
Scientific
Review

Engineering and Environmental Sciences

Przegląd Naukowy
Inżynieria i Kształtowanie Środowiska

Vol. 35 (2)	 2026	 Issue 112  
Quarterly

ISSN 1732-9353
eISSN 2543-7496

(suspended)



SCIENTIFIC REVIEW
ENGINEERING AND ENVIRONMENTAL SCIENCES
Quarterly

EDITORIAL BOARD
Libor Ansorge (T.G. Masaryk Water Research Institute, Czechia), Kazimierz Banasik (Warsaw University of 
Life Sciences – SGGW, Poland), Jonathan Chan Cheung-Wai (Vrije Universiteit, Brussels, Belgium), Jarosław 
Chormański (Warsaw University of Life Sciences – SGGW, Poland), Iulii Didovets (Potsdam Institute for Climate 
Impact Research – PIK, Germany), Tomáš Dostál (Czech Technical University in Prague, Czechia), 
Mateusz Grygoruk – Chairman (Warsaw University of Life Sciences – SGGW, Poland), Jurík Luboš (Slovak 
Agriculture University, Nitra, Slovak Republic), Bartosz Kaźmierczak (Wrocław University of Science and 
Technology, Poland), Altaf Hussain Lahori (Sindh Madressatul Islam University, Pakistan), Athanasios Loukas 
(Aristotle University of Thessaloniki, Greece), Silvia Kohnova (Slovak University of Technology, Slovak 
Republic), Michael Manton (Vytautas Magnus University, Lithuania), Yasuhiro Matsui (Okayama University, 
Graduate School of Environmental Science, Japan), Viktor Moshynskyi (National University of Water Management 
and Nature Resources Use, Ukraine), Mikołaj Piniewski (Warsaw University of Life Sciences – SGGW, Poland), 
Maja Radziemska (Warsaw University of Life Sciences – SGGW, Poland), Izabela Sówka (Wrocław University 
of Science and Technology, Poland), Marina Valentukevičienë (Vilniaus Gedimino Technikos Universitetas, 
Lithuania), Magdalena Daria Vaverková (Mendel University in Brno, Czechia)

EDITORS
Tomasz Gnatowski (Chairman), Barbara Klik, Paweł Marcinkowski (Editorial Assistant Environmental 
Sciences), Katarzyna Pawluk, Mieczysław Połoński, Sylwia Szporak-Wasilewska, Magdalena Daria Vaverková,  
Grzegorz Wrzesiński (Editorial Assistant Engineering Sciences)

EDITORIAL STAFF
Weronika Kowalik, Grzegorz Wierzbicki, Justyna Majewska, Robert Michałowski 

ENGLISH LANGUAGE EDITING SERVICE
Intertext Diuna LSP Sp. z o.o.

EDITORIAL OFFICE ADDRESS
Wydział Budownictwa i Inżynierii Środowiska SGGW,  ul. Nowoursynowska 159, 02-776 Warsaw, Poland
tel. (+48 22) 59 35 363, 59 35 210, 59 35 302
e-mail: srees@sggw.edu.pl 
https://srees.sggw.edu.pl 

© by the author, licensee Warsaw University of Life Sciences Press, Warsaw, Poland. 
The published articles are distributed under the terms and conditions of the Creative 
Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0) 
(https://creativecommons.org/licenses/by-nc/4.0/)

All papers are indexed in the data bases as follows: AGRO(Poznań), BazTech, Biblioteka Nauki, CrossRef, DOAJ, 
Google Scholar, Index Copernicus, INFONA, POL-Index, SCOPUS, SIGŻ(CBR)

Electronic version of the Scientific Review Engineering and Environmental Sciences is primary version

https://creativecommons.org/licenses/by-nc/4.0/deed.pl
https://creativecommons.org/licenses/by-nc/4.0/


Scientific
Review

Engineering and Environmental Sciences

Przegląd Naukowy
Inżynieria i Kształtowanie Środowiska

Vol. 35 (2)	 2026	 Issue 112

Contents

CHAIPRAKARN S., KHEAWSEEMA P., SAKULTHAEW C., SAENGSEEDAM P. 
The association between ambient fine particulate matter (PM2.5) concentrations and air 
pollution-related respiratory disease at the pollution control zone of Rayong Province, Thailand  ...... 	117

TRZECIAK M., SIKORSKA D. 
The role of roadside vegetation near school in mitigating air pollution: an exploratory 
case study in Zielonka  ....................................................................................................................... 	139

KHELIFA N., BOUKHABLA M., BOUZAHER S. 
Quantifying thermal comfort improvement by palm tree-based street greening, in hot 
and dry climate  .................................................................................................................................. 	158

Al-RAMAHEE M., AMMASH H., Al-JELAWY H., HEMZAH S. 
Behavior of self-compacted reinforced concrete deep beams using steel plates 
as shear reinforcement  ...................................................................................................................... 	184

ŞIMŞEK O. 
Auditory comfort and noise perception under thermal and visual conditions in urban parks  .......... 	199

CARASSAS ROSALES M. K., De La CRUZ VEGA S. A. 
Clay masonry units with variation in construction and demolition waste (CDW) particle size  ....... 	219



Wydawnictwo SGGW, Warsaw 2026

           Wydawnictwo SGGW              wydawnictwosggw

Editorial work – Anna Dołomisiewicz, Tomasz Ruchniewicz

ISSN 1732-9353 (suspended)   eISSN 2543-7496



© by the author, licensee Warsaw University of Life Sciences Press, Warsaw, Poland. 
This article is an open access article distributed under the terms and conditions of 
the Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0) 
(https://creativecommons.org/licenses/by-nc/4.0/)

	 Received:	 30.10.2025 
	 Accepted:	 11.03.2026 

Scientific Review Engineering and Environmental Sciences (2026), 35 (2), 117–138

Sci. Rev. Eng. Env. Sci. (2026), 35 (2)	 https://srees.sggw.edu.pl

ISSN  1732-9353 (suspended)	 eISSN  2543-7496	 DOI 10.22630/srees.10910

Somboon CHAIPRAKARN1   

Paphaon KHEAWSEEMA2 

Chanakarn SAKULTHAEW3 

Panudet SAENGSEEDAM1 
1 �Rajamangala University of Technology Krungthep, Faculty of Engineering, Thailand
2 �University of Phayao, School of Dentistry, Thailand
3 �Nakhon Sawan Rajabhat University, Faculty of Science and Technology, Thailand
panudech.s@mail.rmutk.ac.th

The association between ambient fine 
particulate matter (PM2.5) concentrations 
and air pollution-related respiratory 
disease at the pollution control zone 
of Rayong Province, Thailand

Keywords: PM2.5, respiratory disease, air pollution, pollution control zone, time-lag analysis

Introduction

Airborne particles smaller than 2.5 µm in diameter (PM2.5), known as fine 
particles, are among the most harmful air pollutants globally with substantial 
effects on human health. These small particles can penetrate extremely deep into 
pulmonary alveoli and result in extensive respiratory disease and premature death. 
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Traffic is heavy in industrial zones, such as the pollution control zone of Rayong 
Province in Thailand and biomass burning is common; therefore, PM2.5 pollution 
is an important and long-term public health issue. Exposure to PM2.5 causes 
millions of deaths annually and disproportionately affects the populations of low- 
and middle-income countries (World Health Organization [WHO], 2021). Thailand’s 
industrial provinces also contain high concentrations of PM2.5 that exceed surpass 
the WHO guideline annual average of 15 µg·m–3, highlighting the need for further 
research to better understand associated health effec ts and provide a basis for 
policy action (Kanchanasuta et al., 2020). This research focuses on the pollution 
control zone of Rayong Province, a major industrial cluster, to study how exposure 
to PM2.5 relates to respiratory outcomes of health.

There has been considerable epidemiological research on the impact of PM2.5 
and lung health in recent years. Various studies have repeatedly shown that 
exposure to PM2.5 is associated with an elevated risk of asthma, bronchitis, 
and other respiratory complications, especially in urban-industrial settings 
(Choo et al., 2023; Zhu et al., 2023). In Southeast Asia, industrial pollution 
and seasonal biomass burning have been identified as the predominant sources 
of elevated levels of PM2.5, and short-term exposure has been linked with higher 
rates of hospital admissions due to respiratory illnesses (Phosri et al., 2019; 
Amnuaylojaroen et al., 2020). Time-lag analyses have revealed that PM2.5 
exposure can have immediate or delayed adverse health effects, with vulnerable 
subgroups such as the elderly and children being especially affected (Kim et al., 
2012; Chantaraprachoom et al., 2024). These findings underscore the importance 
of regional analysis in order to better characterize local patterns of pollution 
and their associated health effects.

