indicators, such as the number of citations and their published papers (h-index) and the
geographical distribution of the most cited papers and authors [33].

The literature search was carried out by identifying the relevant literature associated
with the matrix concept LUM-CC (Figure 3), using specific criteria, which avoids any
possibility of bias, indicated by Thomeé et al. [34] and updated by Diaz-Lépez et al. [29].

1.- Search planning : “Land-use management in coastal cities” (LUM-CC)
2.- Database selection: Web of Science (WOS)

3.- Keyword selection: (TS = (“estuar®* management plan®*” or “coastal* management plan*” or “shoreline®
management plan*” or “coastal land use*” or “estuar* land use*” or “wetland* land use*”or “coastal cit*” or
“coastal town*”’)) This formula as a result, found a total of 3882 items

4 .- Final selection of literature: WoS Categories: Geosciences, Multidisciplinary; Engineering Environmental
Studies; Water Resources; Geography, Physical; Oceanography; Environmental; Green & Sustainable Science
& Technology; Geography; Urban Studies; Multidisciplinary Sciences; Engineermg, Civil; Imaging Science &
Photographic Technology; Regional & Urban Planning; Construction & Building Technology; Engineering,
Ocean; Area Studies; Development Studies; Engineering, Multidisciplinary; Engineering, Marine;
Transportation; Architecture; and Transportation Science & Technology. Number of articles to be studied is
1386.

5.- Determination of time period of analysis: the years proposed by WoS, between 1987 and 2023, were
considered, but it has been decided to limit the range to 2022 mn order to comply with full years. Four periods
were then defined. These were distributed in order to ensure that no period exceeded 500 or was less than 300
documents, as follows (1987-2013) (437), (2014-2017) (319), (2018-2019) (306), 2020 (319). and finally, a
period corresponding to (2021-2022) (475).

"1

Figure 3. Diagram of selection of research papers. The “*” is used to indicate that the word is singular

or plural.

The analysis of scientific maps corresponds to a graphical representation of the tem-
poral evolution of a given field of knowledge and its authors [30], which in this case was
developed using SciMAT software. This software performs bibliometric analysis of the con-
tent of papers based on scientific mapping using the methodology of Cobo et al., 2012 [20];
this software is a free and open-source scientific mapping tool. These features allow any
user to analyze the conceptual, intellectual, and social evolution of a scientific field, as well
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as to define the importance of the works in the context of different time periods and the link
between keywords. SciMAT after bibliometric analysis, generates flowcharts (Figure 4) [29].

Period 1 Period 2 Period 3 Period 4

Cluster Al

Cluster A2

Cluster A3

' Cluster B2

Figure 4. Evolution map. Solid lines indicate that related topics share a keyword; a dotted line shows

Cluster A4

that topics share words that are not the topic name. The size of the line is related to the inclusion rate.

The thematic evolution map (Figure 4) shows the development of the topics and the
relationship between them from one period to another (i to i + 1). The circles represent the
different groups, where the size of each group is directly proportional to the number of
publications. Solid lines indicate that related topics share a keyword; a dotted line shows
that topics share words that are not the topic name. Finally, the size of the line is related to
the inclusion rate [35].

2.2. Building Solutions for Urban—Residential Infrastructure against Flooding

After the bibliometric analysis, the incorporation of solutions in buildings to increase
resilience to floods in the short term, during and after the event, is estimated. A conscious
design of buildings in flood zones includes the choice of building typologies or the integra-
tion of material technologies to improve their performance against flood vulnerability [36].

According to the U.S. Federal Emergency Management Agency and the Building
Design Council of Canada, for a home to be less vulnerable to coastal flooding, it must have
certain characteristics [37,38]. Some of the main features are as follows: (i) the dwelling
should be constructed at an adequate height to prevent floodwater from entering the
house. The height of the dwelling should be greater than the height of the expected flood
level. (ii) The design of the dwelling should be adequate to resist the effects of water and
wind. Windows and doors should be wind-resistant and have a watertight sealing system
to prevent water from entering the house. (iii) Building materials should be water- and
wind-resistant. Traditional materials, such as brick, stone, and concrete, are more resistant
than more modern materials, such as plaster or plasterboard. (iv) The house should have
an adequate drainage system that allows water to flow away from the house. This may
include drainage channels, pumping systems, or elevated ground. (v) The location of the
dwelling is important to avoid coastal flooding. The home should be built on an elevated
area or on a hill to prevent water from pooling around the house.

Proposed Resilient Building Solutions in Chile

To determine a typical house, the average size of social housing in Chile is established,
which varies according to the housing program and the region of the country. According to
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data from the Ministry of Housing and Urbanism (MINVU) of Chile, the average size of
a social housing unit built under the Social and Territorial Integration Program (PIST) is
approximately 50 m? (Figure 5).

Figure 5. Two-Dimensional plans and elevation of the proposed house.

On the other hand, different construction solutions (Figure 6) were assigned for the
walls based on the materials and constructions most commonly used for timber hous-
ing in the studied city. These materials and constructions were obtained from the title
work “A data analysis of the Chilean housing stock and the development of modelling
archetypes” [39]. Constructive solutions for walls in dwellings where the main struc-
tural material was timber were considered. The most representative solutions include
a plasterboard, glass wool and Smart panel exterior cladding, as well as a plasterboard,
expanded polystyrene and fiber cement siding exterior cladding.

Inside [ Outside
.
yd
Groove Pine Plywood /
e=6[mm] / >
Non-ventilated air chamber /
e=6[mm] / g
Expanded Polystyrene p=10 [kg/m3] / [
e=70[mm] 2
Pine wood plank /
e=6[mm] b

Figure 6. Construction solutions for perimeter walls.
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In the case of the roofs, Figure 7 shows the scantlings of Conventional Solution 1
(SC1), which corresponds to a structural system of 2" x 6 pine timber for roof beams, with
an OSB 11.1 [mm)] bracing plate and asphalt shingles, with expanded polystyrene (EPS)
insulation of variable thickness according to the thermal requirements of the area (Figure 6).

EPS e= variable
Vapor barrier

Tongue and groove pine 3/4"x4"
Paster Cardboard HR e=15[mm]

Asphalt tile
0SB e=11.1[mm]
Moisture barrier
Timber pine 2x6"

Timber pine 2x6"

Strucural plywoed e = 15[mm]
Waterproofing

Acoustic mebrane e=5[mm]
OSB e=11.1[mm]

EPS e=8[mm]

Paster Cardboard ST e=15[mm]
Paster Cardboard HR e=15[mm]

Figure 7. Construction solutions for roofing.

The structure of a floor of a house with timber supports consists of the following
components:

- Beams: These are the horizontal supports that support the framing. They are usually
made of timber or steel and are 60 cm to 120 cm apart.

- Truss: These are the horizontal beams that support the floor. They are made of
impregnated timber and are 40 cm apart.

- Subfloor board: This is the layer of timber that is placed perpendicular to the joists
and serves as a base for the finish floor. It will be made of 18 mm plywood.

- Finish Floor: This is the top layer of flooring that provides the walking surface; it will
be 1 x 4” boards. In addition, a 2 cm mortar veneer is recommended for leveling.

The framing, joists, and slab are nailed or screwed together. The subfloor is nailed or
screwed to the framing, and the finish floor is nailed or glued to the subfloor (Figure 8).

Pine Wood floor 1”x4”/ Ceramic
Concretee=2[cm]

Structural plywood

e=15[cm]

Moisture barrier

Timber pine 2”x3”

Polystyrene

— Perforated fiber cement board

™ Timber pine 2”X6”
\ Anchoring to structure

/N

[
/ )

Figure 8. Construction solutions for floor.
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2.3. Technical-Economic Analysis

Once the construction methods proposed by the bibliometric analysis and the respec-
tive structural design are established., an economic analysis of unit prices is performed,
which is a tool used in the construction industry to break down and calculate the cost of
each component or unit of a project. It consists of identifying and quantifying the materials,
labor and equipment required to complete each activity or element of the project [40]. This
type of analysis helps to determine the total cost of a project and is useful for decision-
making in project management, so it will be used to establish which of the alternatives
is the most economical in the Chilean market. Prices were obtained through an analysis
of the construction materials market in the Region de los Rios of Chile in October 2023,
and prices will be presented in USD as of 20 October, according to the official peso/dollar
exchange rate reported by the Central Bank of Chile, 1 USD = 941.82 CLP.

3. Results and Discussion

The method of systematic literature research and bibliometric analysis described above
was applied to perform an exhaustive analysis of the research field LUM-CC, results that are
reflected in the following sections, and how they influence the development of alternatives
for the implementation of urban resilience to climate change.

3.1. Bibliometric Analysis

Figure 9 shows the annual distribution of the 1386 publications on the topic under
study between 1987 and 2008. It is worth noting that since 2015, when the 2030—Agenda
for Sustainable Development agreement was signed [41], there has been a substantial
increase in scientific production (100). Between 2019 and 2022, the scientific production
was the highest, with more than 5% of the articles analyzed, consolidating the LUM-CC
theme due to the interest in climate change, sea level rise and the increasing number of
people living in coastal cities [6,9,13,14].
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Figure 9. Time distribution of published studies by year.

3.2. Scientific Mapping Analysis

A SciMAT setup was carried out for bibliometric analysis and scientific mapping, in
which the word was selected as the unit of analysis, co-occurrence analysis was selected
as a tool to construct the networks, the equivalence index was selected as a measure of
similarity to normalize the networks, and the k-means clustering algorithm was selected
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to detect topics. The documents were analyzed according to their year of publication,
the journals used, the authors and the number of citations. The results obtained are
presented below.

3.2.1. Overly Chart and Thematic Evolution Map for LUM-CC

For the thematic evolution map (Figure 10), the keywords are different in number and
lexicography in each of the subperiods: Period 1 (P1): 1987-2013, Period 2 (P2): 2014-2017,
Period 3 (P3): 2018-2019, Period 4 (P4): 2020 and Period 5 (P5): 20212022 (Figure 6). It
can be observed how the clusters associated with LUM-CC have evolved using different
keywords to explain the subject matter of the works in each period. For example, in P1,
there is the “land-use” cluster, which remains unchanged in the second and third periods
(continuous line) and even incorporates the “wetlands” cluster theme in P2, showing its
intrinsic relationship with the land-use themes to finally evolve to the “flood” cluster
in P4 and P5, which in turn incorporated the “sea-level-rise” cluster theme, generating
a relationship of the matrix themes in this period.
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Figure 10. Map of the thematic evolution of research by period.

Considering the “climate-change” cluster, it evolves to “sea-level-rise”, a theme that
is maintained for P2 and P3, until it joins the “tides” cluster, which in turn returns to the
central theme of “sea-level-rise” in P5. On the other hand, the evolution of the P1 cluster
“coastal-zone-management” is maintained with this same keyword in P2, then this theme
shares a conceptual link with “climate-change” and evolves towards “vulnerability”, then
to “coastal hazard” and, finally, it continues in “coastal-hazard” in P5.
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3.2.2. Research Papers according to Type of Coastline

This section is devoted to analyzing the studies according to the shoreline types
to which they refer, as represented in Figure 1: (a) ocean and sea, (b) estuaries, and
(c) wetlands. The main studies in each section and the most representative clusters pro-
vided by SciMat for these keywords will be presented.

Focusing on the “sea and ocean” cluster analysis, it can be seen that there is a direct
relationship between both keywords, which in turn are related to the topic of “prediction”,
which goes along with what was established in the previous section, presenting the impor-
tance of forecasting future coastal climate events, such as sea-level rise, and flood risks in
coastal cities [42-45]. SciMat presents the relationship between the sea and land-use, which
is reflected in how sea level change makes it necessary to predict the effects it will have on
land-use planning in coastal cities [46].

The relationship between the driving theme and the concepts of “sediment” and
“water”, which in turn are interrelated, is relevant to account for the relationship between
sediment transport and accumulation (both natural and artificial) in coastal waters [47].

Regarding the estuarine environment, SciMat shows an intrinsic relationship with
wetlands, which is to be expected because of the ecosystem relationships that exist between
them [48]. A connection between “management” and “water” was observed in terms of
the impact that urban planning adjoining estuaries can have on water quality [49]. It is also
linked to the keyword “impact”, which points to the urban environment and how it causes
changes in the estuarine food chain [50].

Research papers related to wetlands SciMat show the growing problem of wetland
loss through the concept of “land reclamation” since land use “management” needs to
be improved all over the world [51]. The relationship of wetlands to climate change
largely coincides with the work discussed above in Section 3.2.2 [49,50,52]; in addition,
a noteworthy work is described in [53], showing the effects of climate change and the state
of vulnerability of these habitats to human interventions.

To better understand the temporal evolution of the work, scope and application on
each type of coastal area described in this section, Table 1 is presented, showing the knowl-
edge explored by researchers in each of the periods, the research methods used and the
scientific debates and conclusions obtained over the years, such as that coastal development
requires coordinated efforts from scientists, engineers and government officials, and that
multifactorial assessment techniques should be used to consider social, economic and
environmental factors in land planning decisions.

Table 1. Summary of major studies by periods and types of coastlines.

Type of Coast  Period Major Studies Analysis Tools Main Conclusions
Concern about the economic,
environmental and social -Time series analysis. Vulnerability indexes against
P1 .
consequences of climate -Local urban database. coastal hazard.
change [42,54,55].
It is observed that the effects of The need for joint scientific,
climate change begin to become  -Data analysis. technical, but mainly
P2 and P3 latent through the rise in sea -Projections new governmental efforts to assess
level [14,44,45], and as the climate scenario. coastal development [56].
open ocean danger of flooding in -Numerical models. Integrating ecological and
coastal cities. social engineering.
Deliver new protection tools,
There is mainly an idea of the -Analysis of effects of not just barriers and/or
need for adaptation, indicating  climate forcing on retaining walls, but updated
P4 and P5 / building codes and

that we must assume our new
climatic reality [57].

coastal cities.
-Satellite mapping.

nature-based measures that will
be more effective in reducing
flooding on a longer time scale.
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Table 1. Cont.

Type of Coast  Period Major Studies Analysis Tools Main Conclusions
Human actions affecting the L Devel'op estuarine management
. . -Satellite visualization. planning strategies to integrate
estuarine environment, .
P1 . . -Analysis of urban development through
construction materials and data recorded integrated coastal
urban development [49,58,59]. ’ &
zone management.
Focus on monitoring both -Satel}lte.V1s.uahzat10n. Apply mult1facto¥‘1al
. -Multi-criteria assessment techniques for the
urban expansion [60] and flood . . . . .
P2 . analysis [63]. integration of social, economic
risks due to sea-level . . .
. -Hydrodynamic and environmental criteria
rise [61,62]. . .
Models [63]. governing land planning.
) Improving the integration of
Estuaries field parameters to obtain more
realistic simulations. Generate
Studies currently assess the proposals for active mitigation
flood risk of cities located on -Analysis of and adaptation, such as the use
rivers close to the sea [64,65] data recorded. of mobile barriers and
P3,P4and P5 and the use of effective tools to  -Analysis GIS. mechanical pumping
protect cities from flood -Coastal bathymetric equipment, which, combined
hazards [66], in addition to measurements. and located closer to the sea,
resilient housing [36]. improve effectiveness. and
propose different construction
solutions for floating,
amphibious or pile dwellings.
The influence of climate change The nee‘d for proactlv'e
.. . adaptation plans, which
on the rise inMSL will affect . . . .
. -Time series observation.  evaluate (1) protecting,
P1 coastal erosion, water .
. -Local urban data. (2) accommodating or
salinization and wetland (3) removing
deterioration [43,46]. infrastructure [53].
Implement intelligent
management strategies to help
There is a concern about how solve the coastal erosion
Wetlands P2 and P3 the urban expansion of cities -Analys.is GIS. problem, c.onsiderir?g~
reduces the surface of -Numerical models. a multi-criteria decision
wetlands [67,68]. analysis to identify the most
desirable management
regimes [69].
Concerns about the risk of .
. Include coastal infrastructure
flooding of wetlands due to the .
rise in MSL are reopened [57] -Evaluating adaptation measures,
P4 and P5 ’ evaluating economic and social

In addition to the effects of
pollution derived from human
activities on these habitats [70]

satellite images.

factors and considering
soft strategies.

3.2.3. Evolution of Wetland Research

By evaluating the classification of published research articles by coastal type, it was
found that urban planning in estuarine and wetland coastal zones accounts for 11.9%
and 8.9% of all papers, respectively, while research in marine and oceanic coastal zones
accounts for 79.2%. This gives us an idea that research on the effects and future conditions
in coastal wetland zones is not yet consolidated and evolving over time. Furthermore,
this shoreline type (wetlands) was chosen because these environments are often early
indicators of ecosystem change because they are very sensitive to variations in MSL and
the disturbances this can cause in their biogeochemical and hydrodynamic processes, as
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they represent biodiversity hotspots, supporting the presence of multiple habitat niches
and, therefore, species of major environmental concern [71].

Therefore, wetland coastal urban (WCU) was included as a subsection of the CZM. Of
the total number of articles analyzed in this study, 67 wetland-related articles are shown

in Figure 11.
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Figure 11. Summary of research trends in the entire time series of work on land use and manage-
ment in coastal cities, focusing on wetland areas. A: Wetland-Urban Interaction; B: Urban—Coastal
Interaction and C: Wetland—Coastal-Urban Interaction.

Figure 11 shows the connection between land use, urban wetland development, and
their relationship with the riparian zone, all within the CZM. The figure shows how
the works focused their analysis mainly on climate change and the various temporal
dimensions of its effects and its impact on the riparian zone. On the one hand are extreme
events (increasingly prevalent on the planet), namely the sustained mean sea-level rise,
implications and problems for CZM, the first of which requires increased urban protection
and economic problems generated by inadequate preparation for extreme events [53] and
sustainability impacts (urban-wetland), in aspects such as water and air quality [72,73]. On
the other hand, the rise in MSL, being a systematic condition of the planet, causes the need
for adaptation in coastal cities and their housing infrastructure (urban-coastal), such as
changes in building codes and regulations, creation of protection zones, artificial wetlands
and amphibious housing [36,57,74,75].

Analyzing the problem of finding a balance between these three aspects, studies over
all time periods showed a steady loss of wetland areas because of urban development.
As early as the 1980s, it was shown that human settlement in the South Florida wetlands
altered CHjy sources, resulting in an area loss of about 33.6% between 1900 and 1973 [76].
Alternatively, using GIS methodology to estimate urban areas in Mazatlan, Mexico [49],
an increase in urban areas between 1973 and 1997 (25.1 km? to 54.5 km? + 117.3%) and
a decrease in mangroves (9.11 km? to 7.71 km? — 15.5%) was found. These were not the
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only works that showed this trend; other works, such as [71,77-80], highlight this problem
worldwide. On the other hand, wetlands with coastal influence add to the anthropogenic
threats of surface loss, the effect of climate change responsible for SLR. Early work in this
area warned that a sea-level rise could reduce 2800 km? of wetlands, requiring a protection
cost of USD 43.6 billion (1990) [53]. Therefore, recent decades have seen work showing
numerous alternatives for protecting wetlands and coastal infrastructure [26,57,64,74,81],
as shown in Figure 12.

Figure 12. Flood control strategies for SLR in wetlands and its cost/benefit ratio of 10 according to [57].