The literature suggests that the health impacts of PM2.5 differ based 
on exposure duration, concentration levels, and population vulnerability. 
Research in Thailand suggests that industrial estates, such as Rayong, have 
higher levels of PM2.5 than areas such as Bangkok, but data on the short-term 
adverse effects of PM2.5 exposure in industrial environment remain limited 
(Vichit-Vadakan et al., 2008; Cheanklin et al., 2012). The “harvesting effect,” 
whereby PM2.5 exposure can cause morbidity in susceptible persons, has 
been observed in many studies illustrating the complex temporal patterns 
of exposure–response relationships (Anggraeni & Lestari, 2023; Suwanprapha 
et al., 2024). These gaps highlight the importance of local research that combines 
air quality and health information to assess the short-term impact of PM2.5 
exposure on respiratory morbidity in industrial environments (Pothirat et al., 
2016; Muenmee & Bootdee, 2021). Despite the growing body of international 
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and national evidence regarding the health effects of PM2.5 exposure, limited 
empirical research has specifically examined short-term temporal associations 
in designated industrial pollution control zones in Thailand. In particular, there 
remains insufficient integration of multi-station air quality monitoring data 
with hospital-based morbidity records at the provincial level. Therefore, this study 
aims to address this gap by systematically analyzing daily PM2.5 concentrations 
and respiratory disease outcomes within the pollution control zone of Rayong 
Province using time-lag correlation analysis.

The objective of this research is to evaluate trends in PM2.5 levels and respiratory 
disease morbidity in the pollution control zone of Rayong Province between 
2020 and 2023. The study will investigate short-term associations between daily 
concentrations of PM2.5 and respiratory diseases using time-lag analysis to 
explore immediate and delayed health outcomes. By integrating air pollution 
data from monitoring stations with hospital admission data, this article provides 
empirical evidence to support strategic air quality management and public health 
interventions in industrial areas.

Material and methods

Study design

This study employed a retrospective analytical design based on secondary data 
obtained from air quality monitoring stations and hospital patient record systems.

Study area and air quality monitoring stations

A geographical map illustrating the spatial distribution of air quality monitoring 
stations within the pollution control zone of Rayong Province is presented 
in Figure 1. The map provides context for understanding station locations in relation 
to industrial estates, residential zones, and transportation corridors.

A descriptive summary of each monitoring station, including land-use 
classification and proximity to major emission sources, is provided 
in Table 1. These additional details facilitate the interpretation of inter-station 
variability in PM2.5 concentrations and allow for the assessment of potential 
location-specific influences.
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FIGURE 1. Geographic distribution of PM2.5 monitoring stations and the hospital catchment area 
within the pollution control zone of Rayong Province
Source: own work.

TABLE 1. Characteristics of PM2.5 monitoring stations included in the study

Station code Monitoring site Nearby sources
28T Pluakdaeng District Health Office, Rayong, Thailand industrial estate, port activities

29T Health Promotion Hospital Maptaphut, Rayong, Thailand petrochemical complex, traffic

30T Rayong Provincial Agricultural Office, Rayong, Thailand traffic, mixed land use
31T Field Crop Research Center, Rayong, Thailand agricultural activities, open areas
74T Government Center, Rayong, Thailand residential traffic, commercial area

Source: own work.

PM2.5 concentrations from fixed-site monitoring stations were used as proxies 
for ambient population-level exposure within the pollution control zone. These 
stations were assumed to reflect general air quality conditions across the hospital 
catchment area; however, spatial variability in pollutant distribution may result 
in exposure misclassification at the individual level.

The study did not include geocoded residential data; therefore, precise distances 
between individual patient residences and monitoring stations could not be 
calculated. Exposure was assigned at the ecological level rather than the individual 
level. Daily PM2.5 concentrations were analyzed separately for each monitoring 
station to explore spatial heterogeneity. In addition, an area-level average 
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concentration across all five stations was calculated to represent general ambient 
exposure within the pollution control zone of Rayong Province. The monitoring 
stations are located approximately 3–18 km from the hospital catchment area.

Health data collection

Health data were obtained from Her Royal Highness Princess Maha Chakri 
Sirindhorn Memorial Hospital, which functions as a major tertiary care facility 
serving the Pollution Control Zone of Rayong Province. The hospital receives 
referrals for moderate to severe respiratory conditions from surrounding districts 
within the study area.

Although additional primary healthcare units operate in the region, inpatient 
respiratory admissions are predominantly managed at this center. Therefore, 
the hospitalization data are considered broadly representative of respiratory 
morbidity patterns within the study population.

The study utilized both daily-level and monthly aggregated datasets. Daily 
PM2.5 concentrations and daily respiratory case counts were used for the short-term 
time-lag assessment. In parallel, monthly averages and monthly aggregated case 
counts were constructed for ecological correlation analysis across the study period.

Data collection

The study utilized both daily-level and monthly aggregated datasets. Daily 
PM2.5 concentrations and daily respiratory case counts were used to evaluate short-
term exposure–response relationships and time-lag associations. Monthly averages 
and aggregated case counts were additionally constructed to examine broader 
ecological temporal patterns across the study period.

Lag analysis was performed to explore temporal displacement patterns between 
PM2.5 concentrations and respiratory morbidity within the aggregated monthly 
framework. These lag estimates do not represent true daily distributed lag effects 
but rather relative shifts in temporal association.

Daily 24-hour PM2.5 concentrations were collected from five air pollution 
monitoring stations within the Rayong pollution control area, including Stations 
28T, 29T, 30T, 31T, and 74T. The data were collected from January 1, 2017, to 
December 31, 2023, and were expressed as concentrations in micrograms per 
cubic meter [µg·m–3].
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Health information on outpatients and inpatients was collected from Her Royal 
Highness Princess Maha Chakri Sirindhorn Memorial Hospital Siam Grand Palace, 
Rayong. It covered only patients with respiratory and air pollution diseases, 
as classified by the International Statistical Classification of Diseases and Related 
Health Problems 10th revision (ICD-10) codes J00–J99. Seven respiratory disease 
categories were selected based on their clinical relevance and prior epidemiological 
evidence indicating sensitivity to air pollution exposure. These conditions represent 
a combination of acute inflammatory diseases (e.g., pneumonia, bronchitis) 
and chronic respiratory disorders (e.g., asthma, COPD) that are commonly reported 
in regional health surveillance data. Other ICD-10 codes within J00–J99 were not 
included due to low case frequency or limited evidence of short-term air pollution 
sensitivity. The examination focused on seven general categories of diseases: 
(1) COPD, (2) asthma, (3) pneumonia, (4) influenza, (5) acute pharyngitis, 
(6) chronic rhinitis, and (7) bronchitis.

Monthly average PM2.5 concentrations and monthly aggregated counts 
of respiratory disease cases were used in the analysis. This ecological design, based 
on monthly temporal resolution, limits the ability to evaluate short-term daily lag 
effects and should be interpreted accordingly.

Study period

Although air quality monitoring data were available from 2017 onward, 
complete and standardized hospital admission records were consistently accessible 
only from 2020. To ensure data completeness and comparability, the analytical 
period was therefore restricted to 2020–2023.

Data analysis

Descriptive statistics were calculated to summarize air pollution levels 
and respiratory morbidity.

Daily-level time-series assessment. Daily 24-hour PM2.5 concentrations 
and daily counts of respiratory disease cases were analyzed to examine short-term 
exposure–response relationships. The Spearman rank correlation coefficient was 
applied due to the non-normal distribution of the data.

Time-lag analyses were conducted for lag days 0–7 to explore delayed 
associations following exposure. These analyses represent unadjusted exploratory 
correlations and do not constitute causal time-series modeling. The daily-level 
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dataset included approximately 1,461 observations (January 2020–December 
2023). Days with incomplete PM2.5 or hospital records were excluded from 
the daily-level correlation analyses. No imputation was performed. All statistical 
tests were two-tailed, and statistical significance was defined as p < 0.05.

Daily PM2.5 concentrations were calculated as the average of the five fixed 
monitoring stations to represent population-level exposure within the study area. 
Both daily-level and monthly-level analyses were conducted to examine short-term 
exposure–response relationships as well as broader ecological temporal patterns.

Monthly-level ecological correlation. Monthly average PM2.5 concentrations 
and monthly aggregated respiratory case counts were analyzed to assess broader 
ecological co-variation patterns. Spearman rank correlation coefficient was used to 
evaluate associations between each monitoring station and each respiratory disease 
category at the monthly level (N ≈ 48 months). All analyses were performed using 
IBM SPSS Statistics, version 26.0.

Ethical approval

This research received ethical approval from the Research Ethics Review 
Committee, Rajamangala University of Technology Tawan-ok (RMUTTO REC 
Reference No. 033/2024) on July 15, 2024, based on the ethical guidelines 
described in the Declaration of Helsinki and Guidelines on Good Clinical Practice 
(ICH-GCP). No individual data was collected, and patient identifiers were 
anonymized to the extent possible. The analysis used aggregated data.

Results and discussion

PM2.5 concentrations at pollution control zone of Rayong Province 
in Thailand

The trend analysis revealed an overall increase in PM2.5 levels across Rayong’s 
pollution control areas during the study period, as shown in Table 2, Figures 2 
and 3. The mean overall concentration from all monitoring points rose from 
18.19 µg·m–3 in 2020 to 20.55 µg·m–3 in 2023, representing a 13% increase. 
Station 29T recorded the highest mean PM2.5 concentration at 19.42 µg·m–3 while 
Station 74T recorded the lowest concentration at 18.33 µg·m–3. The highest value 
was 21.93 µg·m–3, recorded at Station 29T in 2023. Although these values were 
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still within Thailand’s national air quality standard of 50 µg·m–3, they were above 
WHO guideline value of 15 µg·m–3 by about 37%. The ongoing rise in PM2.5 
concentrations, especially at Station 29T and Station 31T, emphasizes the necessity 
of ongoing monitoring and action towards safeguarding public health in Rayong’s 
industrial estates.