All of these flood control strategies described above were subjected to a cost-benefit
analysis to assess the economic feasibility of their implementation [82]. In the case of
the cost-benefit scale in Figure 12, it is the element of economic evaluation proposed by
Aerts et al., 2014 [83], that estimates both the initial investment and the cost of maintaining
each solution in Figure 12. Benefits are expressed as a reduction in the expected annual
damage of the evaluated site; if the cost/benefit ratio > 1, then the NPV (net present
value) > 0, and the strategy is economically attractive [57]. In all strategies shown in
Figure 12., the cumulative benefits can recover the total costs (i.e., initial investment and
maintenance costs).

As for hard strategies, they mainly correspond to storm surge barriers, sea dikes and
floodwalls. The main purpose of these elements is to prevent the area in question from
flooding during a storm or high tide. In the case of a storm surge barrier, it is usually
a mobile structure that usually closes before a storm and then opens again to facilitate the
transport of goods and boats, while seawalls and flood control walls are rigid structures
that are used to protect coastal communities, tidal inlets, rivers and estuaries from extreme
weather events [84]. These solutions were used in projects such as the Venice Lagoon, the
Port of Rotterdam, Shanghai and New York City [64,84-86].

On the other hand, soft strategies are related to indirect flood risk protection plan-
ning, such as the improvement of building codes, including, for example, wet flood
protection materials, dry flood protection or the provision of flotation and/or rising
of dwellings [16,82,83,87].

These measures are aimed at protecting individual property, while artificial wetlands,
which correspond to land reclaimed from the sea (through sand reclamation) [81], and the
different types of flood resilient housing, which, according to the U.S. Federal Emergency
Management Agency and the Canadian Building Design Council, for a home to be less
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vulnerable to coastal flooding, it must have certain characteristics [37,38], like height;
the dwelling should be built to an adequate height to prevent floodwater from entering
the house.

The flood risk can be greatly reduced by hard protection strategies (e.g., storm surge
barriers). In comparison, soft strategies (e.g., wetlands) have a higher cost/benefit ratio
but result in higher residual risk. A hybrid strategy that combines the elements of hard
and soft strategies is superior to both single-strategy approaches in terms of reduced future
risk and a higher cost/benefit ratio [57]. As shown in Figure 12, it can be seen that the
greatest cost-benefit can be obtained from soft solutions that originate from both material
solutions and housing construction strategies [57]. Measures related to the reclamation of
land redirected to anthropogenic construction sites led to a significant reduction in natural
habitat. This, combined with economic activities associated with massive construction,
can lead to contamination of the entire coastal ecosystem [74]; therefore, these types of
soft solutions are not recommended for use by themselves, and solutions with different
housing typologies are recommended.

This can start with houseboats, which range from simple structures to luxury homes
with modern conveniences. Some houseboats are small and compact, whereas others
are large and spacious [88]. Houseboats can also be permanent or mobile, meaning that
they can move from one location to another. Houseboats are typically built on a floating
platform made of timber, metal or fiberglass. Houseboats can also be connected to an
electrical and water grid, or they can be self-sufficient with solar panels and rainwater-
harvesting systems [75].

3.3. Analysis of Building Typologies

Four housing typologies were previously identified in the bibliometric analysis sum-
marized in Figure 12: housing with an open first floor, floating housing, amphibious
housing, and housing on stilts.

For open first-floor dwellings, physical vulnerability was observed, implying possible
damage to the buildings. The intrinsic characteristics of the building design are relevant,
such as the quality and quantity of the openings, as well as the orientation of the walls
with respect to water flow [89]. In addition, their main structural construction material is
reinforced concrete and ventilated roofs are made of aluminum or PVC plus glass, whose
carbon footprint is very high [90]. Another aspect that affects the selection of this type of
housing for the study area is the seismic component, which affects the perimeter protection
of this type of housing, which is not necessarily flooded. Floating homes are typically built
on floating platforms made of timber, metal or fiberglass [75]. The problem with this type
of housing is that in Chile, there are no regulations that regulate it, in addition to being at
the mercy of the effects of tsunamis that typically hit the heights of this country [91].

According to the aforementioned, the implementation of amphibious and resilient
pile housing was selected for a deeper analysis. A cost-benefit analysis was performed to
evaluate the economic feasibility of its application [82], and one of the amphibious types
and the other built on piles were analyzed. Their construction is considered in Chile, and
both share the same architecture and precepts of the Ministry of Housing and Urbanism.
The area of application will be the city of Valdivia, as it is one of the main cities in the
country and a center of tourism and economic development in the Los Rios Region [92]. In
addition, its geomorphological conditions, being immersed in a wetland area and having
one of the rivers with the highest rainfall discharge during the year [93], as well as suffering
from the effects of the earthquake and subsequent tsunami of 1960 [91], make it a promising
study area for applying resilient construction solutions.

3.3.1. Structural Weights and Materials for Typical Housing

Table 2 shows the calculation results of the structural weight of each of the elements
described in Section Proposed Resilient Building Solutions in Chile for the selected SERVIU
house, as well as its overloading according to Chilean standard NCh1537 [94], establishes
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the requirements for the design and construction of earthquake-resistant buildings in Chile.
It defines parameters to evaluate the strength and stability of structures, considering the
seismic activity of the country. In addition, it addresses aspects such as soil classification,
seismic loads and requirements for safe construction in seismic events.

Table 2. Weights of superstructure and secondary elements for studied house.

Wall
Component Area (m?) Unit weight (kg/m?) Total weight (kg)
Groove Pine Plywood 120.72 9.8 1183.1
Non-ventilated air chamber 120.72 0 0
Expanded polystyrene 120.72 0.7 84.504
Pine wood plank 120.72 10.26 1238.5872
Total: 2506.19
Roof
Component Area (m?) Unit weight (kg/m?) Total weight (kg)
Asphalt shingles 27.36 7 191.52
OSB 27.36 7.65 209.304
Moisture barrier 27.36 0 0
EPS 27.36 3 82.08
Vapor Barrier 27.36 0 0
Cardboard plaster RH 27.36 35 957.6
Pine 3/4 x 4" x 4" tongue-and-groove joint 294.12 0.94 276.47
Pine2 x 6 47.88 2.76 132.15
Total: 1849.1256
Ceiling
Component Area (m?) Unit weight (kg/ m?) Total weight (kg)
Waterproofing 49.6 0.005 0.248
Concrete overlay 49.6 48 2380.8
Structural paving 49.6 7.74 383.904
EPS 49.6 2 99.2
Cardboard plaster St 39.5 11.8 466.1
Cardboard plaster Rh 10.1 35 353.5
Total: 4014.95
Floor
Component Area (m?) Unit weight (kg/m?) Total weight (kg)
Moisture barrier - - -
Truss2 x 3 160 1.21 193.6
Polystyrene - - -
Pine main beam 2" x 6" 48 2.76 132.48
Mortar 49.6 48 2380.8
Structural plywood 49.6 7.74 383.904
Perforated fiber cement board 49.6 3 148.8
Ceramic 49.6 1.11 55.056
Total: 3294.64
Total weight 11,664.91

An additional weight should be considered due to the overload of use (NCh 1537,
2009), which is 200 kg/m?. This value refers to the weight of people and all objects in
a dwelling. For this 50 m? house, the total live load weight would be 10,000 kg. Therefore,
the total weight is, with the wall, 21,664.91 kg.

3.3.2. Design Amphibious House

The house is mounted on four stainless steel guide posts that allow the house to be
raised and lowered with water. Residents can enter through the front steps, and a stop
is placed on the guide rod at the height of the maximum flood level. The waterline is
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the point where a building begins to float due to Archimedes’ principle of buoyancy
(Equation (1)) [16].
G
U= (a7 @

where U is the vertical drop below the waterline in m, G is the dead load of a built structure
in KN, A is the area of the floating body in m? and P is the density of water in kN/m?.
If the weight of the vane is less than the thrust force it experiences, it will float. For this
purpose, it is necessary to implement buoyancy systems, which are described below.

With the background of the weight of the structure, we proceed to determine the
elements for buoyancy using the method developed by [16]. A total of 11 fiberglass tubes
8.2 m long and 0.6 m in diameter are recommended, as they can displace an amount of
water equivalent to 24,860 m>. The weight of the displaced water is 24,860 kg, which is
greater than the total weight of the structure, including the floating base, which is 21,330 kg.
The difference between the two most unfavorable weights is 3530 kg in favor of buoyancy.
The arrangement of the piping system can be seen in Figure 13.
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Figure 13. Arrangement of the fiberglass tubes, both in plan and in elevation view.

For the Archimedes equation for vertical drop (Equation (1)), the vertical drop be-
low the waterline, U in meters, is equal to the dead load of the constructed structure, G
in KN, divided by the area of the floating body, A in m?, times the density of the wa-
ter, P in kN/m?. For this structure, G = 216.66 kN, A = 50 m? and P = 10 kN/m?, so
U =216.66/(50 x 10) = 0.43 m.

According to Archimedes’ principle, the upward force exerted by a fluid that opposes
the weight of an object immersed in it is equal to the weight of the fluid that is displaced by
the object. The depth of a building’s foundation is calculated by considering the weight of
the building and the weight of any object that will be placed in it.

Therefore, it is advisable to adopt a minimum drop of 1 m below ground level. It is
not necessary to check the stability of the proposed house because it is attached to vertical
guide posts.

Footings were used to calculate the foundations, as shown in Figure 14a. These
footings had a dimension of 1.0 m by 1.0 m and a thickness of 0.5 m and were checked for
shear and overturning. The footings were placed outside the floating structure, as shown
in Figure 14b.
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(b)

05m

Figure 14. (a) Diagram of the type of isolated footing and its proposed dimensions. (b) Distribution
of isolated footings under the surface of the amphibious house.

For the guide posts, there will be four stainless steel posts of section 20 x 20 cm, which
will be interconnected to the floating structure of the house. The vertical mooring system
will be anchored to the platform by means of the fender rollers [95]. Figure 15 illustrates this
system, which shows how the pile rollers transmit the horizontal loads to the lateral system.
These allow the house to move up and down through permanent connections to the water
level. Residents can access the house via steps leading to the porch and front door. In
addition, a stop is placed on the guide post at the height of the maximum flood level from
the top of the platform [96]. The maintenance actions of the amphibious house elements
were exposed to a humid-salty environment. For the fiberglass tubes, it is necessary to
use epoxy resin paint, as it provides a coating and resistance to water and reagents such as
chlorine, salt and PH variations. For the metal structure, an anticorrosive paint is applied,
which forms a protective layer on the surface of the metal that prevents contact with oxygen
and water, and finally, spray lubrication for the fender rollers [16].

-A

Dolphin column
and casing pile

Fender rollers

J—»

\
744 Platform anchors
,,4_|
“

Figure 15. Example of anchoring and sliding guide posts to the floating house structure design house

on stilts.

In Chile, construction on stilts is highly popular on the island of Chiloé, where they
are called “palafitos”, a series of houses built on timber pillars found on the coast. These
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houses originated in the 19th century when the fishermen of the area needed a place to
store their tools and fishing nets. Over time, the “palafitos” became permanent homes for
the fishermen and their families [87]. As indicated in the “palafitos” protection manual, the
posts of the houses on piles must receive preservative paint that protects the supporting
structure from the action of humidity and salinity of the environment. In this case, we
selected the paint called carbolineum, also known as vegetable creosote, a liquid of natural
origin that has antiseptic and preservative properties [97].

In the case of the design of the piles for this house, a distribution of elements will be
followed, as shown in Figure 16. With a total of 13 piles, verification will be carried out for
an unfavorable study area soil of the sandy silt type with 0,4, = 0.5 kg/cm?.

® @
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Figure 16. Pile layout and detail of timber pile to be installed.

The following values show that, initially, there is a permanent load and overload of
use for small housing: Pp = 113.76 kN and P;, = 98.1 kIN.

When opting for a solution consisting of timber piles, it should be taken into consid-
eration that the maximum length of most timber piles is between 10 m and 20 m. The
timber must be straight, strong, and free of defects. The American Society of Civil Engi-
neers” “Manual of Practice”, No. 17 (1959) stipulates that the type of function required
would demand the use of Class B piles. Class B piles must have a minimum diameter of
305 to 330 mm and a service pressure of Psrp = 34.81 kN. This value should be less than
the capacity of the pile tip.

Timber piles do not withstand high driving forces, so the capacity of the pile is
limited to avoid crushing the fibers due to hammer blows, a phenomenon also known
as splintering.

Assuming a low bearing capacity in the soil, for which it would be uneconomical to
overextend the length of each pile until a more resistant bedrock or substrate is found, the
design of each element can be considered for frictional resistance and lateral adhesion, in
addition to the capacity at the tip, which is usually low in these cases.

Regarding the resistance or bearing capacity of a pile, considering Vesic’s theory
(Equation (2)) for cavity expansion, one would have (for a 12 m long timber pile):

Qp = Ap EO/N; (2)

where Q) is the pile tip capacity, A, corresponds to pile tip area, 7/ is the mean normal
effective stress of the soil at the pile tip level. N, corresponds to the carrying capacity
factor. In the case of the study area

Loamy soil in Valdivia [98]:  ~ 8.04 &
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Internal friction angle: ¢ ~ 27°
Cohesion: ¢ ~ 2.13 kPa

Pile area: Ap = 0.07 m?

Effective pressure (Equation (3)):

kN
q’:fy-h:8.04$~12m:96.48kPa 3)

Normal effective stress, e.g., for sandy silt (Equation (4)):

Ko =1 —sin(27) = 05616 @
142K 1420561
Th= 0 == = 30 2616 96,48 kPa — 68.28 kPa

According to Vesic’s theory (Equation (5))

Ny = f(Ir) ()
where I;; corresponds to the reduced stiffness index for the soil, which is obtained from
Equation (5):

Iy
Ly = ——
T4 LA ©)

A corresponds to the average volumetric unit strain in the plastic zone below the pile
tip. On the other hand, the intervals of Ir for a sandy silt soil are in the order of 70 [99].
With these data, it is possible to obtain A from Equation (6):

_ N
A = 0.005(1 )pa @)

With p, as atmospheric pressure (=100 kPa)

With the above, we have a value of A =0.0044 m, which makes it possible to calculate
the value of I, = 58.46. Now, from Table 11.7, the “Carrying capacity factor” of the
Fundamentals of Foundation Engineering book [99] can be obtained N; with ¢ ~ 27°; this
support factor will be 29.29.

Then, we replace, in Equation (2), to determine pile tip capacity, Q, = 123.71 kN.
Chilean regulations require a safety factor of 3 to 5 in these cases; we take 4.5 so that the
Qadm =Qp/(3.5) =31.28 kN.

Finally, it is verified that Q,4m > Pserv; therefore, the section and length of the pile
meet the load requirements.

3.4. Economic Analysis for Proposed Houses

The following is an analysis of construction prices of the supporting structures for
the same type of 50 m? houses as described in the previous sections. As the geometry
and materiality of the house are the same for both the pile structure and the amphibious
support, this value will not be considered in the precise analysis. Tables 3 and 4 summarize
the main construction elements of both options, compared to a traditional foundation
structure, which considers a precast concrete support system, for a value of only USD 125,
including installation.

When analyzing both budgets and their respective estimates, a lower construction
complexity is observed in the case of houses on piles. This translates to a lower construction
cost of more than 50%. This, together with the existence of construction regulations in Chile
for this timber pile construction methodology, raises this alternative solution to flooding as
feasible in this country.

Houses on stilts and amphibious dwellings were designed for use in flood-prone areas.
It is worth mentioning that houses on stilts are usually more affordable and easier to build,
while amphibious houses are usually more durable and able to withstand the forces of
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water and waves. A resumed comparison between the two construction solutions is shown
in Table 5.

Table 3. Construction values of the supporting structure for an amphibious house.

Amphibious Housing Structure

Description Unit Amount Unit Price Total
Excavations m?3 2.5 USD 61 USD 153
Fiberglass Tubes 8.2 m (Diameter 0.6 m) un 5 USD 320 USD 1600
Stainless steel guideposts m 42 USD 70 USD 2940
Elevating roller systems un 8 USD 280 USD 2240
Metal structure for pipes kg 350 UsD 5 USD 1750
Concrete foundations m?3 2.5 USD 200 USD 500
Foundation armor kg 200 usD 2 USD 400
Molded foundations m? 10 USsD 15 USD 150
Manufacture and assembly of amphibious system MHrs 1080 usD 8 USD 8640
Epoxy paint for fiberglass gl 5 USD 30 USD 150
Anticorrosive paint gl 2 usD 35 UsD 70
Total: USD 18,593
Prices in USD.
Table 4. Construction values of the supporting structure for house on stilts.
House on Stilts Structure
Description Unit. Amount Unit Price Total
Timber piles m 54 USD 50 USD 2700
Pile-driving system hr 32 USD 40 USD 1280
Support structure house m? 50 USD 85 USD 4250
Carbolineum timber preservative gl 6 USD 25 USD 150
Total: USD 8380
Prices in USD.
Table 5. Comparative table between amphibious houses and houses on stilts.
Stilt Houses Amphibious

Pylon houses are usually built with lightweight
materials, such as timber or bamboo, and are designed

Amphibious houses are usually built with more

Desing - durable materials, such as steel or concrete, and are
to rise above the ground to protect them from floods . .
. designed to withstand the force of water and waves.
and other natural disasters.
Stilt houses offer a number of advantages, such as Amphibious housing offers a number of advantages,
protection against floods, pests and alluvium. They such as the ability to move with the tides, the ability to
Adventages . o . . . - .
can also provide better ventilation and privacy than withstand flooding and the possibility of being used
houses built on the ground. for a variety of water activities.
Ezrrf’cisir??hgﬂlf}f(s)sceaguk;ﬁ ?ﬁiﬁ:xfoezzgeﬁ?ebu:;i Zﬁ) Amphibious housing can be more expensive to build
Disadvantages 5 ) y than houses on stilts. They can also be more difficult to

be more vulnerable to storms and other
natural disasters.

access and maintain.

4. Conclusions

This study examined the evolution of knowledge related to LUM-CC, showing
3882 articles searched in the WoS platform from 1987 to 2022. The analysis of results
identified the main subject areas, the most important authors and the countries in which
most LUM-CC-related research was conducted. This led to the most significant findings of
this article, which are presented below:
In general, the analysis of published LUM-CC papers shows that the risk of inundation
due to sea level rise is a dominant theme across all time periods and coastline types.
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This is reflected in the evolution of the predominant keywords in the scientific literature
analyzed in five time periods, as it goes from “Land use” to “Floods”, then the evolution
from “Coastal cities” to “Risk factor” and ends in the last period with the concept of
“Vulnerability”. It is reflected in the early years of research, when it referred to the fight
against climate change, then to the development of mitigation measures, and today to the
creation of adaptability to new climate scenarios.

This will directly affect our way of conducting coastal urbanism because it highlights
the need to explore proactive models of adaptation to this new climate reality that are
more effective in reducing flooding in the long term, taking into account technical, admin-
istrative, economic and social factors. These adaptation plans must include the following;:
(1) protecting, (2) accommodating or (3) removing coastal infrastructure. Implementing
intelligent management strategies to help solve the coastal erosion problem, considering
a multi-criteria decision analysis to identify the most desirable management regimes. In
addition to climate change, human action catalyzes the loss of these ecosystems, generating
environmental, economic and social problems, which, coupled with local morphological
conditions, makes the study of estuaries and wetlands an important area of research related
to LUM-CC.

Flood risk reduction can be achieved through rigid protection measures such as
storm surge barriers. On the other hand, soft strategies, such as wetlands, offer a higher
cost/benefit ratio but carry a higher residual risk. A hybrid strategy that combines the
elements of both strategies is superior to either an individual approach in terms of reduced
future risk and a higher cost/benefit ratio. Amphibious houses are a promising solution
to flooding because they are highly mobile, durable, energy-efficient, and can be manu-
factured from sustainable materials. The challenges associated with their construction
are the cost of acquisition and maintenance and the availability of suitable sites. How-
ever, these challenges are likely to be overcome as the technology continues to develop.
It should be noted that in the case of Chile and its high seismicity, as this house is not
anchored to the ground but rather has an integrated structure, it has good seismic and
flood-proof performance.

Houses on poles are more common in southern Chile, and it is important to consider
several factors, such as the soil type, height of the water table, wind and seismic loads, and
materials to be used. In Chile, a regulatory framework was established by NCh433.0£96,
guaranteeing the safety and resistance of these structures during seismic events.

In addition to the design of houses, it is also important to have user protection
strategies in the case of flooding. This includes having an immediate emergency response
plan as well as providing temporary housing and other assistance to people displaced by
floods.
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Abstract: The building and construction industry is one of the largest greenhouse gas producers,
accounting for 39% of global emissions, most of these coming from concrete and steel. Mass timber
construction (MTC) potentially offers a sustainable alternative to these traditional building materials.
However, more research is needed to establish the sustainability credentials of MTC relative to
traditional concrete and steel structures, especially for mid-rise structures. The aim of this study is to
evaluate the environmental and cost performance of mid-rise mass timber buildings by conducting a
life cycle assessment (LCA). The LCA uses a cradle-to-cradle approach, considering the global warm-
ing potential (GWP), freshwater use (FW), and total use of non-renewable primary energy resources
(PENRT). Results indicated that mid-rise mass timber buildings have significantly lower impacts
than concrete buildings, with their GWP approximately 30 times lower, FW about 20 times lower, and
PENRT reaching a negative value. Additionally, the cost analysis revealed that MTC buildings can be
cheaper to build and thus possibly more profitable than concrete buildings. These findings establish
mass timber as a viable and sustainable option for the future of Australia’s construction industry.

Keywords: mass timber construction (MTC); mid-rise buildings; life cycle assessment (LCA);
cross-laminated timber (CLT); glue-laminated timber (glulam); sustainability; concrete

1. Introduction

Urban areas such as cities are responsible for around 72% of human-induced global
carbon dioxide emissions, with the building and construction sector responsible for around
39% of energy and process-related carbon dioxide emissions [1,2]. Concrete and steel
have dominated the construction industry due to their performance in large-scale projects
across criteria such as cost, fire resistance, and structural adequacy. However, the concrete
industry alone accounts for 7% of global carbon dioxide emissions, while steel is responsible
for 6-9% of global emissions [3,4]. Although significant improvements have been made to
the environmental performance of common building materials such as concrete and steel,
they still embody large amounts of carbon dioxide emissions during their production [5].
Australia accounts for only 0.33% of the world’s population yet is one of the highest fossil
and greenhouse gas emitters per capita in the world [6]. Buildings account for around
18% of direct carbon emissions in Australia, so the selection of suitable materials and
construction methods is vital to reducing emissions [7].

Mass timber offers a promising solution to the limitations of traditional construction
materials, serving as a viable alternative for core building elements. There has been a
growing interest in the use of MTC due to its technical capabilities, cost-competitiveness,
and positive environmental properties compared to concrete and steel [8]. Mass timber
has been shown to meet all the standard structural requirements such as fire, wind, and
seismic capabilities, even outperforming traditional building materials in many ways [9].

Sustainability 2024, 16, 6465. https:/ /doi.org/10.3390/sul6156465 172 https://www.mdpi.com/journal/sustainability



Sustainability 2024, 16, 6465

In addition to its technical performance, mass timber can sequester carbon over its life
cycle while also having the potential to lead to fewer emissions during the construction
and operational stages of buildings [8].

Since the completion in 2012 of Lendlease’s Forté, a 10-storey mass timber building,
the popularity of mass timber construction has been steadily rising in Australia. The Forté
building showcased mass timber’s excellence and innovation and received a 5 Star Green
Star As-Built rating by the Green Building Council of Australia [10]. Other examples of
MTC include the Kind Street Timber Tower, a 10-storey engineered timber building built
20% faster than conventional buildings, and Gillies Hall, Australia’s first mid-rise mass
timber student accommodation building [11]. Australia has updated building codes to
accommodate MTC, providing an opportunity to rethink urban structures and systems [12].

Most of Australia’s major cities are growing at rates faster than many developed cities
internationally, putting pressure on these cities to densify and/or expand [13]. The growing
population poses a threat to the liveability and sustainability of urban life in Australia. The
population in Australia is largely concentrated in urban hubs with more than 76% of the
population living in eight major cities [13]. Between 2010 and 2020 the major cities grew by
3.1 million people, accounting for 84% of the country’s total population growth [13].

Despite the growing population in Australia, it has some of the lowest population
densities in the world. For example, the city of Melbourne is roughly three times the area
of London yet has a third of its population [14], mostly because apart from Melbourne’s
inner city, the rest of Melbourne continues to sprawl out with low-rise buildings. The
current urban environment needs to support higher density development to continue to
sustain the large population growth in Australia’s major cities. While Australia’s major
cities continue to expand, so do their impacts, with increases in urban heat, congestion, pol-
lution, and waste, and impacts on the natural environment [13]. Encouraging high-density
development through mid-rise mass timber buildings in Australia is crucial for addressing
population growth and climate change while enhancing urban wellbeing and livability.

To help accelerate the use of mass timber, the Australian government has launched
the Cleaner Energy Finance Corporation (CEFC) Timber Building Program to encourage
the transformation of medium and high-rise buildings through funding for eligible projects
with an AUD 300 million finance fund [15]. The federal government program, along with
advancements in MTC, have brought about the planned construction of multiple tall mass
timber hybrid buildings in Australia. Some examples of these are the Atlassian HQ in
Sydney, a 40-storey hybrid timber tower with a steel and glass facade, and the C6 tower
in Perth, which will be the tallest commercial hybrid timber tower in the world [16]. Tall
buildings, however, make up only a small portion of the building industry in Australia,
with an estimated 80% of office buildings alone being mid-rise [17]. Australia’s current
focus on tall hybrid timber buildings, despite their challenges in gaining building approval,
overlooks the potential of mid-rise mass timber structures, which could significantly
transform various building types and contribute to sustainability goals.

Despite its numerous advantages, the widespread adoption of mid-rise mass timber
faces significant challenges. Factors such as a lack of education within the construction
industry, resistance to change from traditional materials, and insufficient media attention
compared to high-rise projects impede its adoption [18]. Historically, sourcing materials
for MTC has also been a deterrence, but the emergence of local manufacturers such as
XLam and Wood Solutions suggests promising growth in domestic supply capabilities that
should overcome these concerns [19,20]. Consequently, perhaps the main inhibitor to a
rapidly expanding use of MTC for mid-rise buildings in Australia is uncertainty in the
construction industry about the relative environmental benefits of switching to MTC and
whether such a shift would be cost-effective.

The aim of this project is to evaluate the environmental and cost impacts of mid-rise
MTC compared to concrete through a comprehensive cradle-to-cradle life cycle assess-
ment (LCA) analysis. Unlike prior studies limited to cradle-to-site, this research fills a
knowledge gap by examining mid-rise construction’s holistic performance, particularly

173



Sustainability 2024, 16, 6465

in Australia, aiming to provide updated insights into its environmental footprint beyond
carbon emissions. The study has the following objectives:

1. To quantify and compare the environmental and costs impacts of MTC vs. traditional
concrete and steel builds for mid-rise structures using a cradle-to-cradle life cycle
approach;

2. Toidentify critical stages of the building’s life cycle where environmental and cost
impacts are most significant, and inform the competitiveness of mid-rise mass timber
buildings in the construction industry and promote their adoption in Australia.

2. Materials and Methods

This section describes the methods utilized to conduct a life cycle analysis (LCA)
and a cost analysis of mass timber and concrete mid-rise buildings located in Melbourne,
Australia. The aim of the use of the LCA method was to gain a better understanding of
the environmental impacts and differences between mid-rise mass timber and concrete
buildings. A cradle-to-cradle LCA model was used to ensure all aspects of the building’s
life were taken into consideration beginning from the extraction of raw materials and
concluding with the energy recovery and reuse possibilities for both building types. To
determine what would be needed in the construction of an eight-storey building, a bill of
materials was adapted from an LCA study conducted by Gu et al. [21], which included a
bill of materials for an eight-storey building for both mass timber and concrete construction.

There were several alterations made to the original bill of materials. First, the amount
of glulam required for the columns and beams was reduced because the required amount
quoted by Gu et al. [21] was considered excessive in comparison to other studies. Conserva-
tive estimates indicate that to replace reinforced concrete columns and beams, the amount
of glulam in m3 required would be one and a half times that of the concrete required; thus,
the amount of glulam required was reduced to that amount. Additionally, mineral wool and
fiberglass mats (both used as insulation) were excluded from the bill of materials because
they are required for both mass timber and concrete buildings in similar quantities and so
would not represent a point of difference between the two. Similarly, the PE (polyethylene)
vapor barrier was also removed from the bill of materials because the amount of PE vapor
barrier required was close to equal for both buildings, and again would not represent a
point of difference. All of the remaining materials and amounts utilized remained the same
as those presented by Gu et al. [21]. The LCA was conducted with a life cycle of 75 years
following the EN 15978 [22] and EN 15804 [23] standards to ensure all stages were assessed
correctly. Table 1 provides the sources of all the data used through every stage of the life
cycle analysis. A cost analysis was also conducted in conjunction with the LCA to further
understand the costs associated with constructing both a timber and concrete building; the
sections below further describe the methods utilized for each stage in detail.

Table 1. List of sources for the LCAs.

Stage Purpose Source

Bill of Materials Gu et al. [21].

Concrete EPD Australasia—Average of Boral, Barro and Adbri [24-26].

Glulam EPD Australasia—Wood Solutions [27].

Rebar EPD Australasia—Australian Reinforcing company [28]
Al1-A3 Steel stud .

(1.15 mm, #681) EPD Australasia—Rondo [29]

CLT EPD Australasia—Xlam [30]

Gypsum Board . .

(Fireshield 13 mm) EPD Australasia—Siniat—plasterboard [31]

Foam insulation EPD Australasia—Metecno [32]

Acoustic insulation

(Absorb black 25 mm) EPD Australasia—Martini [33]
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Table 1. Cont.

Stage Purpose Source
Truck carbon emissions calculator Greenstar [34]
Concrete transportation EPD Australasia—Hanson [35]
A Imported CLT transportation Durlinger et al. [36],
P P carboncare.org [37]
Glulam transportation EPD Australasia—Woodsolutions [27]
A5 Total diesel equation Greene et al. [38]
Diesel GWP coefficient Department of Climate Change, Energy the Environment and
Water [39]
C1 MTC vs. concrete demolition Duan et al. [40]
C2 Transport to waste disposal AusLCI Carbon Emission Factors [41]
Concrete EPD Australasia—BGC Concrete [42]
Glulam EPD Australasia—Wood Solutions [27]
Rebar EPD Australasia—Australian Reinforcing Company [28]
C3-D Steel stud EPD Australasia—Rondo [29]
CLT EPD Australasia—Xlam [30]
Gypsum board EPD Australasia—Siniat [31]

Acoustic insulation

EPD International—Interfloor crumb rubber underlay EPD [43]

2.1. Product Stage

According to standards EN 15978 and EN 15804, the production stage marks the
initial phase in the building life cycle and is divided into three distinct modules. Module
Al concerns the raw material supply, Module A2 is the transport of raw materials, and
Module A3 is the manufacturing of a product for construction use. Equation (1) was used
to calculate the global warming potential (GWP), freshwater use (FW), and total use of non-
renewable energy resources (PENRT) totals for each material used in the building designs:

E; = meaterial * Mmaterial (1)

where £, aterial TEpTEsents the environmental impact factors of GWP, FW, and PENRT per
unit of the specified material, while My,aterial Tepresents the quantity of that material
used within the buildings. The environmental impact factors for this stage were sourced
from environmental product declarations (EPDs) corresponding to each material used
in the building designs, covering Modules A1 through to A3. For the calculation of the
environmental impact of concrete, the impact factors were taken as an average of three
different concrete suppliers. The environmental impact factors for all other materials were
taken from one EPD per material (Table 1).

2.2. Construction Stage

Transportation to site, also referred to as Module A4, covers the global warming
potential emissions from transporting the manufactured product to the construction site.
Module A4 used a mixture of environmental product declarations (EPDs) from Table 1 and
Equation (2) to calculate the global warming potential contributions:

E; = XD -Mjgaq - ftramsport ()

where D is the total distance travelled, Mj,,4 is the mass of the hauled material in tonnes,
and fransport is the emission factor of the transport mode (kg CO,e/tkm). The transport
stage considered environmental impacts for concrete, steel, and mass timber components.
The construction site was in Melbourne, so supplier distances were based on previously
used EPDs. For concrete, it was assumed a supplier was within 20 km of the build site. For
all road transport, a truck with a 16-28 tonne gross weight was used, except for concrete,
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where specific truck details were unknown, and thus EPD emission factors were used. The
emission factor for a 16-28 tonne truck was taken from AusLCIv1.42.

Two sourcing scenarios for cross-laminated timber (CLT) were considered: local and
imported from Austria. The GWP for CLT imported from Austria was based on the work
of Durlinger et al. [36]. In their study, they showed that CLT travels from Katsch an
der Mur, Austria, to Koper by truck, then by ship to Melbourne via Singapore, totalling
19,433 km [36]. The ship’s GWP was calculated using carboncare.org, based on shipment
weight and route. The truck distance from the Port of Melbourne to the site was calculated
using the same method as for locally sourced CLT.

The construction and installation phase (Module A5) details the GWP from activities
during building and construction. Equation (3) was used to calculate the total diesel
requirements, and Equation (4) was used to calculate the total GWP of each building;:

M .
V = 0.000037 % Mpaterial * h -+ %ﬂfﬂ +0.83 )

Es = Vdiesel * fdiesel (4)

where Material i the mass of materials in kg, h is half the building height in meters, and
Vdiesel is the total diesel required and is calculated in Equation (3), while fg;es1 is the GWP
emission factor for diesel. These formulae only considered the crane’s diesel requirements.
Previous LCA analyses showed no major difference in earthworks between MTC and
concrete buildings, so that phase was excluded. Other construction elements contributing
to GWP were also excluded due to limited information. The main difference was crane
usage, influenced by construction speed and material mass. To calculate the diesel impact,
the mass of materials hauled by the crane was calculated from the bill of materials and
material densities.

2.3. Use Stage

The use stage covers environmental impacts from building operation until end of life,
as defined by EN 15978 and EN 15804. The use stage includes seven modules: use (B1),
maintenance (B2), repair (B3), replacement (B4), refurbishment (B5), operational energy use
(B6), and operational water use (B7). The LCA excluded the use stage following the findings
from past studies where Eslami et al. [24] and Forest and Durlinger [36] found Module
B1 impacts were similar for both types of buildings. Maintenance, repair, replacement,
and refurbishment were also assumed to have negligible differences by building type
because the LCA focuses on the main structural elements of the buildings. Both buildings
are considered to have the same energy class, making operational energy and water use
identical, and thus these were excluded from this study [36,44].

2.4. End-of-Life Stage

The end-of-life stage involves four modules: deconstruction (C1), waste transportation
(C2), waste processing (C3), and disposal (C4) per EN 15978 and EN 15804. A cradle-to-
cradle approach extends evaluation to include reuse, recovery, and recycling (Module D).
Total GWP for each building was calculated using Equation (5):

Es = (fyuilding * Abuilding) ©)
where fpyilging is the GWP emission factor, and Apyiging is the total building area in m?.
The GWP for deconstruction was sourced from Duan et al. [45], which indicated emission
factors per m? for both buildings.

The transport to waste processing, otherwise known as Module C2, covers the emis-
sions from transporting the construction waste from the building site to a waste processing
site. Module C2 used Equation (2) to calculate the global warming potential contributions.
For the calculation of the global warming potential, it was assumed that a truck with a 16
to 28 tonne gross weight will be used to transport the materials. The emission factor for
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a 16 to 28 tonne truck was taken from AusLCIv1.42. The buildings have a design life of
75 years and it was assumed that there would be a suitable location within 30 km of the
site in Melbourne.

The waste processing, disposal, and reuse, recovery, and recycling modules, also
referred to as modules C3, C4, and D, respectively, are the final stage of the life cycle
assessment. Modules C3, C4, and D cover the environmental impact contributions of waste
processing and the potential reuse, recovery, and recycling of specific material. Equation (6)
was used to calculate the total environmental impact for each end-of-life scenario:

ES = Z(fl * Mmaterial) + (f2 * Mmaterial) (6)

where f; represents the environmental impact factors GWP, FW, and PENRT per unit of
the specified material for Module C3, f; represents the environmental impact factors GWP,
FW, and PENRT per unit of the specified material for Modules C4 and D, and Material
represents the quantity of that material used within the buildings. The data collected
to find the GWP, FW, and PENRT totals were based on multiple environmental product
declarations (EPDs) and are summarized in Table 1 for each material type used in the
building designs.

The concrete building was split into two scenarios, landfill and recycling, while the
MTC building was split into four scenarios, landfill, energy recovery, recycling, and reuse.
The landfill scenarios for both concrete and MTC take f, as the environmental factor for
the C4 Module, whereas the concrete recycling scenario and MTC recycling, reuse, and
recovery scenario take f; as the environmental factor for Module D.

For the concrete recycling scenario, each material in the building was assumed to be
recycled except for the foam insulation board, and because no EPDs could be found to cover
a recycling scenario, it was assumed to go to landfill. The energy recovery, recycling, and
reuse scenarios of MTC buildings only apply to the timber components and assume all other
materials were recycled. The energy recovery scenario involved energy recovery through
shredding and combustion, offsetting energy from natural gas with options including
coal or electrical replacement. The reuse scenario involved the direct reuse of the timber
components from the building without any further processing. The final scenario, recycling,
involves downcycling the timber components into wood chips to be utilised in other
products. These scenarios were based on assumptions made by their equivalent EPDs.

2.5. Totals

Equation (7) is used to calculate the environmental impact totals for both concrete and
mass timber construction (MTC):

Erotal = XE1 + Ex +Es + E4 + Es5 (7)

where E; is the product stage total environmental impact, E; is the total environmental
impact of both transportation modules, Ej; is the total environmental impact for the con-
struction/installation stage, and E4 is the total environmental impact of the end-of-life
disposal, reuse, recovery, and recycling. The calculated totals were split up into different
best and worse scenarios for each of the different building-type cases, with the first case
being the concrete building, the second being the MTC building, and lastly, the MTC
building with imported CLT. Totals were calculated for GWP, FW, and PENRT.