TABLE 2. Average concentrations of PM2.5 by monitoring station and year at the pollution control zone 
of Rayong Province in Thailand during 2020–2023 [µg·m–3]

Year
Station Mean

(all stations) Max Min
28T 29T 30T 31T 74T

2020 20.94 16.43 17.75 16.75 19.07 18.19 20.94 16.43
2021 20.02 19.42 16.49 17.51 17.41 18.17 20.02 16.49
2022 16.74 19.91 19.16 18.63 16.83 18.25 19.91 16.74
2023 18.79 21.93 20.30 21.72 19.99 20.55 21.93 18.79
Average 19.12 19.92 18.43 18.65 18.33 18.89 21.93 16.43

Source: own work.

FIGURE 2. Annual trend of average PM2.5 concentrations from all monitoring stations at the pollution 
control zone of Rayong Province in Thailand during 2020–2023
Source: own work.
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FIGURE 3. Temporal variation in PM2.5 concentrations by station during 2020–2023
Source: own work.

Trends in the number of patients with respiratory diseases

As shown in Table 3, respiratory disease trends are summarized numerically 
through annual case counts across disease categories.

TABLE 3. Number of patients with respiratory diseases by category and year at the pollution control 
zone of Rayong Province in Thailand during 2020–2023

Disease 2020 2021 2022 2023 Total
(4 years)

Mean
(1 year) Max Min

Chronic obstructive  
pulmonary disease (COPD) 722 566 704 688 2,680 670.0 722 566

Asthma 1,384 1,222 1,360 1,784 5,750 1,437.5 1,784 1,222
Pneumonia 707 413 571 1,127 2,818 704.5 1,127 413
Influenza 274 6 194 2,530 3,004 751.0 2,530 6
Acute pharyngitis 1,255 578 1,554 2,235 5,622 1,405.5 2,235 578
Chronic rhinitis 31 27 21 22 101 25.3 31 21
Bronchitis 1,141 367 706 1,090 3,304 826.0 1,141 367
All diseases combined 5,514 3,179 5,110 9,476 23,279 5,819.8 – –

Source: own work.



Chaiprakarn, S., Kheawseema, P., Sakulthaew, C., Saengseedam, P. (2026). The association 
between ambient fine particulate matter (PM2.5) concentrations and air pollution-related respiratory 
disease at the pollution control zone of Rayong Province, Thailand. Sci. Rev. Eng. Env. Sci., 
35 (2), 117–138. DOI 10.22630/srees.10910126

Association between PM2.5 concentrations and respiratory diseases 
over time

As presented in Table 4 and Figure 4, the correlation analysis revealed significant 
positive correlations between PM2.5 concentrations and three respiratory diseases. 
Pneumonia incidence showed a strong positive correlation with PM2.5 at Station 31T 
(r = 0.276, p < 0.05). (2) Bronchitis was also highly correlated with same-day PM2.5 
levels at Station 74T (r = 0.276, p < 0.05), whereas significant positive correlations were 
observed at Station 28T (lag 4: r = −0.419, p < 0.01) and Station 29T (lag 4: r = −0.331, 
p < 0.05). (3) Asthma also showed a positive correlation with PM2.5 concentration at 
Station 31T at a lag of 1 day (lag 1: r = 0.283, p < 0.05).

Negative correlations were observed at lags 3–5 at certain stations, suggesting that 
acute exposure to elevated levels of PM2.5 may result in increased respiratory morbidity 
among susceptible populations initially, followed by a subsequent reduction in morbidity 
as the susceptible population is diminished. There were no statistically significant 
correlations for the remaining categories of respiratory illness investigated in this research.

Correlation analysis revealed varying degrees of association between PM2.5 
concentrations and respiratory disease incidence across monitoring stations. Significant 
positive correlations were identified at Stations 31T and 74T (r = 0.276, p = 0.012), 
while weaker or non-significant associations were observed at other stations. However, 
the magnitude of the correlation was modest (r < 0.30), explaining less than 10% 
of the variance.

TABLE 4. Spearman correlation coefficients (r) between PM2.5 concentrations and respiratory diseases 
by monitoring station at the pollution control zone of Rayong Province in Thailand during 2020–2023

Disease
Station Mean 

(r)28T 29T 30T 31T 74T
Chronic obstructive  
pulmonary disease (COPD) 0.072 −0.006 0.057 0.042 0.075 0.062

Asthma 0.052 0.208 0.153 0.255 0.259 0.206
Pneumonia 0.062 0.260 0.159 0.276* 0.242 0.223
Influenza −0.023 0.203 0.129 0.256 0.204 0.170
Acute pharyngitis −0.110 0.104 0.031 0.134 0.069 0.051
Chronic rhinitis −0.041 −0.175 −0.099 −0.189 −0.151 −0.153
Bronchitis 0.153 0.199 0.166 0.258 0.276* 0.232
All diseases combined 0.024 0.186 0.110 0.239 0.212 0.169

Spearman rank correlation coefficients were calculated based on monthly aggregated data (N = 45–52 months 
depending on data completeness; *p < 0.05). Values represent contemporaneous monthly associations. No lag struc-
ture was applied at the monthly level.

Source: own work.
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COPD 0.072 −0.006 0.057 0.042 0.075 −0.3

asthma 0.052 0.208 0.153 0.255 0.259 −0.225

pneumonia 0.062 0.26 0.159 0.276 0.242 −0.15

influenza −0.023 0.203 0.129 0.256 0.204 −0.075

acute pharyngitis −0.11 0.104 0.031 0.134 0.069 0

chronic rhinitis −0.041 −0.175 −0.099 −0.189 −0.151 0.075

bronchitis 0.153 0.199 0.166 0.258 0.276 0.15

all diseases 0.024 0.186 0.11 0.239 0.212 0.225

FIGURE 4. Correlation matrix illustrating relationships between PM2.5 concentrations and respiratory 
disease categories across monitoring stations. All correlation coefficients are numerically presented 
in Table 4
Source: own work.

Lag analysis of PM2.5 exposure and respiratory diseases (0–7 days) – 
evidence of an acute effect

As shown in Table 5 and Figure 5, a weak but statistically significant positive 
correlation was observed between PM2.5 concentration and bronchitis cases 
at Station 74T on the same day (r = 0.276, p = 0.048).

TABLE 5. Statistically significant Spearman correlations (r) between daily PM2.5 concentrations 
and respiratory diseases across lag periods (0–7 days) at pollution control zone of Rayong Province 
in Thailand during 2020–2023 (approximately 1,461 daily observations)

Disease Station lag r Significance
Chronic obstructive pulmonary disease 
(COPD) 28T lag 7 −0.296 *

Asthma 28T lag 4 −0.304 *
Asthma 31T lag 1 0.283 *
Acute pharyngitis 28T lag 2 −0.295 *
Acute pharyngitis 28T lag 3 −0.337 *
Acute pharyngitis 28T lag 4 −0.310 *
Bronchitis 28T lag 3 −0.354 *
Bronchitis 28T lag 5 −0.317 *
Bronchitis 28T lag 4 −0.419 **
Bronchitis 29T lag 4 −0.331 *
Bronchitis 29T lag 5 −0.296 *
Bronchitis 74T lag 0 0.276 *
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TABLE 5 (cont.)
Disease Station lag r Significance
Bronchitis 74T lag 4 −0.303 *
All diseases combined 28T lag 3 −0.333 *
All diseases combined 28T lag 4 −0.349 *

*p < 0.05; **p < 0.01.

Source: own work.

FIGURE 5. The Spearman correlation analysis between PM2.5 exposure and selected respiratory diseases
Source: own work.

This finding suggests a modest temporal association between elevated ambient 
PM2.5 levels and increased bronchitis visits. In contrast, negative correlations were 
observed at lag days 3–5 at Stations 28T and 29T, indicating possible short-term 
displacement patterns. Although the magnitude of the association was small, 
the same-day pattern is consistent with the hypothesis that short-term increases 
in PM2.5 may contribute to acute bronchial irritation, particularly among susceptible 
populations such as children, older adults, and individuals with pre-existing 
respiratory conditions.
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The “harvesting effect” phenomenon

As Table 5 and Figure 5 illustrate, various respiratory illnesses were negatively 
correlated with PM2.5 concentrations at lag times ranging from 3 to 5 days, which 
may suggest a possible harvesting effect. Of particular note, bronchitis at Station 
28T (lag 4: r = −0.419, p < 0.01) and pharyngitis at Station 28T (lag 3: r = −0.337, 
p < 0.05) exhibited strong negative correlations. In contrast, pollution may 
trigger acute illness among susceptible individuals shortly after safe pollution 
levels peak. This may subsequently reduce the number of susceptible individuals 
in the short term, contributing to the decline in case numbers after the initial 
increase. This temporal pattern is consistent with the air pollution-morbidity 
research using time series analyses. Past investigations have confirmed that such 
patterns of pollution-related health effects are plausible.