2.6. Cost Analysis

The cost analysis was conducted based on a previous cost analysis completed by
Wood Solutions on an eight-storey residential building in Australia [46]. However, there
were some alterations made to the cost analysis given in that report. First, wall finishes
were excluded from the results because they do not contribute to differential costs between
the building types. Next, the cost of the foundation was added to the analysis because
the mass timber building does not require a foundation as thick as the concrete building
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does. Third, the construction costs including labour, site management, site sheds, and any
equipment required were considered to be AUD 52,000 per week for the whole duration
of construction for both buildings. Finally, it was conservatively assumed that six weeks
would be saved in construction time for the mass timber building, thus reducing the
construction time from twelve months for the concrete building to ten and a half months
for the mass timber building.

3. Results

The following section outlines the results of the life cycle and cost assessments of
the mass timber and concrete mid-rise buildings in Melbourne, Australia. Environmental
impact factors of both buildings were calculated and compiled in accordance with the meth-
ods described above. The findings are presented as graphs, illustrating the environmental
impacts for both building types during each stage of the life cycle assessment.

3.1. Product Stage

The product stage analysed the global warming potential (GWP), freshwater use
(FW) and the total use of non-renewable primary energy sources (PENRT) for the pro-
duction of materials required for the reinforced concrete and mass timber construction
(MTC) buildings. The bill of material quantities for each building is shown in Table 2.
The materials” characteristics as well as their quantities were used in calculating each
environmental impact.

Table 2. Bill of material quantities.

. MTC Concrete .
Assembly Material Quantity Quantity Unit
Col q Concrete 40 MPa n/a 93 m3
B olumns an Glulam 140 n/a m3
cams Rebar n/a 59 tonnes
Steel stud n/a 738 kg
) CLT 172 n/a m?3
Exterior Walls 13 mm Gypsum board 1638 1638 m?
70 mm Foam insulation n/a 1638 m?
25 mm Acoustic insulation 4115 n/a kg
- CLT 1437 n/a m3
oors Concrete 40 MPa 790 2293 m3
Rebar 5 42 tonnes
Foundat Concrete 40 MPa 367 674 m3
oundation Rebar 12 20 tonnes
CLT 1152 n/a m?3
Concrete 40 MPa n/a 516 m3
Interior Walls 13 mm Gypsum board 13,724 24,041 m?
Rebar n/a 73 tonnes
Steel stud 8112 16,302 kg

Note: n/a = not applicable, MTC = mass timber construction, CLT = cross-laminated timber.

Figure 1a illustrates the total GWP for concrete and MTC buildings, showing MTC’s
negative GWP compared to concrete’s positive GWP. In the MTC building, the utilization
of CLT and glulam combined reduced the GWP by a total of —1,415,328 kg CO,, signifying
the beneficial climate impact of including MTC components within the building.
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Figure 1. Totals for the product stage of the life cycle. (a) Global warming potential (kgCOye);
(b) freshwater use (m?); (c) non-renewable primary energy resources (M]).

The total freshwater usage and total use of non-renewable primary energy resources
are depicted in Figures 1b and 1c, respectively. In both cases, MTC outperformed the
concrete structures, with 17% lower freshwater use by the MTC building and 500,000 fewer
M]J of non-renewable energy resources consumed by the MTC building relative to that of
the concrete structure.

3.2. Construction Stage

The GWP of the transport required to get materials to the site location is depicted in
Figure 2a. Per the methods section, the concrete building components were considered to
be transported from Metropolitan Melbourne, local CLT and glulam were considered to be
transported from Regional Victoria, and imported CLT was considered to be transported
from Austria. The concrete building exhibited the lowest global warming potential (GWP)
for transportation. Locally sourced MTC materials demonstrated five times the GWP of
the concrete building, while imported MTC materials showed 15 times the GWP of the
concrete building.

The GWP of construction, specifically the diesel requirements associated with crane
usage for the concrete and MTC buildings, is depicted in Figure 2b. The MTC building
exhibited the lowest GWP for construction, releasing close to half the GWP emitted by the
concrete building.
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Figure 2. Totals for the construction stage of the life cycle. (a) Global warming potential (kgCO,e) for
transport to the construction site; (b) global warming potential (kgCO,e) for construction.

3.3. End-of-Life Stage

Figure 3a depicts the GWP of the deconstruction of the concrete building in comparison
to the MTC building. The concrete building produced the highest GWD, exhibiting more
than double the GWP of the MTC building. Figure 3b depicts the GWP of transportation to
processing or disposal sites. The concrete building had the highest GWP, approximately
40% higher than the MTC building. The results show that a total of 10,663 kg of CO»e
emissions were generated from the concrete components of the MTC building, accounting
for 66% of the total emissions for MTC.

The data presented in Figure 4a—c highlight the GWP, FW, and PENRT totals associated
with different end-of-life scenarios including landfill, energy recovery, recycling, and reuse.
The MTC buildings consistently produced the highest GWP for each end-of-life scenario,
where the GWP for the best-case scenario was approximately eight times higher than the
concrete landfill scenario.
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Figure 3. Totals for the deconstruction stage of the life cycle. (a) Global warming potential (kgCO,e)
for deconstruction; (b) global warming potential (kgCO,e) for transport to waste processing.

The MTC reuse stage in Figure 4b produced the best freshwater use results, using
approximately six times less water per m? than the best concrete building scenario. The
MTC energy recovery scenario was the best performing scenario with respect to PENRT,
using approximately 20 times fewer Megajoules than the best concrete building scenario
(Figure 4c).
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3.4. Totals

Figure 5a—c show the combined GWP, FW, and PENRT results for the life cycle as-
sessment from cradle to cradle. Results show that the MTC building performs better in
every scenario compared to the concrete building, with the exception of PENRT totals for
both worst case scenarios. The concrete building’s total GWP was approximately 30 times
higher than the MTC building, its total FW was approximately 20 times more than the MTC
building and the total PENRT for the MTC building was negative for its best-case scenario.
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Figure 5. Totals for the entire life cycle. (a) Global warming potential (kgCO,e); (b) freshwater use
(m?); (c) non-renewable primary energy resources (M]).
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3.5. Cost Analysis

The cost analysis of the elements that differentiated between the building types indi-
cated that close to AUD 480,000 is saved when using mass timber in a building rather than
concrete. Table 3 summarizes the prices broken down by material costs and construction
costs for each element of the two buildings. The cost analysis indicates that the initial
material price for both buildings is close to AUD 5,000,000 and that the majority of the
savings for the MTC building comes from the ceiling finishes, columns and beams, and
reduced construction time.

Table 3. Cost analysis of the differentiating elements between the two mid-rise building types.

Assembly MTC Concrete Variance
Columns and beams $34,935 $365,644 —$330,709
Exterior walls $518,082 $416,165 $101,917
Floors $2,539,961 $1,810,398 $729,563
Foundation $364,350 $537,441 —$173,091
Interior walls $1,286,436 $1,224,522 $61,914
Roof $233,100 $356,617 —$123,517
Ceiling finishes $0 $459,085 —$459,085
Termite protection $25,000 $0 $25,000
Construction costs (labour, etc.) $2,392,000 $2,704,000 —$312,000
Total $7,393,864 $7,873,872 —$480,008

Six weeks was saved in construction time for the MTC building, reducing the construc-
tion time from twelve months for the concrete building to ten and a half months for the
MTC building, ultimately reducing the total cost by around AUD 300,000 due to savings
in labour, site management, site sheds, and any equipment required such as cranes and
scaffolding. The cost analysis total indicated that the MTC building is cheaper to construct
than the concrete building with a saving of 6%, or AUD 480,000, attained when constructing
the building with MTC.

4. Discussion

This study aimed to evaluate the environmental and cost performance of mid-rise
mass timber buildings and identify specific stages with the most significant impacts. The
analysis seeks to inform stakeholders and enhance the competitiveness of mass timber
buildings in Australia. The results showed that mid-rise mass timber buildings perform
significantly better in several key areas compared to traditional concrete structures. The
following section discusses the findings of the life cycle assessment and uses the current
literature to support these findings, highlighting the strengths and limitations of each
building type for each life cycle stage to contribute to informed decision making in the
construction industry.

4.1. Product Stage

In the product stage of the life cycle assessment, three indicators of environmental
impact were analysed: global warming potential (GWP), freshwater use, and total non-
renewable energy (PENRT). MTC outperformed concrete in all three indicators. Concrete
and rebar had negative impacts across all indicators, whereas glulam and CLT showed
positive impacts. The MTC building included all four materials, while the concrete building
did not include glulam or CLT. The concrete building required over three times the amount
of concrete and more than ten times the amount of steel rebar compared to the MTC
building, significantly impacting the outcome.

The GWP of the MTC building was negative, indicating CO, sequestration, while
the concrete building had a large positive GWDP, indicating CO, emissions. Trees absorb
CO; through photosynthesis, binding carbon into sugars used for growth while releasing
oxygen [47]. Glulam and CLT store more carbon than is emitted during the product stage,
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including harvesting, transporting, and manufacturing. MTC plantations promote carbon
sequestration, as young trees capture carbon as they grow. Trees continue to store carbon
until they decompose or are burned. About 50% of a tree is carbon, and decomposition
takes many years, so MTC buildings store this carbon once built [40]. These findings
confirm Harte’s support regarding MTC’s ability to reduce emissions [8].

Concrete and steel had significant impacts across all environmental indicators, with
90% of the GWP of the concrete building attributed to concrete and steel rebar, resulting in
over 1 million additional kgCO, emissions compared to the MTC building. Freshwater use
also favoured MTC, though the difference was smaller than for GWP. Concrete and steel
accounted for 90% of freshwater use in the concrete building, while in the MTC building,
30% was attributed to concrete and steel, and 60% to glulam and CLT. Hardwood glulam
used more freshwater than CLT, but using softwood glulam reduced water usage. Glulam
and CLT water usage comes from plantations, pressing and curing, and post-lamination
treatment [48]. These processes are efficient, and reducing freshwater use in MTC would
require significant investment.

Non-renewable energy (PENRT) also favoured MTC, as CLT and glulam required
less non-renewable energy per cubic meter than concrete and steel rebar. Less material is
needed for MTC buildings, so overall, MTC buildings outperform concrete in PENRT. In
addition, wood product production tends to involve biomass energy produced by waste
products from the wood-harvesting process (a renewable energy source). This contrasts
with the heavy reliance on fossil fuels for the production of concrete and steel. These
factors combine to see MTC outperform concrete and steel in the consumption of non-
renewable energy. The product stage concluded that MTC outperforms concrete in every
stage, proving the superiority of materials like CLT and glulam over concrete and steel,
supporting Abed et al.’s [9] argument for industry adoption.

4.2. Transport and Construction Stage

Transportation to the construction site was one area where the concrete building out-
performed the MTC building. Concrete and steel required shorter transportation distances
(about 30 km) to the construction site due to the availability of suppliers near Metropoli-
tan Melbourne. This reduced fuel consumption, emissions, and logistical complexities,
contributing to construction efficiency.

In contrast, MTC, particularly imported mass timber, required longer transportation
distances. Mass timber travelled about 300 km to the site, with imported timber from
Austria traveling approximately 20,000 km. This underscores the environmental impact
of transportation and the importance of local sourcing. Transporting mass timber is
challenging due to the difficulty of moving large timber beams and high transportation
costs [18]. Imported timber needs specific processing, handling, and wrapping due to
container size limitations. Local production capabilities and government incentives like
the Cleaner Energy Finance Corporation (CEFC) Timber Building Program have facilitated
the transition to local supply chains. This reduces the reliance on imported goods and
promotes the use of regional suppliers.

The recent completion of Australia’s first mass timber building under the CEFC pro-
gram in 2023, using only local products, showcases the feasibility and benefits of local
sourcing [49]. Local manufacturing reduces transportation distances and fosters economic
growth, job creation, and regional development [50]. Local mass timber production sup-
ports both rural and urban economies, offering employment and mitigating climate change.
XLam'’s establishment of the pioneering CLT manufacturing plant in 2017 served as a
catalyst for local production, reducing the nation’s dependence on imported products [19].
An increase in demand for mass timber will provide economic incentives to invest in forest
plantations [51].

Australia’s forestry supply chain supports domestic and export markets, vital for
many rural communities [52]. While concrete is expected to outperform mass timber in
transportation to construction sites, transportation is a small component of the overall
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environmental impact. However, the stagnant growth in new plantations threatens future
local mass timber supply. Presently, Australia’s total plantation area is at its smallest since
2003-04, primarily due to the ongoing conversion of hardwood plantations to alternative
land uses [53]. This trend poses a looming threat to future local mass timber supply. The
forest industry has the potential to address the increasing demand for wood products, while
new plantations would support the environment, regional employment, and economic
activity, and improve social outcomes [52].

The installation and construction stage showed the MTC building’s superiority, with
the concrete building emitting nearly double the CO, emissions. The main differentiation
was the time of construction, impacting CO, emissions from diesel use for crane operations.
The concrete building’s material mass was nearly double that of the MTC building, leading
to higher emissions. These results highlight the efficiency of constructing mass timber
buildings, reducing GWP and construction time and cost.

4.3. End-of-Life Stage

At the end-of-life stage, deconstruction/demolition presented a significant difference
in GWD, highlighting the advantages of MTC, which had about half the GWP compared
to the concrete building. Due to MTC being a relatively new construction material, there
is a knowledge gap regarding its environmental impacts at this stage. The first modern
MTC building in Australia was constructed in 2012, so it has not reached end of life [54,55].
Duan et al. [45] used demolition energy data for CLT and concrete to estimate emissions,
concluding that CLT has a demolition energy of 0.0359 MJ/kg and reinforced concrete
0.0612 MJ /kg with emissions equalling 7.62 and 3.63 kgCO,e/m?, respectively. These
results show the MTC building’s superiority in GWP.

Transportation to waste processing facilities highlighted the advantages of CLT and
glulam due to their low density compared to concrete. Concrete, with a density of ap-
proximately 2400 kg/m?, is significantly denser than CLT and glulam, which range from
480 kg/m? to 674 kg/m? [27,30,56]. Concrete’s high density requires more trips, increasing
GWP. Mass timber’s lower transport costs and reduced GWP during transportation con-
tribute to its environmental benefits [57]. However, urban environments like Melbourne
can impact fuel consumption due to traffic conditions [58]. The impact of high traffic
conditions can result in 1.1 to 1.5 times higher fuel consumption compared to free-flowing
traffic [59].

In waste processing, concrete structures benefit from well-established end-of-life
strategies, with steel and concrete being highly recyclable [38]. Most life cycle assessment
studies of mass timber buildings focus on a cradle to site, or cradle to the construction
system boundary, and do not include the end-of-life stage. Predicting the end of life and
outcomes beyond the system boundary for mass timber buildings poses challenges because
it necessitates forecasting decades into the future, resulting in some uncertainty regarding
the accuracy of end-of-life assessments [60]. Mass timber end-of-life scenarios include reuse,
recycling, combustion for energy recovery, or landfill [61]. Reusing mass timber extends
its lifespan, maximizing sequestered carbon and delaying CO, release [62]. The extended
lifespan of mass timber also reduces the demand for new timber extraction, mitigating
the environmental impacts associated with the timber production process. The reuse of
mass timber components also had a large impact on freshwater use, almost making the
entire lifecycle, excluding the use stage, water neutral. However, it is important to note that
not all mass timber can be recycled because the presence of nail holes or deconstruction-
related damage can deem some material unsuitable for reuse [38]. Innovations in modular
construction and prefabrication could facilitate easier reuse. While timber is a source of
carbon sequestration, once it is incinerated or decays, the sequestered CO, stored in the
wood is released [60]. Thus, where mass timber cannot be reused, it should be used to
produce biomass energy through direct combustion so that it can offset the use of fossil
fuels [9,30]. Although it is well-established that wood decomposes very slowly, resulting in
minimal carbon loss over decades, the specific decomposition rate of mass timber remains
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largely unknown due to variations in landfill management practices and climates [63].
In landfills, mass timber decomposes slowly but releases biogenic methane, which has a
much higher GWP than CO, and thus could have a greater effect on global warming [45].
However, one study in Australia on the decomposition of wood products found that after
being buried for 46 years, softwoods and hardwoods had only lost 18% and 17% of their
original carbon content, respectively [64]. Other research has shown that only up to 8% of
the carbon in wood may be emitted as gas in landfill sites [65]. These studies suggest that
the slow rate of timber decomposition minimises immediate carbon emissions.

4.4. Costs

The cost analysis indicated a 6% saving for MTC buildings, nearly AUD 500,000
for a mid-rise MTC building compared to a concrete building. Initial material costs are
similar, but construction time savings make MTC more cost-effective. This supports
Evison et al.’s [66] findings but contradicts studies suggesting MTC is more expensive [67].
Variability in results may explain builders’ hesitation in adopting MTC, especially regarding
construction phase time savings.

4.5. Limitations

This study’s use of USA-based building design data introduces potential discrepancies,
as it may not reflect Australian practices. Modifications were made for environmentally
friendly choices, but data constraints limited options. Assumptions about waste processing
facilities may not align with real-world scenarios, and uncertainties about end-of-life
scenarios highlight the complexity of conducting comprehensive LCAs for mass timber
construction. Conservative estimates in this study suggest MTC’s superiority over concrete
for mid-rise buildings.

5. Conclusions

This study addresses the urgent need to mitigate urban CO, emissions, particularly in
Australia where buildings contribute significantly to the high per capita emissions [2,7].
Overall, the life cycle assessment indicated that mid-rise MTC buildings have significantly
lower environmental impacts than concrete buildings, with GWP approximately 30 times
lower, freshwater use about 20 times lower, and even lower total use of non-renewable
energy resources, with MTC having a negative value. Further, the cost analysis revealed
potential savings close to AUD 500,000 with MTC, mainly due to faster construction times,
suggesting that MTC mid-rise buildings are more profitable than typical concrete and steel
mid-rise buildings, with changes in the supply chain in Australia suggesting that MTC
mid-rise buildings will be even more profitable in future.

The detailed findings indicated that mid-rise MTC outperformed concrete buildings in
the product stage, demonstrating significantly lower global warming potential, freshwater
use, and total use of non-renewable energy resources. During the construction stage, MTC
exhibited lower GWP from construction activities, although for transportation, the GWP
for MTC was higher, particularly for imported materials—although that situation will soon
change and represented only a small difference between the building types. At end of
life, the MTC building produced higher GWP but performed better in freshwater use and
non-renewable energy resources.

These findings suggest that MTC construction should be a preferrable option for the
construction industry in Australia, and globally. These structures are both more sustainable
and cheaper, indicating that they have both an environmental and commercial advantage
over traditional structures. As MTC products are already commercially available, a shift to
increased use of MTC as a preferred building material will stimulate further growth in the
production of MTC, helping to drive costs even lower, and limiting the potential adverse
impacts that come with importing these materials from overseas. Future research should
investigate potential barriers to MTC adoption in the Australian construction industry, to
help expedite the transition to MTC for mid-rise structures.
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Abstract: Urban environments significantly contribute to carbon emissions, both through
operational processes and the embodied emissions of construction materials, thus exac-
erbating climate change. Nevertheless, urban timber structures offer a viable alternative
by acting as carbon sinks, capable of sequestering carbon for decades or even centuries.
This study develops and applies a methodology to quantify the biogenic carbon stored in
Santiago City’s timber-based buildings, conceptualized as a “Second Forest” that transfers
and preserves the carbon capture capacity of trees in the built environment. The analy-
sis estimates that Santiago’s urban timber constructions have expanded their wood-built
surface area by 192,831 m? over the past eight years, reflecting the growing adoption of
timber in urban construction. During the same period, biogenic carbon storage increased
from 199.78 kt to 202.73 kt, equivalent to 10.84 kt of CO, under average conditions. These
findings highlight the potential of urban planning strategies, such as promoting taller tim-
ber buildings and adopting circular timber practices, to enhance carbon sequestration and
reduce reliance on carbon-intensive materials. This research highlights the fundamental
role that timber buildings play in urban climate change mitigation, positioning them as
active contributors to global carbon management efforts.

Keywords: biogenic carbon stock; urban wood structures; sustainable urban planning;
carbon sequestration; timber urban resources

1. Introduction

Harvest wood products, sourced from sustainably managed forests, have proven to
be a renewable alternative with a lower environmental impact compared to materials that
are intensive in fossil fuels and contribute to climate change with higher greenhouse gas
(GHG) emissions [1-3]. Additionally, their potential to capture carbon dioxide from the
atmosphere during photosynthesis and tree growth presents a unique opportunity as a
material in which wood product manufacturing can store biogenic carbon over its lifespan.
In simplified terms, for every two kilograms of anhydrous wood, approximately one
kilogram of biogenic carbon can be estimated, around 50% of its mass, which is equivalent
to storing approximately 3.67 kg of carbon dioxide from the atmosphere when considering
the mass of carbon and oxygen involved [4,5]. This condition remains in time, unless the
carbon is released through combustion and oxidation or degraded by biological agents,
mainly being released as carbon dioxide and methane.

Sustainability 2025, 17, 529 https://doi.org/10.3390/su17020529
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This potential for atmospheric carbon dioxide storage over time depends directly on
ensuring that any wood product remains in the environment for as long as possible and
prevents the release of carbon, whether accidental or deliberate. This can be achieved
through the manufacture of long-lasting products, reuse, and, to a lesser extent, recycling
or modification for other uses, considering that any recycling or modification process tends
to lose some material and release stored carbon to some extent.

Consequently, wood products used in construction, especially in structural applica-
tions, offer buildings the potential to store substantial amounts of biogenic carbon for
decades, or even centuries [6]. Moreover, the lower GHG emissions and reduced en-
vironmental impact associated with wood construction offer a substantial potential for
decreasing the environmental impact of this sector. Currently, the construction industry
is responsible for approximately 37% of atmospheric GHG emissions [7]. Additionally,
traditional construction materials such as concrete and steel currently account for approx-
imately 11% of global GHG emissions due to their production processes, in which it is
difficult to reduce emissions, and their global production volumes. In fact, approximately
70% of the planet’s anthropogenic mass currently consists of materials such as concrete
and aggregates, and it is expected that by 2040, concrete by itself would exceed the entire
earth’s biomass [8]. Moreover, these materials are increasingly scarce, requiring transporta-
tion over long distances for processing, resulting in emissions and environmental impacts
associated with their extraction [9].

By contrast, forest resources are abundant in many regions worldwide and have the
potential to grow even further through reforestation and afforestation strategies, offering
substantial potential for combating climate change [10]. This is especially important in
countries that consider forests and wood products as strategic resources for achieving GHG
emission reduction targets and meeting raw material demands. Moreover, durable wood
products harvested from sustainably managed forests can effectively help prevent CO,
emissions, even when sourced from younger forests. For example, newly planted forests,
when managed with a focus on denser planting schemes and rapid growth strategies, can
capture CO, more effectively than older forests [11]. And although older forests capture
less CO; overall, individual mature trees capture more CO; than several young trees; more
importantly, they may have stored CO; for a longer time, potentially even predating the
industrial revolution [12]. Therefore, cutting down old trees in mature forests can have a
higher impact on CO, release compared to cutting young trees in young forests, where
reforestation plans can help capture new CO,.

Likewise, if the destination of wood products involves a life in construction elements,
where the materials” duration in the built environment could span several replacement
tree growth cycles in the environment, any release of carbon dioxide could eventually be
compensated. Thus, it is desirable that the useful life of any wood product exceeds the
time it took the tree to capture the stored biogenic carbon. Furthermore, forests with rapid
growth and carbon dioxide capture, such as those with a regeneration cycle of just a couple
of decades, are more appealing from this perspective than forests that are centuries old,
where the slower regeneration of carbon capture may outweigh the benefits.

In this context, wooden constructions within the urban environment of a specific city
act as a biogenic carbon stock that endures over time and varies depending on the longevity
of wooden construction elements in the built environment. Moreover, the integration
of new wooden buildings can potentially offset carbon released into the atmosphere or
increase urban carbon storage. Furthermore, if wood surpasses the replacement rate of
equivalent carbon harvested from the original tree through the planting of a new tree, it
could provide a long-term benefit to the global carbon balance. This not only represents a
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transfer of biogenic carbon from the forest to the city but also creates a carbon reservoir
independent of the original forest stock.

In this regard, previous research has attempted to quantify the amount of wood in
urban environments using various methods but has encountered challenges that have
constrained the results [13—-18]. Most of these challenges are associated with limitations
in the availability of public data on the materials used in buildings, making it difficult
to represent material quantities on a large scale and track their evolution over time [14];
the restriction of results to a specific range of building types within particular timeframes
and spatial constraints [15]; or the use of material quantity indicators that need to be
extrapolated from other contexts [17].

These limitations highlight the need for methodologies that address gaps in the quan-
tification of urban wood use and reduce uncertainty, particularly in developing countries
with limited data on construction materials and their environmental impacts. This study
focuses on Santiago City as a case study due to its unique urban characteristics, including
a growing use of timber in construction and its role as the capital of a developing nation
with ambitious carbon neutrality targets. By examining Santiago, this research provides
insights applicable to other rapidly urbanizing regions with similar constraints, offering a
replicable framework for understanding the environmental potential of urban timber.

The concept of Santiago as a “Second Forest” reflects the premise that urban timber
structures can replicate the carbon storage capacity of natural ecosystems. This concept
suggests that urban environments, when designed with an emphasis on wood-based con-
struction, have the potential to become significant carbon sinks, simultaneously reducing
emissions while enhancing carbon storage. By envisioning cities as anthropogenic exten-
sions of natural carbon storage systems, this study highlights the need for a paradigm shift
in urban planning where built environments actively contribute to climate change miti-
gation by retaining part of the original forest’s carbon through harvested wood products
while allowing the development of low-emission buildings in emerging nations.

Furthermore, this perspective emphasizes the broader potential of urban wood use in
reducing reliance on carbon-intensive materials such as concrete and steel. Additionally,
as a forest-rich country, Chile depends on the maintenance and expansion of its forests to
offset at least 50% of its growing emissions and achieve carbon neutrality [19], underscor-
ing the need for an industry that promotes long-lasting and renewable harvested wood
products that foster sustainably managed forests. By integrating these principles into
policy frameworks, nations like Chile could develop effective strategies to offset emissions
while enhancing carbon storage. This approach positions timber construction not only as a
sustainable alternative but also as a critical element in achieving carbon neutrality by 2050
and aligning with the nation’s commitments under the Paris Agreement.

The primary purpose of this work is to present a methodology for quantifying the
biogenic carbon stored in wooden buildings within the urban built environment of a
city, particularly in contexts with limited or no available data on wood material use and
carbon storage. Additionally, a secondary aim of this research is to provide an initial
understanding of how biogenic carbon is distributed in a large developing city, such as
Santiago, Chile. Considering its significant expansion in recent decades and its pressing
need for new infrastructure, this study examines the temporal behavior of biogenic carbon
and identifies future research directions to improve projections of wood usage and biogenic
carbon storage in the coming years.
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2. Materials and Methods
2.1. Case Study: Santiago of Chile

Chile has positioned itself as a regional leader in Latin America in terms of sus-
tainability and development in the construction industry. Despite being a developing
country, Chile has adopted policies that promote energy-efficient buildings through the
implementation of sustainable certifications, alongside tools designed to encourage a more
circular construction industry. These initiatives aim to reduce the environmental footprint
of the rapid urban growth the country has experienced in recent decades—a characteristic
common to emerging nations that face the need to quickly expand their infrastructure.
Furthermore, Chile has gradually begun to adopt more complex models for assessing envi-
ronmental impact, laying the groundwork for the development of life cycle assessments in
construction and the quantification of embodied emissions.

Chile is a strong advocate of international climate commitments, being a signatory to
the Paris Agreement, which reflects its determination to achieve carbon neutrality by 2050.
This goal is supported by a comprehensive strategy that includes significant progress in
emission reductions, accounting for 50% of the projected reduction, and the sustainable
management of its extensive forests, which cover 17.9 million hectares [20]. These forests are
expected to act as natural carbon sinks, offsetting the remaining 50% of national emissions.
Within this strategy, the construction sector accounts for approximately 31% of national
emissions [21] and is projected to contribute, through sustainable building strategies, at
least 17% to the national emission reduction plan.

Over the past two decades, Chile has emerged as an international leader in the adop-
tion of renewable energy, particularly solar and wind energy, with more than 50% of
the installed capacity in its electrical system coming from renewable sources. These en-
ergy sources have transformed the country’s energy landscape, significantly reducing
greenhouse gas emissions associated with electricity generation and, consequently, the
operational emissions of the built environment. While the country is expected to reach
100% renewable energy by 2050, and national industries like lithium and green hydrogen
enable energy storage, the significant reduction in operational emissions from the built
environment alone would not be sufficient. This is due to the construction sector’s heavy
reliance on fossil fuel-intensive materials such as concrete. Within this Chilean context, it
is essential to understand the carbon-storing benefits of materials like wood in the con-
struction sector, alongside their advantages in promoting a forestry sector that produces
sustainable wood products capable of storing carbon and reducing embodied emissions.

The city of Santiago, represented in this study by the 32 municipalities of the Province
of Santiago (Figure 1), with a total area of approximately 2110 km? and a population ex-
ceeding five million inhabitants, serves as a representative example of national building
and public policy trends in Chile. Like many cities worldwide, Santiago faces signifi-
cant challenges related to urban densification, transportation, and resource consumption.
Nonetheless, the city has implemented pioneering initiatives in green infrastructure, urban
planning, and efficient public transportation, positioning itself as a model for other cities in
the Latin American region. However, the impact of these policies on wood-based buildings
and the urban biogenic carbon stock remains unclear. More critically, it is uncertain whether
these policies are contributing to biogenic carbon storage or facilitating its release into
the atmosphere.
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Figure 1. The study area consisting of 32 municipalities that make up the Santiago province (prepared
using https://mapshaper.org/ (accessed on 8 August 2024) with ©Mapbox and ©OpenStreetMap).

2.2. Quantifying Wood in the Built Environment

Accurately quantifying the volume of wood present in buildings within the built
environment is the key to understanding its extent and distribution patterns. This requires
considering various factors, such as construction systems, building types, and wood species,
among others. Moreover, the potential benefits of wood construction at the urban level can
only be analyzed if its scope and variation in space and time are well understood.

However, determining how much wood exists in the built environment is not a
straightforward task, and this information is not readily available in all countries. Various
approaches can be used to obtain these data, including (i) data from national records, such
as building permits or real estate property records; (ii) estimates made through sample
surveys, such as censuses or sampling methodologies; (iii) approaches based on aerial
imagery and model estimations; and (iv) commercial records of forest production and sales
of wood products.

This study is based on the use of national real estate records to quantify wood in
the built environment. The case study of Santiago in Chile benefits from tax records
maintained by the country’s Internal Revenue Service, which detail the primary materials
used in building structures for the purpose of a property tax assessment. This database
includes multiple records that allow for the identification of built square meters according
to the materials used in structural walls, the intended use of the building (e.g., residential,
commercial, educational, or other), the year of construction, records of modifications over
time, the quality of construction, and others that are not relevant to this research.

Chilean records have been available since 2018, with updates being made every six
months, and they include public access data on demolitions, modifications, and new
constructions [22]. These records are gathered using detailed manuals and assessments
carried out by professional property appraisers. The eight-year measurement period is due
to the system’s digitization in 2018; earlier records exist but lack the consistent structure
found in the current dataset. Furthermore, while the Chilean National Statistics Institute
(INE) keeps a record of building permit requests, which identifies the main materials used
and conducts a national housing census that records the materials of surveyed buildings,
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these sources are less reliable than the real estate registry. This is because the former does
not confirm whether the permitted building was constructed or modified, and the latter
faces issues related to survey-based data collection, where residents may provide incorrect
or incomplete information about the building systems they inhabit.

The data provided by the real estate record and their uses in this work consist of
eight files (from 2017 to 2024) that address urban areas and focus on parcels and building
information. The details of the contents of the files can be seen in Table 1.

Table 1. Data available from the Chilean real state registry.

Column Data in Real State Registry File Use in This Work
1 SII Code of municipality Identify Santiago’s municipalities
2 Block number No use in this work
3 Parcel number No use in this work
4 Number of construction line Identify building information

Structural material of Identify wood buildings

5 L (predominant material in
construction line .
bearing walls)
6 Quality of construction line No use in this work
7 Year of construction line Identify the age of wood buildings
8 Surface area of construction line Identify the 51085 su'rface area of
wood buildings
9 Use of construction line No use in this work
10 Special condition of No use in this work

construction line

The file format remains the same for the eight years of data used in this study (2017-2024).

The Chilean real estate record also provides detailed information at the municipality,
block, and property levels, with over 8 million entries nationwide. In this case study,
32 municipalities that make up the province of Santiago or city of Santiago are analyzed (the
country’s most densely populated urban area). For the purposes of this study, analyses are
conducted at both the city of Santiago and municipality levels, summing the square meters
accordingly, to understand how wood and its associated biogenic carbon are distributed
within the urban environment. For the same reason, the results and analyses are limited
exclusively to buildings that list wood as their primary construction system regardless of
whether it represents only a small part of a building complex that may include a greater
proportion of square meters constructed with other materials, either before or after.

It is important to note that while the real estate record is the most reliable source of this
type of information for this case study, it contains some inconsistencies and lacks detail. An
example of this is that it might include properties that have not been properly regularized
or have undergone undeclared modifications not identified by inspectors. Additionally, the
registry does not specify the construction methods used for wood, making it impossible to
distinguish between frame systems or mass timber, which could affect the quantification of
the material.

2.3. Historical, Traditional, and Contemporary Construction Systems

Since the record of wooden square meters in the Chilean real estate database refers
to the gross built surface area and not the volume or specific mass of the material, a
methodology is developed to quantify the material intensity (MI) of wood per square meter.
The Ml is an indicator that represents the mass of various materials per surface area or
volume, typically expressed in kg/m? or kg/m?3. It is calculated by dividing the mass of a
given construction material by the gross surface area or internal volume of the project that
is being measured, which subsequently generates a record for the set of materials used [17].
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In this way, by calculating the material in a project (whether based on design specifications,
the material used during construction, or the material registered during demolition), it is
possible to establish the MI for a specific material. In the case of wood, the mass depends
on the equilibrium moisture content, so the MI of wood can be calculated either at the
equilibrium moisture point or in a completely dry state.

Vi X pw

leood = GBA

)
where

Mly504: the material intensity of wood per gross built surface area (in kg/ m?).

V. the volume of the wood product at the specified moisture content (in m?).

Pw: the density of the wood at the specified moisture content (in kg/m?).

GBA: the gross built surface area (in m?).

Alternatively,
Vi X pw
leoodfdry = GBA x (1_|_ 1wm)

@

where

M yood-dry: the material intensity of dry wood per gross built surface area (in kg/ m?).

w: the moisture content of the wood, expressed as a percentage (in %).

The Ml is commonly used by researchers to track the flow of construction materials
within buildings, assess their lifespan, create inventories, study material recovery potential,
analyze temporal-spatial identification, and evaluate environmental impacts, among other
applications [15,17,23]. Materials associated with products that are prone to renovation,
such as interior finishes or coverings, are more difficult to assess over time and to keep a
consistent record of. Conversely, structural materials tend to exhibit fewer changes over
time and remain throughout the entire lifespan of a building [24].

Since it is impractical to conduct an MI analysis of wood for every building in the
case study, an assumed MI is proposed for different types of wooden construction systems.
This is achieved by defining typical wooden walls and roofs linked to historical periods
of construction in the country. Maximum and minimum MI indicators are proposed for
the wood used in these structural elements. Considering that structural elements are the
least likely to change over time and that the Chilean real estate registry primarily records
load-bearing wall structures and their modifications, the focus remains on these aspects.

This study centers exclusively on typical construction systems based on sawn wood,
acknowledging that this is the primary material used for the construction of such buildings
in Chile. Engineered wood products, such as laminated timber, only gained significant
market presence during the last decade of the 20th century—the first laminated structure is
presumed to date from 1969, OSB products emerged in the early 2000s, and mass timber
products like CLT only began to be used in the 2020s. While these products and construction
systems may have higher MI values than frame-based systems, they are much less common
and not representative of the historical wood construction practices in the country.

Thus, three historical periods are defined with the objective of evaluating the MI of
wood in the case study: pre-1900 systems, those from the 20th century, and those from
after the year 2000. It is important to note that while the real estate registry includes
heritage structures dating back to the 17th century, most of the recorded built surface area
is concentrated in the second half of the 20th century and the first decades of the 21st
century. Additionally, an unknown number of historical wooden constructions in Santiago
have been affected by fires, earthquakes, or have simply been replaced by masonry and
reinforced concrete structures.

196



Sustainability 2025, 17, 529

To facilitate the analysis of a large number of wooden architectures represented in the
real estate record and to generate representative wood volumes for construction systems
and historical periods, two typical wooden walls and two typical roofs are defined for
analysis. These typologies assume building heights not exceeding three stories, in line
with data collected by the INE in its building permit records [25]. This approach is also
consistent with research conducted in Finland and other Northern European countries,
which attribute nearly the entirety of wood MI in low-rise framed buildings to the walls
and roof structures [15].

For the walls, a small wall of 2400 mm in length and a larger one of 7200 mm is defined,
with a height set at 2400 mm. Although historical architecture often features taller ceilings
than those found in constructions from the second half of the 20th century and the 21st
century, due to variability depending on the project, a uniform and more conservative
height of 2400 mm is used for all wall types regardless of the historical period.

Furthermore, to determine the volume of wood in walls per square meter of built
structure, the wall density data from the floor plan are utilized. According to the literature,
wooden structures should have a wall density in the floor plan between 3% and 6% [26-29],
values that are higher than those found in equivalent concrete structures.

Wall Density = é;ﬂ x 100 3)
where

Wall Density: the floor plan area of structural walls expressed as a percentage of the
GBA (in %).

Awan: the floor area covered by structural walls (in m?).

GBA: the gross built surface area (in m?).