Interstation variability suggesting different pollution sources

As shown in Table 5 and Figure 5, the correlations varied significantly 
across monitoring stations. Station 74T showed the strongest immediate effect 
(r = 0.276, p < 0.05) while Stations 28T and 29T displayed distinct negative lagged 
correlations, suggesting a possible harvesting effect. However, no statistically 
significant correlations were observed for data collected at Station 30T 
and Station 31T. These spatial variations may reflect differences in the structure 
and origin of PM2.5. Some of these differences may be attributable to combustion 
sources, motor vehicle exhaust, and local site characteristics.

No observable association for certain disease groups

As shown in Table 5, no significant correlations were identified for 
chronic rhinitis or influenza across all stations. This finding is consistent 
with the understanding that these diseases are primarily caused by viral 
or bacterial infections rather than direct particulate exposure. Nonetheless, PM2.5 
may act as a co-factor that exacerbates symptoms or increases susceptibility 
in individuals with underlying conditions, warranting further investigation 
in future epidemiological studies.
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Conclusion and discussion

Short-term elevations in PM2.5 in the pollution control zone of Rayong 
Province in Thailand were associated with increased respiratory morbidity, 
with the strongest signals observed for bronchitis (lag 0) and asthma (lag 1), 
and indications of harvesting at lags of 3–5 days. Significant positive correlations 
were observed for bronchitis (r = 0.276, p < 0.05) and asthma (r = 0.283, 
p < 0.05), with lag effects detected up to three days following exposure. 
Even where concentrations remained below the Thai standard, exceedance 
of the WHO guideline suggests that “moderate” pollution can still trigger 
clinically relevant events. Public health actions should include continuous 
monitoring, rapid risk communication, and targeted protection of susceptible 
groups, alongside emission controls tailored to industrial source profiles. 
Methodologically, future studies should adopt distributed lag (non-linear) 
and small-area designs and incorporate co-pollutants, meteorology, and chemical 
speciation to refine exposure–response estimates and causal interpretation.

This study provides exploratory evidence of a short-term temporal association 
between fine particulate matter (PM2.5) and respiratory diseases in Rayong Province, 
an industrialized area of Thailand designated as a pollution control zone. The results 
indicated that elevated PM2.5 concentrations were weak but significantly correlated 
with increased bronchitis and asthma cases on the same day and the following day. 
Negative correlations observed at lags of three to five days may reflect short-term 
temporal displacement, sometimes described as a harvesting effect. However, 
given the aggregated monthly design and the absence of distributed lag time-series 
modeling, this interpretation remains speculative. These findings are broadly consistent 
with previous time-series and multi-city studies reporting associations between 
short-term PM2.5 exposure and respiratory hospital admissions, although differences 
in methodology limit direct comparability (Han et al., 2022; Wang et al., 2025).

The observed acute effects correspond to biological mechanisms reported 
in experimental and epidemiological literature, where PM2.5 has been associated 
with oxidative stress and airway inflammation in experimental and epidemiological 
studies, airway inflammation, and reduced lung function (Atkinson et al., 2014; 
Mueller et al., 2021). Moreover, the pattern of negative correlations at lags 
of 3–5-day, also known as the “harvesting effect,” has been widely documented 
in short-term mortality and morbidity studies across Asia and Europe (Gasparrini, 
2022; Quijal-Zamorano et al., 2024). This phenomenon occurs when pollution events 
precipitate illness in vulnerable individuals, temporarily reducing the population 
at risk in subsequent days (Burnett et al., 2018). Spatial heterogeneity among 
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monitoring stations in Rayong suggests differences in emission sources and pollutant 
composition. Stations near petrochemical complexes (e.g., Station 74T) showed 
stronger acute effects, whereas those near mixed residential areas exhibited 
delayed responses consistent with findings from industrial regions where particle 
composition influences toxicity (Bootdee et al., 2023). A previous Thai study 
also reported significant associations between PM2.5 and respiratory admissions 
in industrial areas of Eastern Thailand (Chatphuti & Jayathavaj, 2025), reinforcing 
the localized relevance of these findings. While the average PM2.5 concentrations 
(18–21 µg·m–3) in this study remained below the Thai 24-hour standard (50 µg·m–3), 
they consistently exceeded the WHO, 2021 guideline of 15 µg·m–3. Global evidence 
indicates that adverse health effects can occur even at low-to-moderate concentrations 
of PM2.5, suggesting that there is effectively no safe threshold for exposure (Health 
Effects Institute & Institute for Health Metrics and Evaluation [HEI & IHME], 
2024; Parasin & Amnuaylojaroen, 2024). The stronger associations observed for 
pneumonia and bronchitis compared to COPD may reflect the acute inflammatory 
response triggered by short-term PM2.5 exposure, which has been shown to increase 
airway inflammation and susceptibility to respiratory infections (Kyung & Jeong, 
2020; Han et al., 2022; Teeranoraseth et al., 2024). Acute respiratory conditions are 
generally more sensitive to short-term environmental fluctuations, whereas chronic 
diseases such as COPD may demonstrate more heterogeneous or delayed responses 
across monitoring stations (Atkinson et al., 2014; Zhu et al., 2023). The magnitude 
of the associations observed in this study was relatively small. Such modest 
correlations are consistent with the multifactorial nature of respiratory diseases, 
in which air pollution represents one of several contributing environmental factors 
rather than a sole determinant.

This observation is consistent with international evidence demonstrating 
that both chronic and acute exposure to PM2.5 are associated with increased 
mortality and morbidity, particularly from respiratory and cardiovascular diseases 
(Burnett et al., 2018). From a methodological perspective, this study employed 
a retrospective design utilizing Spearman correlation and lag analyses to identify 
short-term temporal associations. This approach is consistent with recent Thai 
studies that have successfully applied time-series and correlation methods to 
forecast pollution-related health outcomes (Li et al., 2023; Choocheep et al., 2024; 
Chumnicherngka et al., 2024). While this approach offers an accessible means 
of interpreting lagged effects, future investigations should incorporate distributed 
lag non-linear models (DLNMs) and Bayesian spatial frameworks to more 
comprehensively capture complex exposure–response relationships and spatial 
dependencies (Gasparrini, 2022; Quijal-Zamorano et al., 2024).
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Integrating meteorological variables, co-pollutants, and source-specific emission 
data will further enhance the precision of exposure assessments and strengthen 
causal inference in future research. In the context of Thailand’s environmental health 
management, the results indicate a need to strengthen local air quality surveillance, 
integrate environmental monitoring data with hospital admission and health 
surveillance systems, and enforce industrial emission regulations within designated 
pollution control zones (Chumnicherngka et al., 2024; Tanasirirak et al., 2024). These 
measures align with national strategies outlined in the Ministry of Natural Resources 
and Environment’s Air Quality Action Plan and are reinforced by recent evidence 
linking PM2.5 exposure to increased mortality from non-communicable diseases 
across Thailand (Yan, 2023; Parasin & Amnuaylojaroen, 2024).

This study provides additional evidence supporting a short-term association 
between PM2.5 exposure and respiratory morbidity in an industrialized region 
of Thailand.

Finally, this study reinforces that short-term elevations in PM2.5 concentrations, 
even at moderate levels, may contribute to increased respiratory health risk, 
particularly among vulnerable populations. These findings emphasize the necessity 
of continuous air quality monitoring, stricter emission control measures, 
and targeted preventive health policies to mitigate the growing burden of air 
pollution-related diseases in industrialized regions.

Continuous air quality monitoring, early warning systems, and the integration 
of environmental data into public health planning are recommended to reduce 
respiratory health risks in industrial regions.

Future studies incorporating meteorological variables and multivariate statistical 
models are warranted to better clarify potential causal pathways.

In conclusion, the present study demonstrated statistically significant but modest 
short-term associations between ambient PM2.5 concentrations and respiratory 
morbidity in the pollution control zone of Rayong Province during 2020–2023. 
The strongest associations were observed for bronchitis on the same day of exposure 
and for asthma with a one-day lag, with evidence suggestive of short-term temporal 
displacement at lags of three to five days. Although effect sizes were small, PM2.5 
concentrations consistently exceeded WHO guideline levels, indicating that even 
moderate pollution may contribute to measurable respiratory health impacts 
in industrialized settings. These findings represent exploratory ecological evidence 
derived directly from the study analysis and underscore the public health relevance 
of continued air quality monitoring and targeted prevention strategies in pollution-
affected regions.
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Limitations

This study utilized hospitalization data from a single tertiary care hospital. 
While this institution serves as a major referral center in the region, the absence 
of data from smaller healthcare facilities may limit the complete capture of mild 
respiratory cases.

The absence of pre-pandemic morbidity data limits long-term comparisons 
of respiratory disease trends and constrains the interpretation of COVID-19-related 
behavioral effects within a broader historical context.