Regarding the defined roof types, both are gable roofs with a 40% pitch. One case
considers a smaller volume of wood covering a span of 3000 mm and a length of 2400 mm,
while the second case involves a higher volume of wood, spanning 6000 mm with a length
of 4800 mm. Horizontal structural elements, such as ventilated floors or intermediate
floors, are not considered in this analysis because they cannot be identified in the real estate
database. It is assumed that these elements are partially represented within the wood
volume addressed by the roof cases.

2.3.1. Historical Systems

Regarding historical construction systems, the most common type corresponds to
heavy timber framing and its variations. Examples of these systems include the “Quincha”
of Latin American origin and some reinterpretations of European and North American
systems, which were mainly imported during the 18th century [30-33]. For this type of
construction, walls are considered to include studs, beams, top and bottom plates, and
diagonals with cross sections ranging from 100 mm x 100 mm to 150 mm x 150 mm,
while smaller elements like noggings are considered to have cross sections in the range of
50 mm x 50 mm to 70 mm x 70 mm (Figure 2). Additionally, the shorter wall of 2400 mm in
length has studs placed every 1200 mm, and the longer wall of 7200 mm in length features
studs spaced every 800 mm.

As for the roofs, simple and traditional trusses from the period that utilize the mini-
mum and maximum amounts of wood for such constructions are considered. The “King-
post” truss is used for cases with the least amount of wood, while the “Queen-post” truss is
applied to those with the highest material intensity (Figure 3). Regarding the cross sections
of the legs, ties, posts, and diagonals, sizes of 41 mm x 138 mm and 41 mm X 185 mm are
used. For purlins, sections between 19 mm x 90 mm and 41 mm X 80 mm are defined.
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These trusses are evaluated with a spacing of 1200 mm for the roof with a lower volume of
wood and 400 mm for the case with a higher volume.
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Figure 2. Diagrams of structural wood for short and long historical walls.
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Figure 3. Diagrams of structural wood for short and long historical roof spans.

2.3.2. Traditional Systems

For traditional construction systems built between 1901 and 2000, the walls are con-
sidered to consist of a light-frame construction with cross sections of 41 mm x 65 mm
and 41 mm x 90 mm, with noggings spaced every 800 mm and 600 mm, and diagonals
with cross sections ranging from 19 mm x 90 mm to 41 mm x 90 mm (Figure 4). The
potential sheathing of the wall is not included in the volume calculation as it does not
serve a structural function, since the rigidity is provided by the diagonals, and it is subject
to possible renovations, especially in the case of exterior sidings. Studs are spaced every
600 mm for the smaller wall and every 400 mm for the larger case.
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Figure 4. Diagrams of structural wood for short and long traditional walls.
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As for the roof systems used during the 20th century, two systems are considered to
represent the minimum and maximum volumes of wood required for a gable roof (Figure 5).
These scenarios are intended to reflect the various types of trusses found within the context
of the case study. In the minimum case, spanning a three-meter width, a simple truss is
used, where the beams are placed at a slope on the structural walls and rest on a ridge beam
with purlins. In contrast, for the scenario with a higher volume of wood, a “Pratt” truss
with purlins and roof sheathing is proposed. The cross sections for the top chords, ridge
beams, ties, and posts, as applicable, range from 41 mm x 90 mm to 41 mm x 114 mm,
while the purlins are considered to have sections of 41 mm x 41 mm, and the sheathing is
19 mm thick in the maximum case.
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Figure 5. Diagrams of structural wood for short and long traditional roof spans.

2.3.3. Contemporary Systems

For walls representative of structures built after the year 2000, the main variation is
the introduction of OSB (Oriented Strand Board) panels into the market, which led to their
structural use for wall bracing. This results in the reduction or elimination of diagonals
and a decreased use of noggings (Figure 6). While the cross sections for studs, top and
bottom plates, and blocking pieces remain between 41 mm x 65 mm and 41 mm X 90 mm,
the diagonals are replaced by OSB panels, which can vary in thickness between 9.5 mm
and 11.1 mm. In the case of buildings up to two stories high, these panels are typically
installed on the exterior side of the wall, with the interior finish being provided by a
gypsum board panel.
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Figure 6. Diagrams of structural wood for short and long contemporary walls with OSB panels.

Regarding roofing systems, the truss structure remains similar to that of 20th-century
cases, with the primary difference being that the roof sheathing can be replaced with OSB
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panels. In this regard, the sheathing thickness is reduced from 19 mm to 11.1 mm, which
falls within the minimum and maximum volume of wood calculated for traditional cases.

Thus, the calculated minimum and maximum volumes of wood are found to be
between 0.06 m®/m? and 0.14 m*® /m? for “historical” cases before the 20th century, between
0.025 m3/m? and 0.086 m3/m? for “traditional” cases between 1900 and 2000, and within
the range of 0.03 m®/m? and 0.085 m3/m? for constructions from the early decades of the
21st century.

2.4. Quantification of Biogenic Carbon

The methodology used to determine the biogenic carbon content in wood follows the
guidelines established in the standard “UNE-EN 16449: Wood and wood-based products.
Calculation of the biogenic carbon content of wood and conversion to carbon dioxide” [4].
The calculated volume of wood for each building and year recorded in the real estate
database is used to estimate the biogenic carbon using the following formula:

Pw X Vi

Cpio = Cf X
bio f 1_’_%

@)
where

Cpio: the biogenic carbon stored in wood (in kg).

V: the volume of the wood product (in m?).

pw: the density of the wood at the specified moisture content (in kg/m?).

cf: the carbon fraction of wood biomass, where a standard value of 0.5 (50%) is used.

w: the moisture content of the wood, expressed as a percentage.

Alternatively, for the purpose of this work, it can be expressed as

Chio = fc X MIwoodfdry x A ®)

where

A: the built surface area of wood.

Meanwhile, regarding CO, emissions associated with biogenic carbon storing, UNE-
EN 16449 presents the following equation:

Pco, = % X Cio (6)
where

Pco,: the amount of carbon dioxide emitted by the oxidation of biogenic carbon at the
end of the product’s life cycle (in kg of CO5).

44/12: the conversion factor from the molar mass of carbon (12 g/mol) to carbon
dioxide (44 g/mol).

Additionally, since wood density can vary by species, the analysis considers two
species that establish representative minimum and maximum values. From the second half
of the 20th century onward, the period with the highest number of wooden constructions
according to the real estate record, Pinus radiata (radiata pine) has been the most widely
used wood species. Meanwhile, Nothofagus obliqua (Chilean oak) is one of the most
common woods in the central-southern region of the country and represents the oldest
constructions in the case study. Radiata pine, with a density of 450 kg/m? (oven-dry), is
one of the lightest local woods used in construction, while Chilean oak, with a density
of 558 kg/ m3 (oven-dry), is among the densest common construction woods [34]. The
moisture content for both species is considered to be around 14%, in line with the equilib-
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rium moisture content established for the climate in the case study [34], allowing for the
determination of the carbon content per unit mass of wood.

While there is some debate regarding the carbon fraction associated with the dry
mass of wood [5], this analysis follows the recommendations outlined by the UNE-EN
16449 standard. Therefore, the carbon fraction in the oven-dry state is established as 0.5,
consistent with other similar studies [35,36]. This enables the quantification of both the
biogenic carbon present in the mass of wood used in construction in the case study and its
equivalent in carbon dioxide captured from the atmosphere.

2.5. Methodological Considerations

Although the methodology employed in this study offers an alternative approach for
quantifying biogenic carbon stored in wooden structures within the built environment of
Santiago, it has certain limitations. The reliance on real estate tax records, while based on a
robust data acquisition system, can still introduce inconsistencies due to gaps in coverage.
This is particularly relevant for properties with unregistered modifications, as the registry
is updated semiannually, or for informal constructions/demolitions that fall outside the
scope of data collection, especially in rural areas. However, given the sample size and its
urban nature, it is expected that these unregistered cases follow the trends observed in the
registry and represent a minor percentage of the study case.

The methodology used to identify the height of buildings and the presence of wood in
them also depends on complementary analyses with other databases, such as the building
permits registry. This is because the real estate registry cannot determine whether the
square meters constructed with a specific material correspond to an entire building or just
a portion of it (e.g., the top two floors). Consequently, the different methodologies used
in each registry may lead to some taller wooden constructions being underrepresented in
the analysis. Nonetheless, given the rarity of such buildings in the Chilean context, this
underrepresentation is expected to be minimal.

Moreover, while the real state registry identifies the square meters constructed with
a specific material, it considers only the predominant material used in bearing walls and
does not provide the exact quantity of material present in the entire structure. Additionally,
the registry does not include direct information about the specific construction system (e.g.,
post-and-beam or platform frame), making it difficult to estimate material quantities accu-
rately. Similarly, it does not indicate the type of wood species used or whether engineered
wood products are used, such as laminated timber, logs, or CLT.

Regarding the use of historical averages and generalized material intensity values
to estimate the wood volume and biogenic carbon content, these may not fully capture
variations in construction practices over time or across different geographic locations. Thus,
the estimated wood quantity does not directly represent the mass of wood per square
meter of structure, potentially leading to underestimation or overestimation. However,
the proposed methodology also excludes secondary structural elements or non-structural
components in its calculations, making the analyzed scenarios more conservative.

Additionally, for this methodology to be applicable in other case studies, it requires,
at a minimum, adequate records of constructed areas by material for a given case, as well
as relatively homogeneous wooden construction typologies, as presented in the analyzed
case of construction systems. For this reason, urban contexts lacking proper records (either
due to the absence of a data collection system or the age of the buildings) could hinder its
implementation or result in significant errors.
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3. Results

The results are presented by first quantifying the wood usage per square meter in
buildings from the case study and generating wood MI data, categorized by historical
period. Second, these results are cross-referenced with the real estate database to identify
average values for the entire case study and to determine their variation by the studied
municipality. Finally, the results for biogenic carbon storage and the equivalent CO,
amount are presented, both aggregated for the entire city and by municipality.

3.1. Wood Material Intensity

The maximum and minimum wood volumes per gross built area, calculated by the
studied time period, range from 0.78 m®/m? to 1.04 m3/m? for “historical” cases prior to
the 20th century, between 0.42 m3/m? and 0.52 m3/m? for “traditional” cases from 1901 to
2000, and in the range of 0.59 m®/m? to 0.64 m®/m? for “contemporary” constructions from
the early decades of the 21st century (Figure 7). These figures yield wood material intensity
values with a maximum of 91.56 kg/m? and a minimum of 30.88 kg/m? for buildings from
the 19th century or earlier; a maximum of 54.75 kg/m? and a minimum of 12.67 kg/m? for
20th-century constructions; and a maximum of 54.05 kg/m? and a minimum of 15.29 kg/m?
for 21st-century structures (Figure 8). These values are in accordance with the densities
presented in the methodological section and the ambient humidity.
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Figure 7. Wood volume per built square meter according to historical period and according to
minimum, average, and maximum scenarios (city of Santiago).
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Figure 8. Material intensity of wood according to historical period and according to minimum,
average, and maximum scenarios (city of Santiago).
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Similarly, by correlating material intensities by time period with the results from the
filtered database, it becomes possible to identify that the weighted wood material intensity
ranges between 54.69 kg/m? and 13.07 kg/m?, with an average of 33.88 kg/m? across all
declared periods (Figure 9). Additionally, the ratio between the wood material intensity
of the roof and walls is 2:1 in the most material-intensive case and nearly 1:1 in the least
material-intensive case. This observation takes into account the differences in the amount
of wood established for each case according to the historical period.
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Figure 9. Weighted material intensity of wood over entire studied period, according to minimum,
average, and maximum scenarios (city of Santiago).

3.2. Wood Temporal Distribution

From the processing of the real estate database, it is possible to isolate the square meters
of wood construction per year, which increased from 13.4 million in 2017 to 13.6 million in
2024, with a growth of 192,831 square meters during the period (Figure 10). Additionally,
these figures show an average growth rate of wood construction area of around 0.2%
compared to the previous year. Moreover, a significant decline in new wood-built areas is
seen in 2021, followed by a stabilization in the growth percentage between 2023 and 2024.
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Figure 10. The annual wood-built surface area (bars) and growth rate (line) according to the average
scenario during the study period (city of Santiago).
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The variation in growth rate of the wood-built surface area in the case study (Figure 10)
can be attributed to an expansion in construction at the beginning of the recorded period,
which was abruptly interrupted by the effects of the COVID-19 pandemic in 2020 and
followed by a limited recovery due to subsequent economic impacts. Similar effects have
been observed in other economies worldwide, with recovery periods varying depending
on the specific context.

Similarly, considering a minimum and maximum range according to the methodology
presented, the volume of wood built in the case study varies between 0.3 and 1.2 million
cubic meters of wood depending on the scenario (minimum, average, or maximum). This
shows a ratio difference of approximately four times, with the average value varying
between 0.75 and 0.76 million cubic meters of wood depending on the year. It is important
to highlight that this volume of wood considers a 14% moisture content in accordance with
the equilibrium moisture level of the case study and the methodology used for this work.

When considering the evolution of dry wood mass, the scenario in 2017 presents a
minimum of 153,883 tons and a maximum of 645,219 tons, reaching 156,930 and 654,000 tons
of dry wood, respectively, in 2024. Similarly, the average values increase from 399,552 tons
to 405,468 tons of dry wood, representing a rise of 5914 tons over the 8-year recording
period (Figure 11).
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Figure 11. The annual wood mass per year according to the average scenario (city of Santiago).

Upon reviewing the age of wooden structures, it is possible to confirm that the largest
stock of dry wood was produced during the second half of the 20th century, with most of
the wood’s age being concentrated in constructions from the 1960s to the 1990s (Figure 12).
Thus, older municipalities located in the city center contain wood that has remained in the
built environment for a longer time. In contrast, younger wood is represented by a large
volume of buildings originating in municipalities that are part of the urban expansion in
the late 20th and early 21st centuries.
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Figure 12. The age of dry wood mass in the average scenario (city of Santiago).

3.3. Biogenic Carbon and CO, Capture

If we examine the biogenic carbon associated with the mass of dry wood, it can be
observed that it has grown steadily on average from 199.78 kt to 202.73 kt, with a cumulative
increase of 1.5% in the total mass over the 8-year measurement period (Figure 13). Similarly,
the scenario with the minimum biogenic carbon stored in 2024 accounts for 78.47 kt, while
the maximum reaches 327.0 kt.
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Figure 13. Annual biogenic carbon and CO, storage per year according to average scenario.

As expected, we observe the same trend with the CO, captured in wooden buildings,
varying from 732.51 kt in 2017 to 743.35 kt in 2024 (Figure 13). Similarly, in 2024, there is a
variation between a minimum scenario of 287.71 kt of CO, and a maximum of 1199.00 kt of
CO; captured by the built wood biomass. The oldest CO, is concentrated in the central
districts of the city, while the newest CO; is found in the urban periphery, with intermediate
municipalities showing lower CO, capture in comparison (Figure 14).
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Figure 14. Temporal distribution of CO; storage per municipality (city of Santiago), made with
Microsoft Power Bi Desktop version 2.138.1452.0 64-bit (November 2024).

4. Discussion

Regarding the wood MI results, which range from 54.69 kg/m? to 13.07 kg/m? with an
average of 33.88 kg/m?, previous studies have established values for housing, considering
variations in wall and roof structures, between 15 kg / m? and 50 kg/ m?2 [15]. Also, these
studies show similar wall/roof wood usage ratios. Meanwhile, studies addressing the
full set of wood-based materials have indicated a range of around 50 kg/m? of wood
being used for framed buildings, while maintaining the roof-to-wall ratio identified in the
Chilean case [17]. In this sense, the upward variation in some case studies is due to the fact
that these analyses do not only include structural elements. However, an average wood
MI of 37 kg/m? has been identified in the context of European and Asian studies [17] in
accordance with the results obtained in this work.

On the other hand, it has been identified that historical dwellings based on other
construction methods with high wood usage, such as stacked log systems, could have
a wood intensity of up to 135 kg/m? on average for Swedish homes and 88 kg/m? on
average for traditional Japanese homes [17]. However, these types of buildings are rare in
the Chilean context as they were not recorded during the data collection period and should
not represent a significant correction factor for the results presented. It is recognized,
however, that in the case of Chilean historical buildings, wood usage may be slightly
underestimated due to the height used in the quantification of material in the defined
wall types. This is because a review of projects from that era suggests that the heights of
historical buildings are greater than those of contemporary buildings [32]. Nevertheless,
due to the high variability in this aspect, a conservative height was chosen in alignment
with modern structures.
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Regarding the quantification of wood buildings in urban environments, as expressed in
the methodology, several assumptions had to be made to obtain the presented results. This
may lead to underestimations or overestimations, which are addressed by the sensitivity
analysis that considers minimum and maximum ranges for wood mass estimation. In
this case, the representative structural elements and the wall density factor present an
alternative to previous research, which used representative building types or random
samples [15,17,23,37-39]. However, since the methodology considers only basic structural
elements and not the entire wood construction, and it also underestimates the wood usage
in historical structures, overall, these results tend to be conservative in relation to the total
wood carbon storage.

With regard to the specific results of the case study, it is also noteworthy that there was
a decline in timber construction in 2021, following continuous growth in previous years.
This effect has been seen in other countries across the entire construction sector and can be
easily explained by the COVID-19 pandemic and associated restrictions [40]. Furthermore,
although a recovery in wood construction growth is evident between 2022 and 2024, this
recovery is quite modest due to a local building sector crisis that the country has been
experiencing for the past four years, related to investment issues and bureaucratic delays
in permits [41]. This clearly demonstrates how global economic events and local conditions
can affect wood construction growth and its capacity to store carbon.

Also, regarding the case study;, it is interesting to note that historical parts of the
city retain older wooden buildings, while urban expansion in the periphery through
small wooden houses also contributes to increasing the wood stock. However, the ring
surrounding the downtown area, where the modern city is more consolidated, shows less
wood usage. This might imply that, in this case, urban densification through taller buildings
has displaced wood in favor of more common construction systems for tall buildings, such
as concrete or steel. Nevertheless, further study is needed to draw conclusions on this
matter, and new trends in tall wooden buildings may also alter this tendency in the future.

It is also interesting to note that although the case study includes buildings that are
centuries old, less than 0.4% of the wood-built surface area is older than the 19th century.
In this regard, 15.5% of the wood-built surface area dates to the 21st century, while 84.1%
corresponds to the 20th century, mostly from the second half of it. This is particularly
notable considering that the case study area has never been affected by a major city fire
like in London or Chicago, or by significant war events. Moreover, earthquakes that
commonly affect the city tend to impact rigid structures like masonry more directly than
wood. Nevertheless, old wooden structures are rare as they have been replaced by newer
and taller structures made from other materials.

To understand the potential of wood buildings for carbon and CO; storage in the
built environment, it is important to compare them with other carbon sinks, such as forests.
In this regard, Chilean forest land covers 17.9 million hectares, of which 14.8 million are
native forests and 3.1 million are plantations [20]. According to the Chilean national carbon
inventory, based on the IPCC methodology, native forests have sequestered approximately
67,474 kt of CO, per year, while plantations have captured around 74,935 kt of CO, per
year, averaged over the most recent eight-year reporting period from 2013 to 2021 [42].
This means that, on average, native forests have captured 5077 kg CO,/ha per year,
and plantations 21,440 kg CO,/ha per year. However, most of the carbon captured by
plantations is assumed to be released later during harvest. In contrast, over the eight
years of study, the wooden surface area in the case study has stored 1002 kg CO,/ha
per year. However, this figure could increase in some peripheral municipalities to up
to 7607 kg CO, /ha per year, while municipalities undergoing a densification process
could release up to 3794 kg CO, /ha per year due to the replacement of low-height wood
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buildings by taller concrete structures. This indicates that wood constructions in the built
environment have the potential to retain annual CO, amounts comparable to a native
forest in the case study scenario, although this potential may be significantly influenced by
building trends.