The absence of adjustment for potential confounders, including meteorological 
factors and co-pollutants, represents an important limitation. Seasonal patterns 
shared by air pollution and respiratory diseases may partially explain the observed 
correlations. Future research should apply time-series regression models 
or DLNMs to better isolate the independent short-term effects of PM2.5 exposure.

The use of monthly aggregated data substantially reduces temporal resolution 
and limits the ability to evaluate true short-term daily exposure–response 
relationships. Daily-level time-series analyses would provide greater statistical 
power and conceptual consistency for distributed lag assessment. Therefore, 
the current findings should be interpreted as exploratory ecological associations 
rather than definitive short-term causal effects.

The use of fixed monitoring stations as exposure proxies and the absence 
of residential-level linkage may introduce exposure misclassification, potentially 
attenuating observed associations.

The analysis combined outpatient and inpatient visits within each diagnostic 
category. Differences in disease severity and healthcare utilization patterns may 
influence sensitivity to air pollution exposure. This aggregation could potentially 
dilute effect estimates, and future studies should consider stratified analyses by 
care setting.
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Appendix

TABLE S1. Full Spearman correlation matrix across all lag periods (N = 45–52)

Disease Station lag 0 lag 1 lag 2 lag 3 lag 4 lag 5 lag 6 lag 7 Strongest 
correlation

Chronic 
obstructive 
pulmonary 
disease 
(COPD)

28T 0.072 0.098 −0.009 −0.107 −0.142 −0.130 −0.268 −0.296* −0.296*
(lag 7)

29T −0.006 0.194 0.067 −0.029 −0.039 0.017 −0.227 −0.241 NS
30T 0.057 0.240 0.080 −0.102 −0.019 −0.004 −0.209 −0.209 NS
31T 0.042 0.195 0.125 0.013 −0.006 0.050 −0.172 −0.233 NS
74T 0.075 0.206 0.095 −0.020 −0.068 −0.001 −0.210 −0.245 NS

Asthma

28T 0.052 −0.016 −0.145 −0.240 −0.304* −0.278 −0.252 −0.230 −0.304*
(lag 4)

29T 0.208 0.252 0.153 −0.024 −0.125 −0.140 −0.027 −0.087 NS
30T 0.153 0.160 0.072 −0.019 −0.047 0.002 0.050 0.056 NS

31T 0.255 0.283* 0.172 0.025 −0.079 −0.062 −0.003 −0.052 0.283*
(lag 1)

74T 0.259 0.230 0.101 −0.042 −0.151 −0.078 −0.050 −0.073 NS

Influenza

28T −0.023 −0.080 −0.215 −0.268 −0.259 −0.189 −0.164 −0.101 NS
29T 0.203 0.225 0.116 −0.019 −0.033 0.030 0.062 0.102 NS
30T 0.129 0.141 0.012 −0.043 −0.055 0.043 0.100 0.157 NS
31T 0.256 0.262 0.155 0.025 0.007 0.094 0.092 0.086 NS
74T 0.204 0.172 0.083 −0.060 −0.074 0.024 0.019 0.027 NS

Acute 
pharyngitis

28T −0.110 −0.184 −0.295* −0.337* −0.310* −0.163 −0.065 −0.075 −0.337*
(lag 3)

29T 0.104 0.146 0.077 −0.044 −0.078 0.048 0.186 0.172 NS
30T 0.031 0.069 −0.003 −0.077 −0.100 0.039 0.159 0.156 NS
31T 0.134 0.168 0.087 −0.041 −0.062 0.101 0.210 0.140 NS
74T 0.069 0.085 0.007 −0.158 −0.184 −0.005 0.099 0.060 NS

Chronic 
rhinitis

28T −0.041 0.121 0.127 0.149 0.097 0.055 0.011 −0.118 NS
29T −0.175 0.059 0.152 0.060 0.016 0.090 0.043 −0.059 NS
30T −0.099 0.137 0.167 0.082 0.119 0.075 0.066 −0.091 NS
31T −0.189 0.048 0.106 0.038 0.017 0.113 0.057 −0.089 NS
74T −0.151 0.110 0.107 0.043 −0.010 0.122 0.078 −0.071 NS

Bronchitis

28T 0.153 0.007 −0.182 −0.354* −0.419 −0.317* −0.233 −0.112 −0.419**
(lag 4)

29T 0.199 0.160 0.066 −0.211 −0.331* −0.296* −0.194 −0.077 −0.331*
(lag 4)

30T 0.166 0.135 −0.020 −0.206 −0.229 −0.099 −0.005 0.063 NS
31T 0.258 0.240 0.122 −0.152 −0.273 −0.193 −0.117 −0.038 NS

74T 0.276* 0.217 0.083 −0.181 −0.303* −0.180 −0.117 −0.008 0.276*
(lag 0)

All diseases 
combine

28T 0.024 −0.067 −0.224 −0.333* −0.349* −0.242 −0.164 −0.117 −0.349*
(lag 4)

29T 0.186 0.207 0.094 −0.110 −0.183 −0.096 0.016 0.061 NS
30T 0.110 0.140 0.023 −0.098 −0.121 −0.007 0.109 0.158 NS
31T 0.239 0.260 0.142 −0.061 −0.128 −0.010 0.071 0.070 NS
74T 0.212 0.203 0.074 −0.126 −0.200 −0.057 0.011 0.029 NS

*p < 0.05; **p < 0.01; NS – not statistically significant; lag 0 – same-day exposure.
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Summary

The association between ambient fine particulate matter (PM2.5) concentrations 
and air pollution-related respiratory disease at the pollution control zone of Rayong 
Province, Thailand. This study investigated the association between ambient PM2.5 
concentrations and respiratory diseases at the pollution control zone of Rayong Province 
in Thailand during 2020–2023. Daily PM2.5 data were obtained from air quality monitoring 
stations, and hospital records of pneumonia, bronchitis, asthma, and chronic obstructive 
pulmonary disease (COPD) were analyzed. Spearman rank correlation and time-lag analyses 
(lags 0–7 days) were performed using IBM SPSS Statistics version 26.0. Significant 
positive correlations were observed between PM2.5 concentrations and bronchitis (r = 0.276, 
p < 0.05) and asthma (r = 0.283, p < 0.05), with lag effects detected up to three days 
following exposure. Weaker or non-significant associations were found for COPD. These 
findings suggest that short-term exposure to elevated PM2.5 levels may increase the risk 
of acute respiratory conditions. Continuous air quality monitoring and early warning 
systems are therefore essential to mitigate health impacts in industrial regions.
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Introduction

Air pollution is a major environmental and public health issue, 
with an estimated contribution to 7.9 million deaths in 2023. It currently ranks 
as the leading environmental risk factor for mortality worldwide, particularly 
impacting urban areas (Health Effects Institute & Institute for Health Metrics 
and Evaluation [HEI & IHME], 2025). Vehicle emissions and the use of fossil 
fuels for heating are significant sources of harmful pollutants (Karagulian et al., 
2015; Liu et al., 2025). Children are particularly vulnerable to high pollutant 
concentrations due to their frequent outdoor activities, which can negatively 
impact their respiratory, cardiovascular, and cognitive health (Roche et al., 
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2024). Fine particulate matter (PM₁, PM₂.₅, PM₁₀) poses significant health risks 
as it penetrates deep into the respiratory system (Kim et al., 2015). This exposure 
often occurs near roads and schools, highlighting the need for strategies to 
reduce pollution during children’s daily commutes. One promising approach 
is the introduction and enhancement of urban greenery, which utilizes plants’ 
ability to trap pollutants on the leaf surface. Urban vegetation, especially trees, 
can effectively capture airborne particles on leaf surfaces, thereby lowering 
concentrations of particulate matter (PM) and ultimately providing measurable 
health benefits (Escobedo et al., 2011; Nowak et al., 2014). These particles 
are primarily captured through interception, where they adhere to the leaf 
surface or become embedded in the wax layer (Przybysz et al., 2019). Research 
indicates that home-to-school walking routes with higher visible greenery are 
associated with better exposure metrics and increased potential for well-being 
benefits (Khanian et al., 2024). While most particles remain loosely attached 
and can be washed away by rain, those trapped in waxes are immobilized for 
extended periods (Beckett et al., 2000; Przybysz et al., 2014). Strategic planting 
of trees and shrubs can reduce ambient PM₂.₅ levels by up to 10% in densely 
built environments (McDonald et al., 2007), resulting in significant health 
benefits that extend beyond improved respiratory health (Lee et al., 2015). 
However, seasonal, structural, and spatial factors limit the ability of urban trees 
to mitigate air pollution. Although vegetation can intercept airborne particles, its 
effectiveness depends on factors such as canopy density, species characteristics, 
and air circulation patterns (Barwise & Kumar, 2020). Seasonal variations 
further constrain performance; during winter dormancy, reduced leaf area leads 
to decreased pollutant interception. Trees along children’s school routes provide 
limited PM reduction in winter, and dense vegetation can sometimes increase 
local pollutant concentrations (Hoppa et al., 2022).