That said, through its wooden constructions and the timber products used in its
structures, the city of Santiago has managed to retain a significant part of the biogenic
carbon originating from forests. The results have shown that this carbon may have been
stored for a few decades in some younger municipalities and for up to hundreds of years
in the case of downtown Santiago. Furthermore, the rate of wood construction in some
expanding municipalities indicates that the annual CO, storage from new buildings may
even surpass the per-hectare capture of native forests in the Chilean case. This highlights a
temporal and quantitative potential for annual CO, capture, suggesting, to some extent,
the city’s potential as a “Second Forest” in relation to its biogenic carbon storage capacity.

In a different context, while this work introduces an innovative approach to quanti-
fying biogenic carbon in wood structures within Santiago’s built environment, it is not
without limitations. These are primarily due to the type of information recorded in the
database utilized and the lack of data specifically tailored for studies of this nature. Despite
these constraints, the sample size and its predominantly urban character help to minimize
the impact of such discrepancies. However, less homogeneous areas, such as rural locations,
may exhibit a higher margin of error. Similarly, urban areas where mass timber buildings
with higher material intensity are a predominant typology may be difficult to differentiate
from lightweight timber frame buildings with lower material mass.

Additionally, considering the limitations of the proposed methodology and its ex-
trapolation to other case studies, Santiago, being a relatively young city with an urban
expansion primarily concentrated in the second half of the 20th century and a detailed
record of its built environment, may present a more favorable case compared to older cities
in other regions. This advantage arises from the ages of buildings in those areas, where
structures can be hundreds or even thousands of years old with little or no data available,
the variability of construction systems influenced by diverse cultural exchanges, and partial
or interrupted records caused by historical events such as major fires or wars.

Moreover, although this study attempts to address these uncertainties through sen-
sitivity analyses, the results remain conservative and may not fully capture the potential
for carbon storage in urban wooden structures. Future research should incorporate more
detailed data and advanced modeling techniques to improve accuracy and applicability
across diverse urban contexts. This is particularly relevant given the global development of
public policies aimed at promoting the use of wood in construction to reduce emissions and
enhance carbon capture within the sector. In this context, information on biogenic carbon
storage will become increasingly significant, as policies like France’s, which mandate that
at least 50% of materials in state buildings must be bio-based, are expected to become more
widespread. Similar initiatives have already been adopted in developed countries such as
Croatia, Slovenia, and regions of Spain [43], and they are likely to emerge in developing
nations like Chile in the coming decades.

5. Conclusions

This study presents a methodology for quantifying biogenic carbon and stored CO; in
timber structures within the built environment. It has effectively assessed the city of Santi-
ago’s potential to function as a wood carbon sink or “Second Forest”. Through the analysis
of real estate tax databases, construction permits, timber building typologies, and carbon
accounting models, this study quantifies the carbon stored in the city’s timber structures,
revealing storage volumes comparable to those of native forest ecosystems in some urban
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Abstract

Following recent earthquakes in Van, Istanbul, Izmir, and Kahramanmaras, concerns have
once again been raised regarding whether existing buildings possess adequate seismic
performance and the necessity of strengthening those that do not. A common theme in
all related discussions is how to improve the seismic resilience of the existing building
stock most efficiently and cost-effectively. In particular, seismic retrofitting efforts should
be accelerated for residential buildings in areas where urban transformation has not been
feasible due to low added value, as well as for public buildings in smaller settlements
and school or dormitory structures in rural towns and villages. In this study, the seismic
performance of a reinforced concrete (RC) frame was evaluated using the nonlinear single-
mode pushover analysis method in accordance with the Turkish Building Earthquake Code
(TBEC). For frames with inadequate performance, a retrofitting method was proposed
using glued laminated timber (glulam), a renewable and sustainable material, as diagonal
bracing. This intervention aimed to improve the structural performance to an acceptable
level specified by the code. The results indicated that glulam braces can effectively enhance
the seismic performance of RC buildings and may be considered a viable solution for
this purpose.

Keywords: earthquake; reinforced concrete buildings; performance analysis; glued
laminated timber (glulam); sustainability

1. Introduction

In countries with high seismic risks, such as Turkey, a significant portion of the existing
building stock consists of RC buildings with weak structural systems that have not received
engineering services. Therefore, strengthening solutions are vital to increase the seismic
safety of these structures. To date, traditional strengthening techniques, such as reinforced
concrete jacketing, steel bracing, and shear wall addition methods, have been widely used.

A fundamental vulnerability of frame systems and one of the primary reasons for
building collapse during earthquakes is inter-story drift. In braced frame systems, these
inclined elements are subjected to tension and compression, depending on the design
and construction details, thereby helping to reduce the relative story drifts [1]. Although
braced frame systems generally offer lower strength than shear wall systems, they tend
to provide superior ductility [2]. Strengthening RC buildings with bracing elements is a
common practice. Since it is subsequently added to an existing structure, the steel bracing
method is generally preferred. In some cases, RC buildings are also strengthened using
precast RC bracing elements [3-5]. Another method, the application of reinforced concrete

Sustainability 2025, 17, 7690 https://doi.org/10.3390/sul7177690
212



Sustainability 2025, 17, 7690

jacketing to strengthen existing columns, can significantly improve the compressive be-
havior of these elements [6-10]. However, this method has some disadvantages, such as
a significant increase in structural weight and occupied area, and it requires a complex
construction process. In situations where the load-bearing capacity of damaged columns
must be significantly increased in a short time, traditional strengthening techniques may be
insufficient to meet these requirements. Another traditional strengthening method involves
the use of RC shear walls, which play a fundamental role in the structural system design
of buildings, especially in seismic regions [11,12]. These walls are critically important for
resisting horizontal loads and enhancing the structural integrity and safety of buildings
during earthquakes [13,14]. Although traditional strengthening methods, such as steel
braces, fiber-reinforced polymers, and ultra-high-performance concrete, have been applied
to improve the seismic performance of these structures, these techniques have limitations,
such as durability, application difficulties, and cost [15-20].

Traditional strengthening methods often involve long application times, add extra
weight to the structure, and are costly and labor-intensive. Due to these limitations, mod-
ern strengthening techniques have been developed. Energy dissipators (liquid viscous
dampers), buckling-restrained braces (BRBs), and fiber-reinforced polymer (FRP) compos-
ites are notable examples in this regard. With advances in research on controlling seismic
vibrations, the addition of external control systems has emerged as a prominent solution
for reducing the impact of earthquake vibrations on structures [21-23]. Passive energy
dissipation devices are an effective solution that provides additional damping to structures
without the need for an external energy source. The addition of passive energy dissipation
devices reduces damage to the main structural system by decreasing the need for inelastic
energy dissipation, rather than increasing the strength of the structure [24-27]. Significant
developments, including viscoelastic, liquid viscous, frictional, and metallic dampers, have
occurred in the application of passive devices to mitigate severe earthquake and wind ef-
fects [28]. In addition to passive damping systems, alternative strengthening methods that
act as part of the structural system also exist. One such method, BRBs, not only increases
the energy dissipation capacity of the structural system but also offers ductile behavior by
eliminating the risk of buckling. Frame systems strengthened with BRBs can significantly
reduce seismic structural demands and residual displacements compared with conven-
tional moment frames [29-35]. Furthermore, many studies have shown that the residual
displacements occurring in BRB-strengthened frames are well below the limit values that
would allow the repair of the structure [36—40]. In essence, the collapse resistance capacity
and seismic reliability of traditional moment frame systems can be significantly enhanced
using BRBs.

However, increasing sustainability goals have encouraged a shift towards environmen-
tally friendly materials in the construction sector. In this context, engineered wood, such
as glued laminated timber, stands out due to its environmental and structural advantages.
The prominent characteristics of wood are its renewability, low carbon footprint, lightness,
and workability. Wood has a lower embodied impact than concrete during production
and construction processes. Replacing concrete with wood can reduce a building’s carbon
footprint by 25-75% [41,42]. Shin B. and Kim S. stated that wood is more advantageous than
concrete structures in reducing environmental impacts and suitability for building reuse,
utilizing the building circularity method (BCI) [43]. Existing research has highlighted the
sustainability of using wood. It has been determined that converting the original structural
system to a cross-laminated timber (CLT) structural system can reduce lifecycle sustainabil-
ity impacts by over 51% [42]. In addition to these benefits, wood can be sourced sustainably
from nature and is easier to process than other materials, making it an inherently sustain-
able construction material. Structurally, wood possesses a higher strength-to-weight ratio
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than concrete and has a density that is about one-fifth that of concrete [44]. In recent years,
the development of engineered wood (EW), also known as mass timber, such as glulam
or CLT, with high structural rigidity, has enabled its diverse use in mid- and high-rise
buildings [44,45]. Jayalath et al. [46] demonstrated that CLT mid-rise residential buildings
in Australia could reduce life cycle greenhouse gas emissions by 30% compared to RC
structures. Pierobon et al. [41] reported that in commercial buildings, a CLT hybrid building
reduced the Global Warming Potential (GWP) by an average of 26.5% when compared to
RC structures.

Various experimental and numerical studies have been conducted on timber elements
and timber connections. Chen et al. [47] presented a novel approach for using laminated
wood as a filler material within the square steel tube of the core of BRBs, replacing mortar or
concrete. Their study shaped this new BRB design based on various parameters and evalu-
ated its cyclic behavior (mechanical properties, fatigue performance, and energy dissipation
capacity) through experimental tests. They suggested that while glulam may not have the
same high strength as concrete, it could offer a suitable, economical, and sustainable alter-
native, especially for laminated timber frame structures or low-rise, earthquake-resistant
structures subjected to vertical loads. Dorn et al. [48] conducted experiments on 64 steel-
wood single-dowel connections. Connections using high-density wood showed a higher
load-bearing capacity but also exhibited more brittle behavior. Meng et al. [49] revealed
the significant role of gravitational potential energy in the seismic performance of tradi-
tional timber structures, stating that this energy conversion mechanism enables traditional
timber structures to resist large earthquakes. Chen and Popovski [50] mathematically
demonstrated the effect of connection properties on the system performance in braced
timber frames, highlighting that factors such as connection design and column stiffness
play a crucial role in system ductility. In a study by Sustersic and Dujic, the seismic per-
formance of a previously full-scale modeled and dynamically analyzed RC structure was
improved by applying CLT panels to its exterior walls. The study revealed that these
panels significantly increased the structural rigidity and strength of the building [51]. An
experimental study by Juhdsz et al. on the damage behavior of laminated timber-concrete
composite beams showed that such composite systems allow for spanning long spans
while maintaining sustainability and improving structural efficiency [52]. Selgukoglu and
Zwicky emphasized that composite slabs with a concrete top layer and laminated timber
bottom layer exhibit better structural performance and vibration behavior than traditional
timber slabs, specifically highlighting the significant ductility of laminated timber under
compression [53]. A study published by Oztiirk et al. stated that structural system elements
produced with laminated timber technology are components of a modern and advanced
building system, further emphasizing that these elements can be produced in Turkey using
local timber and adhesives [54]. Similarly, Sandoli et al.’s work stated that CLT structures
offer a strong alternative to heavier structural systems in terms of seismic resistance and
environmental sustainability [55]. Furthermore, Furukawa and his team evaluated whether
the flexural stiffness and load-bearing capacity of composite beams formed from H-section
steel beams, using CLT floor panels with high-strength friction-type bolted connections,
could be simply predicted from a design perspective based on the properties of individual
components and connection details [56].

In recent years, various studies have explored the use of glued laminated timber
elements to strengthen existing RC buildings. However, the literature in this field is
still limited, and there is a shortage of practical application examples. This study aims
to develop an alternative strengthening method to improve the seismic performance of
existing RC buildings with inadequate earthquake resistance. Additionally, it seeks to
present a sample approach that may pave the way for future research exploring the use of
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timber elements in this field, offering both aesthetic value and ease of application. Within
this scope, the seismic performance level of a two-dimensional RC frame without shear
walls was first assessed using a nonlinear pushover analysis method. Subsequently, the
system was retrofitted with pinned glued-laminated timber braces in various configurations.
The seismic performance of the strengthened system was re-evaluated, and the contribution
of the glulam braces to overall structural performance was examined. Although numerous
studies in the literature focus on the comparative performance analyses of RC structures
and the use of materials such as fiber-reinforced polymers or steel braces for seismic
strengthening, research addressing the use of laminated timber elements to enhance the
seismic performance of RC buildings remains limited.

2. Materials
2.1. Timber

Timber primarily consists of cellulose (=60%), lignin (=30%), and other sugar-based
compounds. Its load-bearing capacity stems from longitudinally aligned cellulose fibers
bonded by lignin [57]. Glued laminated timber, one of the earliest engineered wood
products, is produced by gluing timber laminations in the same direction. Glulam can be
classified as homogeneous (“h”) if all laminations have similar strength, or combined (“c”)
if laminations of different strength classes are used.

2.1.1. Strength and Stiffness of Timber

Timber is an orthotropic material with distinct mechanical properties in three princi-
pal directions: longitudinal (L), radial (R), and tangential (T) directions. Its compressive
strength is significantly higher parallel to the grain (L) than perpendicular to it, making
loading direction a critical factor in design. While radial and tangential differences are
often negligible in structural applications, accurate modeling requires the elastic mod-
uli (Er, Eg, E1), shear moduli (G;r, Gy, Ggrr), and Poisson’s ratios (vi R, Vrr, etc.) for
these directions [58].

Considering the similarity between radial and tangential directions and assuming
equal Poisson’s ratios, the 12 orthotropic parameters can be reduced tosix: E,,,E, ,G,,, G|,
v/, v, . In this study, the full orthotropic properties of glulam were defined for complete-
ness; however, since the braces were modeled as axial link elements, only the axial behavior
governed by the fiber direction properties was relevant. Orthotropic parameters were used
solely for capacity checks under axial loading.

2.1.2. Timber Material Model

Since timber is an anisotropic material, it is challenging to accurately model its me-
chanical behavior. In this study, the glulam braces to be used will be modeled to carry only
axial forces. Therefore, the material model shown in Figure 1 (Elastic Perfectly Plastic) will
be used, with the mechanical properties of timber in the direction parallel to the fibers,
specifically the modulus of elasticity and characteristic strengths.

2.2. Concrete and Reinforcement Steel

For the material models of concrete and reinforcing steel, the material models provided
in Appendix 5A of the “Principles for the Design of Buildings Under Earthquake Effects”
annexed to the Turkish Building Earthquake Code (TBEC 2018) are used [59].
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Figure 1. Stress-strain curve of the uniaxial material model for timber.

2.2.1. Confined and Unconfined Concrete Material Models

The Poisson’s ratio for concrete, v, is assumed to be 0.2. The uniaxial compressive
strength of unconfined concrete and its corresponding strain are denoted as f. and ¢,
respectively. The value of ¢, typically, it ranges from 0.002 to 0.003 [60]. When concrete
is subjected to lateral confining pressure, its uniaxial compressive strength, f.., and the
corresponding strain, ec., become significantly higher compared to unconfined concrete.
The compressive strengths of confined and unconfined concrete, f. and f.., can be calculated
using the formulas provided in Equation (5)A-1 and Equation (5)A-2 of TBEC-2018 [59].

2.2.2. Reinforcement Steel Material Model

The stress-strain curve of reinforcing steel has been assumed to be elastic-perfectly
plastic. The elastic modulus of reinforcing steel, Eg, is taken as 200 GPa. To be used in
performance assessment under nonlinear analysis based on displacement demands, the
stress—strain relationships for reinforcing steel are defined according to Equation (1) [59].

fs = E;.&5 (85 < ‘C—sy)
fs = fsy (gs <&y < gsh) 1)

fs = fou — (fsu_fsy)M (esn < &5 < €su)

(€su — 8sh)Z

3. Methods
3.1. Determination of Analysis Models

In the analyses, a 2D existing RC frame consisting of a ground floor + 4 normal floors
with a 3 m story height and a 5 m beam span, and reinforced models created by adding
glulam braces with a central diagonal and inverted V arrangement to the edge spans of the
RC frame (without earthquake shear walls) were used.

In the reinforced models, the effect of using diagonally placed braces and braces with
an inverted V arrangement on the increase in rigidity and the resulting changes in the
system was investigated. An example of an inverted V-glulam brace arrangement is shown
in Figure 2.

3.2. Determination of Earthquake Performance by Nonlinear Analysis

Using the nonlinear analysis method, specifically single-mode pushover analysis, the
2D existing frame was analyzed to determine the damage zones, earthquake performance
demand, and earthquake performance level based on this demand.

Subsequently, glulam braces were added to the edge spans of the frame system, which
were subjected only to axial loads, and the nonlinear single-mode pushover analysis was
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repeated. As a result, the damage zones, earthquake performance demands, and the earth-
quake performance level based on this demand were determined for the reinforced frame.

For the performance analysis, a plastic hinge model based on accumulated plastic
behavior was used for the RC frame elements, while for the glulam braces, brittle (force-
based) hinges were defined to check the axial compression/tension capacity.

Figure 2. Example of Inverted V Glulam Brace Arrangement.

3.3. Evaluation of System Performance

The calculation principles to be applied in the evaluation of the performance of existing
buildings and building-type structures under earthquake effects are defined in Chapter 15
of TBEC-2018. Within the scope of this study, the principles in this chapter were used for the
frame models, whose performance under earthquake effects was evaluated. In cases where
no specific information was available, the closest applicable conditions were approximated
using generally accepted approaches or methods, in accordance with the principles of
this chapter.

3.3.1. Knowledge Level

Depending on the scope of information obtained from the assessment of the existing
condition of buildings, knowledge level coefficients defined in Section 15.2.12 of TBEC-2018
are used [59].

Within the scope of this study, considering disadvantaged structures such as residential
buildings in regions where urban transformation projects cannot be implemented due to
low added value, public buildings in small settlements, and schools and dormitories in
rural or town areas, the limited knowledge level coefficient (0.75) was used. This coefficient
was applied to the material strengths and incorporated into the capacity calculations of the
structural-system elements.

3.3.2. Damage Boundaries and Damage Zones

For ductile elements, the section damage state and damage limits are defined as
Limited Damage (LD), Controlled Damage (CD), and Pre-Collapse Damage (PCD), along
with their corresponding threshold values. However, these classification states and limit
values are not applicable to elements that fail in a brittle manner. The damage limits and
damage zones are illustrated in Figure 3.
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Figure 3. Damage limits and damage zones.

3.3.3. General Principles and Rules Regarding Earthquake Calculations

In TBEC-2018, both linear and nonlinear analysis methods can be used to evaluate the
seismic performance of existing structures. Although it is stated that both analysis methods
are applicable, it should not be expected that these fundamentally different approaches
will yield similar results.