In this study, we will evaluate how the density of roadside vegetation, 
measured by LAI, affects children’s exposure to particulate matter (PM₁, 
PM₂.₅, PM₁₀). We will collect data along the most frequented school routes 
in a suburban setting using a mobile PM monitoring device during typical 
morning commute hours. We aim to explore the relationship between LAI 
and PM levels based on two measurement campaigns representing leaf-off 
(March) and leaf-on (September) conditions. Our findings will provide valuable 
insight which may be useful to design vegetation interventions that effectively 
reduce children’s exposure to pollutants.
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Material and methods

Study area

The study was conducted in the city of Zielonka, a suburban municipality 
on the eastern edge of the Warsaw metropolitan area, characterized by a mix 
of forested areas, low-density housing, small parks and several transport corridors. 
This heterogeneity creates neighborhood-scale contrasts in vegetation structure 
and traffic emissions relevant for analyzing particulate matter concentrations.

The town has four public primary schools, each situated in a distinct 
neighborhood (Fig. 1). We included all four schools to obtain geographically 
replicated sampling sites that capture variation in local vegetation and emission 
conditions within a single municipality. Primary schools provide an informative 
proxy for children’s daily exposure because: (i) young children are more vulnerable 
to air pollution, (ii) Polish primary pupils typically attend the nearest school due 
to regionalization policies, meaning that the school environment reflects their 
immediate residential area, and (iii) this age group is the most likely to walk 
or use public transport, making the school surroundings representative of exposure 
conditions along their everyday commuting routes.

FIGURE 1. Study area within Zielonka, lines represent analyzed school routes
Source: own work on the basis of a background generated in portalmap OpenStreetMap (2025).



Trzeciak, M., Sikorska, D. (2026). The role of roadside vegetation near school in mitigating 
air pollution: an exploratory case study in Zielonka. Sci. Rev. Eng. Env. Sci., 35 (2), 139–157. 
DOI 10.22630/srees.10965142

Traffic context

Detailed traffic count data were not available for all streets in Zielonka 
at the time of the study. However, the town is crossed by two major regional 
roads (No. 631 and No. 634), which can be classified as high-traffic routes based 
on the general traffic measurement conducted by the General Directorate for 
National Roads and Motorways (GDDKiA, 2020). These roads can be considered 
major sources of vehicular emissions in the study area. Primary School 1 (PS1) 
is located directly adjacent to one of these high-traffic roads, whereas Primary 
Schools 2 and 3 (PS2 and PS3) are situated approximately 500 m away. Primary 
School 4 (PS4) is located at a greater distance, approximately 1,000 m from 
the nearest major traffic corridor. Local residential streets along the school 
routes were assumed to carry substantially lower traffic volumes, typically 
on the order of 1,000–5,000 vehicles per day and were therefore expected 
to have a considerably smaller influence on ambient particulate matter dispersion 
compared to the main roads.

Sampling design and data collection

To identify the most relevant pedestrian routes for sampling, we combined pilot 
observations and local knowledge with GIS analysis (QGIS Development Team, 
2023). Routes we chose were based on: (i) frequency of use by pupils commuting 
to school, (ii) presence of roadside vegetation with potential for air-quality 
mitigation, and (iii) accessibility from public transport stops and safe pedestrian 
pathways. For each school we mapped segments connecting the nearest bus 
stops to the school entrance (Fig. 1) and later verified them in the field. Segment 
lengths ranged from 230 m to 500 m, capturing areas where the majority of pupils 
are likely exposed to vegetation and traffic-related pollutants. Importantly, these 
routes were not treated as homogeneous units. They were selected to represent 
strong spatial gradients in vegetation structure, which are characteristic of school 
surroundings in Zielonka. Contrasts between sparsely vegetated street sections 
and highly vegetated areas near school grounds, parks, or forest edges allowed 
us to examine how particulate matter concentrations varied along short distances 
with changing canopy density.
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Air pollution assessment

We measured PM₁, PM₂.₅, PM₁₀ concentrations along the selected routes 
using a Sniffer4D mobile air-quality monitor. The sensor was carried at a height 
of approximately 1.3 m to reflect the breathing zone of children. We conducted 
measurements on two weekday mornings, starting around 8:00 AM, corresponding 
to peak pupil commuting times and traffic intensity, ensuring representative 
exposure levels. We conducted field campaigns on March 19 (minimal vegetation 
cover) and September 4 (peak vegetation activity). Regional meteorological 
conditions were verified using archival data from the nearest available synoptic 
station (Institute of Meteorology and Water Management [IMGW-BIP], 2025). 
Both measurement days were dry, with no recorded precipitation. Mean daily wind 
speed was moderate in March (4.2 m⸱s⁻¹) and low in September (about 2 m⸱s⁻¹), 
indicating that strong wind-driven dispersion was unlikely to dominate particulate 
matter concentrations during the surveys.

Vegetation assessment

We quantified the potential of roadside vegetation to mitigate PM exposure 
using the LAI, which represents the total leaf area per unit of ground surface 
and serves as a key indicator of vegetation density and filtering capacity 
(Oguntunde et al., 2012). We measured LAI with the SunScan Canopy Analysis 
System at regular intervals along each route (approximately 30 m) to capture spatial 
variation in canopy cover. This allowed us to obtain detailed, segment-specific 
characterization of the vegetation children are exposed to during their commute.

Data analysis

We conducted statistical analysis in two steps. First, we calculated correlations 
between LAI and PM concentrations using Pearson’s and Spearman’s coefficients 
to capture both linear and monotonic relationships. The analysis was done 
in RStudio (R Core Team, 2025). To account for spatial heterogeneity, and potential 
modifiers of particulate matter concentrations, we used geospatial information from 
the BDOT10k topographic database (Head Office of Geodesy and Cartography 
[GUGiK], 2025). We assigned each PM measurement point a surrounding buffer 
(50 m radius) using GIS and quantified the proportion of built-up area. This variable 
reflects the surrounding urban structure, which can influence pollutant dispersion.
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The number of spatial measurement points per school route ranged from 
6 to 11. These points represent distinct locations with different vegetation 
and built-environment characteristics and were analyzed as spatial gradients 
rather than independent replicates.

Points are spatially autocorrelated and were treated as exploratory observations 
rather than independent replicates.

Our analysis focused on identifying potential associations between vegetation 
density along school commuting routes and children’s exposure to particulate 
matter, while acknowledging that other factors – such as wind, urbanization, traffic 
patterns, and species composition, which also influence pollutant concentrations.

Results and discussion

We observed pronounced differences between leaf-off and leaf-on conditions, 
reflected in both vegetation structure and particulate matter concentrations (Table 1).

TABLE 1. Seasonal variation of leaf area index (LAI) and particulate matter (PM₁, PM₂.₅, PM₁₀) con-
centrations with descriptive statistics

Parameter Unit Minimum Maximum Mean ±SD

Measurement leaf-off

LAI – 0.1 2.5 0.57 ±0.43

PM₁ µg·m−3 25 48 32.5 ±3.75

PM₂.₅ µg·m−3 36 81 50.59 ±6.96

PM₁₀ µg·m−3 38 89 54.66 ±8.44

Measurement leaf-on

LAI – 0.6 8.7 5.47 ±2.21

PM₁ µg·m−3 4 25 7.26 ±1.74

PM₂.₅ µg·m−3 6 44 9.35 ±3.14

PM₁₀ µg·m−3 6 45 9.92 ±3.19

Source: own work.

Particulate matter concentrations were substantially lower during leaf-on compared 
to leaf-off, reflecting both increased canopy density and the expected mitigation 
effect of urban vegetation. LAI was several times higher during leaf-on conditions, 
consistent with full canopy development. These seasonal contrasts shaped 
the magnitude and detectability of vegetation–PM relationships across the study 
area (Przybysz et al., 2019; Hoppa et al., 2022). Interestingly, while mean PM levels 
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were consistently lower in leaf-on conditions, some maximum concentrations were 
actually higher than in leaf-off, indicating that dense vegetation can under certain 
conditions locally reduce airflow and enhance pollutant accumulation. This suggests 
that the effect of greenery is positive at low and moderate PM levels, but in episodes 
of extreme pollution, the vegetation can contribute to temporary local PM peaks.

Correlations between LAI and PM were weak but consistently negative 
(Table 2). This indicates a limited yet measurable influence of vegetation 
on reducing airborne particles. The strength of these relationships varied among 
the measurement points.

TABLE 2. Results of general Pearson’s correlation analysis

Campaign Size of particulates r p R2

Leaf-off

PM1 −0.16 * 0.02

PM2.5 −0.15 * 0.02

PM10 −0.16 * 0.02

Leaf-on

PM1 −0.08 * 0.01

PM2.5 −0.09 * 0.01

PM10 −0.09 * 0.01

Source: own work.

Correlations between LAI and particulate matter were consistently negative 
but weak in both seasons (Table 2). P-values are included for completeness but 
should be interpreted with caution due to spatial autocorrelation and the limited 
independence of measurement points.

Small effect sizes suggest that vegetation explains only a minor share of PM 
variability at the scale of our transects, although local differences between schools 
indicate that spatial configuration of greenery and airflow patterns may also play 
an important role. The slightly stronger correlations observed in leaf-off conditions 
can be attributed to higher background pollution, which increases the detectability 
of vegetation-related effects. Even under leaf-off conditions, evergreen species 
and woody surfaces contribute to particle deposition, making vegetation signals 
more discernible during periods of elevated emissions (Hoppa et al., 2022).

Correlations calculated separately for each school (Table 3) revealed clear local 
differences. While all relationships were generally negative, their magnitude varied 
across sites and seasons, suggesting that vegetation effects are strongly conditioned 
by urban form, canopy structure, and nearby emission sources.
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TABLE 3. Results of Pearson’s correlation analysis for each school in leaf-off and leaf-on conditions

School
Leaf-off Leaf-on

nsize of  
particulates r p size of  

particulates r p

PS1 PM1 −0.13 4.46×10−2 PM1 −0.19 *

7PS1 PM2.5 −0.12 6.91×10−2
 PM2.5 −0.20 *

PS1 PM10 −0.01 8.29×10−1
 PM10 −0.21 *

PS2 PM1 −0.28 * PM1 −0.38 *

10PS2 PM2.5 −0.25 * PM2.5 −0.48 *

PS2 PM10 −0.33 * PM10 −0.45 *

PS3 PM1 −0.35 * PM1 −0.01 8.51×10−1

11PS3 PM2.5 −0.32 * PM2.5 0.02 6.14×10−1

PS3 PM10 −0.31 * PM10 0.02 5.60×10−1

PS4 PM1 −0.08 1.97×10−1 PM1 −0.15 6.21×10−3

6PS4 PM2.5 0.08 1.87×10−1 PM2.5 −0.15 6.19×10−3

PS4 PM10 0.06 3.62×10−1 PM10 −0.15 5.97×10−3

P-values are reported for completeness but should be interpreted with caution due to spatial autocorrelation 
and the lack of independent temporal replication. Please note that some values (marked in red) have p ≥ 0.05.

Source: own work.

The highest correlations occurred for Primary Schools PS2 and PS3 in leaf-off 
conditions. In leaf-on conditions, correlations tended to strengthen, reflecting 
higher levels of vegetation. These findings highlight the context-dependent role 
of greenery, where vegetation effects on local air quality become more pronounced 
under higher pollution loads and in sheltered microenvironments.

Primary School 1 (PS1)

The PS1 route is dominated by low-density housing, wide streets, 
and sparse vegetation. PM concentrations were relatively uniform during leaf-off 
conditions, with minor increases near intersections, and decreased substantially 
during leaf-on conditions. Correlations between LAI and PM remained 
weak on both measurement days (r ≈ −0.13 to −0.21). This may indicate that 
the limited and discontinuous canopy exerted only a small influence on local 
particulate levels.
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Primary School 2 (PS2)

The PS2 route includes a forest edge, an open parking area, and a densely 
vegetated schoolyard. PM concentrations peaked over the parking zone in both 
measurement campaigns and declined sharply within the school grounds. This route 
showed some of the strongest correlations in the study (r ≈ −0.25 to −0.48). This may 
suggest that where canopy cover is continuous and structurally diverse, vegetation 
is more closely associated with reductions in local particulate concentrations.

Primary School 3 (PS3)

The PS3 is situated within compact single-family housing with narrow 
streets and restricted airflow. In leaf-off conditions, PM concentrations were 
higher in areas with minimal greenery, yielding moderate negative correlations 
(r ≈ −0.31 to −0.35). In leaf-on conditions, overall concentrations declined, 
likely because of low pollution levels and increased atmospheric mixing masked 
vegetation-related signals.

Primary School 4 (PS4)

The PS4 route follows a park boundary and passes through a railway underpass 
before continuing along low-density residential streets. PM concentrations were 
moderately high but spatially uniform in leaf-off conditions, likely due to effective 
ventilation provided by open park spaces. In leaf-on conditions, concentrations 
decreased and correlations remained weak (r ≈ −0.15), indicating that vegetation 
effects were overshadowed by dispersion processes in this open setting.

Detailed comparison – individual school routes

Correlations between LAI and PM differed notably among the routes studied 
(Table 3), reflecting local variability in vegetation structure, built-up density, 
and microclimatic conditions observed on measurement days.

The PS1 route runs mainly through low-density residential areas with wide 
streets and sparse greenery. During leaf-off conditions, PM concentrations were 
relatively uniform, with slightly higher values near intersections (Fig. 2a). 
In leaf-on conditions, concentrations dropped considerably (Fig. 2b), mainly due 
to improved atmospheric dispersion and reduced emissions rather than vegetation 
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effects. Correlations between LAI and PM were weak in both seasons (r ≈ −0.13 
to −0.21), indicating only a minor spatial association between canopy cover 
and particulate concentrations along this route.
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FIGURE 2. Leaf area index (LAI), percentage of build-up area and particulate matter (PM) con-
centrations across school route of Primary School 1 (detached housing, wide streets) in leaf-off (a) 
and leaf-on conditions (b)
Source: own work.

The PS2 route includes a mix of forest edge, open parking area, and vegetated 
schoolyard. In leaf-off conditions PM concentrations peaked over the parking 
zone and dropped sharply within the schoolyard (Fig. 3a). In leaf-on conditions, 
overall levels were lower but the spatial pattern remained similar (Fig. 3b). Here, 
correlations were one of the strongest among all schools (r ≈ −0.25 to −0.48), 
suggesting that locations with denser and more continuous vegetation coincided 
with lower particulate matter concentrations, particularly where canopy continuity 
is high and air movement is unconstrained.

Primary School PS3 is located within a compact residential development 
characterized by narrow streets and limited air circulation. Leaf-off data 
(Fig. 4a) showed higher PM concentrations in zones with minimal greenery. 
The leaf-off relationship (r ≈ −0.31 to −0.35) indicates a spatial co-occurrence 
of higher PM concentrations with areas of lower vegetation cover during 
a period of elevated background pollution. This is consistent with the role 
of evergreen vegetation in maintaining partial filtration capacity during periods 
of elevated emissions.
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FIGURE 3. Leaf area index (LAI), percentage of build-up area and particulate matter (PM) concentra-
tions across school route of Primary School 2 (mixed environment: forest, parking area, schoolyard) 
in leaf-off (a) and leaf-on conditions (b)
Source: own work.
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FIGURE 4. Leaf area index (LAI), percentage of build-up area and particulate matter (PM) concen-
trations across school route of Primary School 3 (narrow streets, compact single-family housing) 
in leaf-off (a) and leaf-on conditions (b)

The PS4 route follows a park boundary, passes through a railway underpass, 
and continues along the school fence near single-family homes. In leaf-off 
conditions, PM levels were moderately high but spatially uniform (Fig. 5a), 
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likely due to efficient air mixing facilitated by open park spaces and tall trees. 
In leaf-on conditions (Fig. 5b), overall concentrations decreased, and correlations 
remained weak (r ≈ −0.15), indicating that dispersion processes likely dominated 
over any direct vegetation-related spatial patterns.
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FIGURE 5. Leaf area index (LAI), percentage of build-up area and particulate matter (PM) concentra-
tions across school route of Primary School 3 (route adjacent to park and railroad tracks) in leaf-off (a) 
and leaf-on conditions (b)
Source: own work.

Our results highlight three consistent patterns: (i) leaf-off conditions produced 
markedly higher PM concentrations, whereas leaf-on conditions produced 
higher LAI and lower pollution; (ii) vegetation–PM correlations were weak but 
consistently negative; and (iii) the strength of these relationships varied among 
school routes, reflecting differences in canopy continuity, street geometry, 
and local emissions.

These findings are broadly consistent with earlier work showing that urban 
vegetation can reduce airborne particle concentrations, but that such effects are 
typically localized and modest (Escobedo et al., 2011; Nowak et al., 2014; Janhäll, 
2015). They also align with studies indicating that the influence of greenery 
becomes less detectable when emissions and meteorological conditions dominate 
the air-quality signal (Karagulian et al., 2015; Liu et al., 2025).

Seasonal patterns strongly shaped the relationship between vegetation and PM. 
During winter, PM concentrations were substantially higher due to residential 
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heating and reduced atmospheric dispersion, which is consistent with previous 
work documenting the dominant role of emission intensity and stagnant conditions 
in shaping urban air quality (Juda-Rezler et al., 2020; Hoppa et al., 2022). 
These elevated background levels increased the contrast between more and less 
vegetated segments, making vegetation-related spatial associations more apparent 
in the data. Even with low LAI during leaf-off conditions, evergreen species 
and the deposition of particles on woody plant surfaces may still support modest 
filtration (Beckett et al., 2000; Przybysz et al., 2019).

In contrast, September measurements were characterized by much lower PM 
concentrations and higher atmospheric mixing. While LAI increased severalfold 
compared to March campaign, the low pollution background introduced greater 
variability relative to the vegetation signal, which likely masked small spatial 
differences linked to vegetation. This interpretation aligns with studies showing 
that foliage effectiveness depends on both canopy density and pollutant load 
(Przybysz et al., 2014; Barwise & Kumar, 2020).