The principles and rules to be applied for both linear and nonlinear methods are
outlined in Section 15.4 of TBEC-2018 [59]. In this study, the Nonlinear Static Single-Mode
Pushover Method was used.

3.4. Design of Structural Timber Elements

As only glulam braces subjected solely to axial tension or compression loads are used
in this study, only the effects of axial loads are addressed in this section. Calculations will
be carried out in accordance with Eurocode 5: Design of Timber Structures [61].

3.4.1. Force Limits for Laminated Timber Braces

For the glulam braces under axial loading, force-controlled brittle hinges will be
defined. These hinges will be used to control both the axial tension and axial compression
capacities under seismic effects by setting force control limits at 50%, 75%, and 100% of
their capacities.

These defined force limits allow the capacity states of the glulam braces to be checked
at the performance point of the system.

3.4.2. Ultimate Modulus of Elasticity

In structural analysis, when stiffness plays a critical role, the influence of load duration
and moisture content on deformations must be considered. To account for these effects,
the final (adjusted) modulus of elasticity is used in both the serviceability and ultimate
limit states [61].

In this study, a reduction factor was applied to the moment of inertia instead of directly
modifying the modulus of elasticity (E). This approach preserves the inherent properties of
the material while realistically reducing the section stiffness for an accurate analysis.

E
Enean, fin = ﬁ :

Here;

Ejnean, fin: Ultimate modulus of elasticity,

Einean: Average modulus of elasticity,

Y5: Semi-permanent load combination factor,

kges: It is the adjustment factor to take into account the effect of humidity on deformation.
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4. Analysis

Within the scope of this study, SAP2000 V.23, a widely used finite element-based
analysis and design program in structural engineering, was utilized. It allows the modeling
of RC, steel, and composite systems, as well as the performance of linear/nonlinear and
static/dynamic analyses. The structural behavior under loads, such as earthquakes, wind,
and temperature, can be examined in detail [62].

Analyses were conducted on a 2D RC frame with a floor height of 3 m and a beam span
of 5 m, consisting of a ground floor plus 4 normal floors without seismic shear walls. To en-
hance the system, glulam braces with a central diagonal and reverse V arrangement were
added to the edge spans of the frame. Glulam of GL24H strength class with dimensions of
20 x 20 cm was used for the braces.

As a result of all the analyses, the changes induced by the glulam braces and the
different bracing configurations were examined and reported.

4.1. Analysis Models

The names of the analysis models are listed in Table 1. The framework models are
shown in Figures 4-6.

4.2. Material Properties

The material properties of the concrete (C16/20) and reinforcement steel (5420) used in
the frames are shown in Tables 2 and 3. The strength values and properties of the existing
concrete and reinforcement steel have been reduced by considering the information level
factor (0.75). This ensures that the capacities of the elements are determined according to
the information level.

Table 1. Naming of analysis models.

Number of Floors Unbraced Frame Diagonal Braced Inverted V Braced
Model Frame Model Frame Model
Ground + 4 Normal Floors Model 01 Model 01D Model 01V
K401 K402 K403 K404
5401 5402 5403 S404 5405
K301 K302 K303 Kad
s301 5302 5303 5304 5305
K201 K202 K203 K204
5201 5202 5203 5204 5205
K101 K102 K103 K14
S101 5102 5103 5104 5105
KZo1 KZ02 KZ03 KZo4
5201 SZ02 SZ03 SZ04 SZ0s
] | | | |

Figure 4. Appearance of Model 01.
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101 7 s s103 SL4 1‘1’ 5105
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Figure 5. Appearance of Model 01D.
K401 K402 K403 K404
5401 B401 402 s403 S404 B402 's40s
K30l K302 K303 K304
5301 B301 5302 5303 5304 B30z 5305
K201 K202 K203 K204
s201 B201 si 5203 s204 B202 5205
K101 K102 K103 K104
S101 BIOL  s102 s103 S104 B102 5105
KZ01 KZ02 KZ03 KZ04
SZ01 BZ01  SZO2 SZ03 SZ04 BZ02 SZO0S
— —— I I I
Figure 6. Appearance of Model 01V.
Table 2. Material properties of concrete.
Property Value
E(kN/m?) 27 x 10°
v 0.2
fe (kN/m?) 16 x 10°
€co 2x107°
€cu 5x 1073
Table 3. Material properties of the reinforced steel.
Property Value
E(kN/m?) 2x 108
fy (kN/m?) 420 x 10°
fu (kN/m?) 550 x 10°
€ch 8x 103
Esu 0.08
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The unit deformations for compression and tension capacities of GL24H have been
calculated according to the material model in Section 2.1.2, and the properties of GL24H
are shown in Table 4.

Table 4. Material properties of GL24H laminated timber.

Property Value

fi o (N/mm?) 19.20
foox (N/mm?) 24.00

E0_05 (N/mm2) 9600.00
G0.05 (N/mmz) 540.00

Eo mean (N/mm?) 11,500.00
E90,mean (N / mmz) 300.00
Go,mean (N/mm?) 650.00
G90,mean (N/mmz) 65.00
Pmean (kg/m?) 420.00

€0 1.7 x 1073
€c0 21x10°3

4.3. Section Properties

The section definitions for the concrete and reinforcement steel have been created
using the Section Designer tool in SAP2000 V.23. Thus, all stress-strain relationships,
moments, curvatures, and rotation values for the relevant materials have been obtained
using the program.

4.3.1. Reinforced Concrete Column and Beam Sections

All frame columns have the same reinforcement arrangement and dimensions
(40 x 40 cm). The column section is modeled with a 2.5 cm unwrapped shell concrete
outside and a 35 x 35 cm confined core concrete inside, with 1214 reinforcement. The
column confinement reinforcement has a diameter of ®8, and the spacing between the
confinement reinforcement is 20 cm.

All frame beams also have the same reinforcement arrangement and dimensions
(25 x 50 cm). The beam section is modeled with a 2.5 cm unwrapped shell concrete outside
and a 20 x 45 cm confined core concrete inside, with 6®12 reinforcement. The beam
confinement reinforcement has a diameter of ®8, and the spacing between the confinement
reinforcement is 20 cm. The cross sections of the columns and beams are shown in Figure 7.

Figure 7. 40 x 40 cm column and 25 x 50 cm beam cross sections (The blue shaded area shows the
confined part, the red shaded area shows the unconfined part of column and beam).
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4.3.2. Glulam Cross Sections

Timber cross sections are defined as 20 x 20 cm in size according to the properties
of laminated timber of GL24H strength class. The effective cross-sectional area value
multiplier mentioned in Section 3.4.2 is calculated as follows:

Emmean 11,500.00

c L _ = 9274.19N/mm?
mean, fin = 7 i ‘Y2-kdef 1+03x0.8 /mm

Emeun,fin i 9274.19
Emean  11,500.00

Ef fective section area multiplier = =0.81

4.4. Load and Mass Source

The fixed and live distributed loads from the floors and walls applied to the frame
beams are shown in Table 5. The material unit weights were included in the calculations
with a unit weight multiplier of 1.0 when defining fixed loads in SAP2000 V.23.

Table 5. Dead and live loads act on the beams.

Type of Load Value
G(kN/m) 25.00
Q(kN/m) 5.00

The mass source is defined with the G + 0.3Q combination, where the dynamic load
mass participation factor is taken as 0.3.

4.5. Earthquake Load Parameters

The earthquake load parameters used in the analyses are shown in Table 6.

Table 6. Earthquake load parameters.

Soil Class

Sq Sy Sps Sp1 PGA PGV

Ty

ZC

1.957 0.517 2.348 0.767 0.065 0.327

6.00

4.6. Definition of Force Limits for Glulam Cross-Braces

The calculated axial tension and compression capacity values for the 20 x 20 cm
glulam cross-braces under axial load are shown in Table 7. To verify the calculated axial
tension and compression capacities, the acceptance criteria were defined at 50%, 75%, and
100% of their capacities, and force-controlled (force-controlled) hinges were defined for the
glulam cross-braces in SAP2000 V.23.

Table 7. Axial tension and compression capacities of glulam cross-braces.

Values Diagonal Brace Inverted V Brace
(GL24H) (GL24H)
fi 0, (N/mm?) 16.90
fe0,d (N/mm?) 21.12
€t 0.0017
€c 0.0021
Ny o,rd (N/mm?) 675.84 675.84
N¢,0,rd (N/mm?) 305.84 595.22
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4.7. Analysis with Constant Single Mode Pushover Method

According to TBEC-2018, Section 15, the application principles for Nonlinear Analysis
Methods, specifically the Single Mode Pushover Method, used in the evaluation of existing
buildings, are defined in Section 5.6. Analyses were conducted following these principles.

The displacements and internal force demands obtained from the analyses were
compared with the displacement and internal force capacities to perform a structural
performance assessment at the section and frame levels. Based on this, the performance
level was determined.

4.8. Validation
Obtaining the Performance Point and Capacity Curve of the System

Using the methods defined in Annex 5B of the TBEC 2018 for the fixed single-mode
pushover analysis, the performance point and capacity curve of Model 01 were calculated,
and the results are presented below. The linear earthquake spectrum for the system was
obtained based on the spectral values provided in Table 6. According to the modal analysis
performed in SAP2000 V.23, the period of the first mode of vibration is 1.168 s.

The maximum displacement of the modal single-degree-of-freedom system (nonlinear
spectral displacement) was obtained by superimposing the modal capacity curve and the
linear earthquake spectrum, as shown in Figure 8.

25.000
20.000

15.000

a,®

oy 10.000

aes

5.000

0.000 OI218
0.000 0.200 0400 0600 0800 1.000 1200 L1400

Sdes dlo{)

Figure 8. Obtaining the maximum displacement of the system (The blue color shows the linear
earthquake spectrum, the orange color shows the modal capacity curve).

Using the maximum displacement, the system’s peak displacement (the peak displace-
ment demanded by the earthquake) was determined to be 0.278 m.

u%}il = 4)1(\}311 . dff,fax. ng’l) =0.278 m

The peak displacement of the system can be obtained by plotting the linear earthquake
spectrum and modal capacity diagram together, or it can be directly calculated using the
following equations:

X
dg, r)nax = 54i(Th) = Cr- Sae(T1)

Ty > T sinceitis Cgr =1

In this case, the maximum displacement is equal to the elastic design spectral displacement.

T2
df(,imx = S4i(T1) = 1% Sg.(T1) = m-g-sue(T)
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Horizontal elastic design spectral acceleration,

Ty < T < Ty since it is Spe(T) = %
1
is calculated as.
2 2
x) _ T 1142 0.767 _
1, max — H.g.sug(’r) = X 9.80665 x m >~ 0.218 m

And as a result, the top displacement of the system is,

() 0

ul) = oGl - dX) T = 0,072 % 0.218 x 16.51 = 0278 m

is found as.
The system was pushed again to the obtained peak displacement value, and a ca-

pacity curve consisting of displacement-base shear force coordinates was obtained. The
performance point of the system was determined as the intersection point of the peak
displacement and base shear force.

According to the “ATC-40: Seismic Evaluation and Retrofit of Concrete Buildings”
guideline [63] available in SAP2000 V.23, it is possible to obtain performance point and
capacity curve values close to those of TBEC-2018 using the capacity spectrum method.

For a peak displacement of 0.278 m, the base shear force obtained using TBEC-2018 is
272.29 kN. According to the adapted ATC-40 guideline, the base shear force corresponding
to a peak displacement of 0.289 m is calculated by the program as 271.60 kN. The base
shear forces are 99.75% close to each other. In the performance comparisons of the models,
a high correlation was observed between the performance points and capacity curve values
obtained from SAP2000 V.23 and those calculated using the TBEC-2018 design principles.

5. Findings
As a result of the analyses and calculations, the peak displacement and base shear
force values at the performance point for Models 01, 01D, and 01V are provided in Table 8.
The damage zones at the performance point are shown in Figures 9-11.

Figure 9. Section damage conditions at the performance point for Model 01.

224



Sustainability 2025, 17, 7690

Table 8. Peak displacement—Dbase shear force values at the performance point.

Peak Displacement Base Shear Force
Model Nu. (m) (KN)
Model 01 0.289 272.37
Model 01D 0.106 1017.98
Model 01V 0.087 913.76

Figure 10. Section damage conditions at the performance point for Model 01D.
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Figure 11. Damage conditions of the section at the performance point for Model 01V.

The numerical distributions of the column and beam damage regions are presented in
Tables 9 and 10.

Table 9. Numerical distribution of column-damage regions at the performance point.

The Number of Columns in the Damage Regions

Model Nu. (Number)
LDZ (Gray) SDZ (Green) ADZ (Blue) CDZ (Red)
Model 01 20 5 0 0
Model 01D 20 5 0 0
Model 01V 18 4 3 0
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Table 10. Numerical distribution of beam-damage regions at the performance point.

The Number of Beams in the Damage Regions

Model Nu. (Number)
LDZ (Gray) SDZ (Green) ADZ (Blue) CDZ (Red)
Model 01 0 8 12 0
Model 01D 0 20 0 0
Model 01V 4 14 2 0

In the Figure 9, the tilting and displacement of the structure towards the upper floors
demonstrate the effect of lateral displacement. Looking at the color distribution, the vast
majority of the system remains within the IO (Immediate Occupancy) and LS (Life Safety)
performance levels. This indicates that the structure behaves safely under the influence
of an earthquake and does not carry a serious risk of collapse. None of the laminated
timber braces, as shown in Figures 10 and 11, reached their full capacity at the performance
point. Therefore, the strengths and dimensions of the selected laminated braces were
sufficient. The numerical distribution of the laminated timber braces according to their
capacity regions is shown in Table 11.

Table 11. Numerical distribution of laminated timber braces according to axial load capacity ratios.

Model Niw. Number of Braces According to Capacity Regions

Number of Braces %0-50 %50-75 <%100
Model 01D 10 2 0 8
Model 01V 20 6 6 8

According to the principles specified in Section 15.8 of TBEC-2018, performance level
checks were carried out by progressing from the cross-section to the structural elements,
and from the structural elements to the entire structural system. The performance levels of
the systems are presented in Table 12.

Table 12. Performance levels of frame models.

Model Nu. Performance Level

Model 01 Collapse Prevention
Model 01D Controlled Damage
Model 01V Collapse Prevention

The performance level of the existing structural system (Model 01) is Collapse Preven-
tion. According to TBEC-2018, at this performance level, the current condition and use of a
building pose safety concerns for life and property.

As specified in TBEC-2018 Section 15.8.1, under the DD-2 earthquake ground motion
level, the Building Performance Target for the existing structural system is the Controlled
Damage performance level, as shown in Table 13.

Table 13. Performance targets for the existing structural system (Model 01).

1 Earthquake Design 1 qs . Normal Performance
?;;gg%o?;;gg{:gsog Class (TBEC-2018 ](3_;111313 2{2‘;0}115 %}:lgéa;)s Target Evaluation Approach
) Table 3.2) ’ (TBEC-2018 Table 3.4.c)
_ _ _ DDM (Deformation
BUC=3 EDC =1 BHC =6 LD Design Method)
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The strengthening approach using laminated timber cross braces in Model 01D suc-
cessfully raised the system performance level to the controlled damage performance level.

However, in Model 01V, the use of reverse V braces, which are both more numerous
and have a higher axial compression capacity, made the structure more rigid. As a result,
during the push to the peak displacement, the base shear force reached 1592.88 kN by
the 6th step, and due to the high plastic rotations in the ground floor columns, the load-
carrying capacities of the columns significantly decreased. Along with these sudden
capacity losses, by the 11th step of the push, the base shear force dropped to 913.76 kN at
the peak displacement value.

This situation is illustrated by the system capacity curve in Figure 12. In such a
case, if the push steps were continued, the system capacity would rapidly deplete, and
after reaching the maximum peak displacement, collapse would occur. The system then
collapses entirely while still carrying a small amount of load through forces.

1800

1600
Z 1400
o 1200 Residual force
“ Maximum base shear forge A
[2 1000 (6th push step)
S 800
= Strength depletion
W :
) 600 in frame elements|——
oh H
<
M 400 Collapset— :  _...l....

200 Maximum displacement <
0 .

0.000 0.050 0.100 0.150 0.200 0.250 0.300 0.350
Peak Displacement (m)

Figure 12. Capacity curve of Model 01V and probable collapse scenario.

The capacity curves of Models 01, 01D, and 01V are shown together in Figure 13.
While the frame is quite ductile in its initial state, adding laminated timber cross-braces
results in a significant reduction in ductility, accompanied by a considerable increase in the
base shear force. In Model 01D with diagonal cross-braces, which successfully achieves the
targeted performance level, the optimal performance point is reached under the current
conditions with minimal section damage.

The story displacements of the frames are shown in Figure 14. Without laminated tim-
ber braces (Model 01), the peak displacement of the system is approximately 2% of the total
height. Models 01D and 01V exhibit similar displacements, with the peak displacements
for the two models being approximately 0.7% and 0.6% of the total height, respectively.
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Figure 13. Comparison of the capacity curves of frames.
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Figure 14. Comparison of the story displacements.

6. Conclusions and Recommendations

In this study, a 2D frame with a height of 3 m per story and a 5 m beam span,
lacking earthquake shear walls, with insufficient seismic performance, consisting of
a Ground + 4 Normal Floors, was analyzed. To improve the seismic performance, diagonal
and reverse V-arrangement laminated glued-timber braces were added at the edge openings.
The performance of the created models was examined according to TBEC-2018, and the
controlled damage performance level requested by the regulation for the existing load-bearing
system at the DD-2 earthquake ground motion level was achieved using Model 01D.

As a result of the analyses, the following observations were made:

a. Toimprove the seismic performance of structures in disadvantaged areas, laminated
glued timber braces can be used due to their speed and ease of application.
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b.  Glued laminated timber has a high potential to restrict the displacements and increase
the strength of reinforced concrete systems.

c.  For buildings with inadequate seismic performance, the rigidity of the glued-
laminated timber braces used in strengthening works should be compatible with
the system rigidity. Therefore, repeated analyses may be required.

d. If glued laminated timber braces or a brace arrangement with higher rigidity than
the existing system’s rigidity is applied, the base shear force is resisted through the
columns, which could lead to the system reaching a collapse mechanism, particularly
in the ground floor columns, after a sudden loss of strength, without achieving the
desired performance target. Therefore, in addition to adding laminated braces to the
system, column strengthening may also be necessary.

e.  Inthe future, further integration of glulam systems with performance criteria such as
energy efficiency, thermal comfort, and structural strength holds great potential for
sustainable architectural and engineering practices.

f.  Glued laminated timber is a significant structural material in sustainable building
design due to its high load-bearing capacity, low density, and suitability for prefabri-
cation. Compared to concrete and steel, glulam has a significantly lower embodied
energy, which substantially reduces its carbon footprint.

Furthermore, its environmental impact is minimized because its production process
consumes less energy and is derived from renewable resources. Glulam’s ability to enhance
the energy efficiency of buildings throughout their lifecycle makes it an advantageous
choice, especially for projects developed with low-carbon targets in mind. Considering
all these aspects, glulam offers a strong and viable alternative for designing sustainable
structural systems and excels in both environmental and structural performance.

Additionally, studies on the connections of glued laminated timber braces with reinforced
concrete frames would be beneficial for the development of this type of strengthening pproach.
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