Spatial heterogeneity: influence of urban form, canopy continuity, 
and local emissions

The strength of LAI –PM relationships varied clearly across the four school 
routes, reflecting differences in vegetation structure, street geometry, and local 
emission sources. The strongest correlations (r ≈ −0.25 to −0.48) occurred at 
Primary School PS2, where the route includes a forest edge, dense tree cover 
on the school grounds, and a notable share of evergreen species. On measurement 
days this continuous and structurally diverse canopy likely enhanced filtration 
and created more stable airflow conditions, which supports findings that vegetation 
effects increase when the canopy forms a coherent barrier (Janhäll, 2015; Barwise 
& Kumar, 2020). These results highlight PS2 as a setting where vegetation structure 
aligns well with mechanisms known to promote particulate matter removal.

The Primary School PS3 also showed relatively strong associations in leaf-off 
conditions (r ≈ −0.31 to −0.35), suggesting that evergreen vegetation and woody 
surfaces contributed to local particle deposition during periods of elevated 
emissions (Beckett et al., 2000; Przybysz et al., 2019). This route is located within 
a compact residential area, where narrow streets and closely spaced buildings 
limit air movement. In such settings, the dominant aerodynamic effect is often 
the formation of street-canyon turbulence, which tends to reduce the filtering 
role of trees by trapping pollutants and altering airflow patterns (Vos et al., 2013; 
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Vranckx et al., 2015). This mechanism may explain why leaf-on correlations 
at Primary School PS3 were nearly absent: with full foliage, vegetation contributes 
to the canyon-like structure, increasing turbulence and masking any direct 
filtering effect. In March campaign, when deciduous foliage was minimal, the few 
evergreen patches stand out more clearly in the signal, likely contributing to 
stronger correlations. These results reinforce the context dependency of vegetation 
and PM relationships in compact residential street networks.

The Primary Schools PS1 and the PS4 had weaker relationships in both 
measurement campaigns (r ≈ −0.13 to −0.21, and r ≈ −0.15, respectively). Primary 
School PS1 is characterized by wide streets and dispersed tree cover, conditions that 
promote rapid dilution of pollutants and reduce the influence of individual planting 
elements. Primary School PS4 borders an open park with tall deciduous trees 
but few shrubs or evergreens, and the adjacent railway corridor further increases 
ventilation. These open settings are known to disperse pollutants efficiently, 
diminishing the relative effect of vegetation (Hoppa et al., 2022),  as also observed 
in studies of children’s routes where greenery shapes exposure only in specific 
micro-environments (Khanian et al., 2024). Overall, Primary Schools PS4 
and the PS1 may illustrate conditions where open urban form and strong airflow 
override potential PM reduction by vegetation.

Implications for designing vegetation along children’s school routes

Our findings show that the benefits of roadside vegetation are strongly 
context-dependent. The effectiveness of trees in reducing particulate matter 
depends on the continuity of the canopy, the presence of evergreen species, street 
geometry, and background emissions. Routes where vegetation forms a connected 
structure provide more stable filtration than those with isolated trees, and evergreen 
patches play an important role during winter, when deciduous foliage is absent. 
At the same time, urban form can either enhance or suppress vegetation effects. 
Narrow streets or semi-enclosed spaces may trap pollutants and limit ventilation, 
meaning that “more trees” do not automatically translate into better air quality 
(Vos et al., 2013; Janhäll, 2015).

These patterns highlight the need for case-by-case planning that considers not 
only vegetation configuration but also local airflow and street-canyon effects, rather 
than uniform greening strategies. Local green buffers near emission sources, short 
stretches of continuous canopy, and mixed plantings that include evergreens can 
improve exposure conditions. This is especially important in micro-environments 
where children spend the most time. Designing vegetation with attention to airflow, 
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rather than relying solely on increasing tree density, appears essential in suburban 
settings like ours.

Beyond air-quality benefits, greenery along school routes provides additional 
psychological and behavioral advantages, supporting children’s wellbeing, 
comfort, and walking experience (Lee et al., 2015; Khanian et al., 2024)the uneven 
distribution of greenery and route networks within cities results in varied 
opportunities for pedestrians, including children, to experience greenery. This study 
evaluates the urban heterogeneity of trade-offs between exposure to greenery 
and route length. We focus on the shortest and greenest hypothetical home–school 
routes for all children in the city. For this purpose, we conducted a spatial analysis 
using multiple spatially explicit data sets on primary schoolchildren, pedestrian 
street networks, and high-resolution urban green space maps, with Łódź (Poland. 
These broader gains reinforce the value of integrating vegetation strategically into 
the everyday mobility of young pupils.

Even small reductions in particulate matter can be meaningful for children’s 
health, given their heightened vulnerability and the long-term consequences 
of early-life exposure (Kim et al., 2015; Roche et al., 2024). Our results contribute 
to the broader discussion on designing resilient urban environments that support 
safe and healthy school mobility. By showing where vegetation can offer benefits, 
and where its effect is constrained by urban form, we provide evidence that can 
inform planning decisions, from shaping pedestrian routes to prioritizing targeted 
greening. Strengthening green infrastructure along everyday walking paths has 
the potential to enhance both environmental conditions and children’s wellbeing. 
In this sense, even modest effects of vegetation play an important role in creating 
healthier school surroundings.

Future studies could build on our findings by incorporating multi-season 
or multi-year measurements to capture a wider range of meteorological 
and vegetation conditions. Combining empirical transects with dispersion 
modeling would allow a more precise assessment of how street geometry 
and airflow shape children’s exposure (Vranckx et al., 2015). Detailed 
species-level and structural analyses would help clarify which vegetation forms 
contribute most effectively to particulate removal. Integrating LAI with real-time 
traffic counts and emission inventories could further disentangle the relative 
influence of greenery and anthropogenic sources. These extensions align with calls 
to better integrate vegetation metrics with urban form when evaluating air-quality 
interventions (Barwise & Kumar, 2020).
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Limitations of the study

Our study has several limitations. We conducted only two measurement 
campaigns, effectively representing single-day snapshots for leaf-off 
and leaf-on conditions which means that short-term meteorological variability 
could not be fully controlled. Because measurements were collected along 
continuous routes at short spatial intervals, individual observation points are 
spatially autocorrelated and do not represent independent replicates.

LAI was measured along transects capturing horizontal leaf cover rather than 
a continuous vertical canopy profile, which may have limited our ability to assess 
the role of tree structure as a barrier for particulate matter. The Sniffer4D, like 
other optical particle counters, is affected by humidity and particle composition, 
which can introduce bias in absolute concentration values. We also lacked detailed 
information on traffic flow along the surveyed routes, even though vehicle emissions 
are a major driver of PM variability in suburban areas (Karagulian et al., 2015; 
Liu et al., 2025) it is important to know the sources contributing to human exposure. 
This study systematically reviewed and analysed available source apportionment 
studies on particulate matter (of diameter of 10 and 2.5 microns, PM10 and PM2.5. 
While we selected measurement days with low to moderate wind to minimize 
dispersion effects, we did not explicitly measure local airflow, which may influence 
pollutant concentrations at micro-scales. Finally, our analysis relied on correlations, 
based on spatially structured data, without repeated measurements on multiple 
days, which cannot establish causality and can underestimate the influence 
of general factors affecting PM variability when the underlying signal is small 
or masked by meteorological noise. These constraints underline the need for 
cautious interpretation of the strength and direction of the observed relationships.

Conclusions

We found that roadside vegetation was modestly associated 
with lower PM concentrations along school routes in Zielonka, generally coinciding 
with several-fold reductions in PM. However, in some locations, vegetation 
coincided with local peaks, causing occasional increases in maximum PM values. 
Overall, the correlation between green cover and PM remained weak. Dense built-up 
areas showed little effect. PM levels were higher during leaf-off conditions, when 
vegetation impact was more detectable, while in leaf-on conditions, background 
PM was lower and vegetation effects harder to isolate.
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Our results highlight that vegetation’s air-quality benefits are context-dependent. 
Canopy continuity, local geometry and pollution background determine whether 
greenery acts as a net sink or, occasionally, as a factor that alters local dispersion.

We therefore caution against simple prescriptions such as “more trees always 
improve air quality.”

We recommend further studies with multi-season or multi-year monitoring, 
concurrent meteorological measurements, and dispersion modeling. Species-level 
and structural analyses of vegetation should be included. Such work would better 
inform targeted greening strategies to reduce children’s exposure near schools.
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Summary

The role of roadside vegetation near school in mitigating air pollution: 
an exploratory case study in Zielonka. This study investigates the role of urban 
vegetation in mitigating particulate matter (PM₁, PM₂.₅, PM₁₀) pollution along school 
routes in Zielonka, a small town near Warsaw. Measurements were collected during leaf-off 
(March) and leaf-on (September) conditions using a Sniffer4D mobile air quality monitor 
carried along pupils’ commuting paths, alongside vegetation density estimates obtained 
with a SunScan Canopy Analysis System. Initial correlation analyses across the entire 
dataset revealed weak negative relationships between leaf area index (LAI) and particulate 
concentrations. To refine interpretation, the study introduced spatial stratification using 
built-up area percentages derived from the BDOT10k topographic database. While mean 
PM levels decreased with higher LAI, occasional local maxima were observed in dense 
canopy sections. The findings highlight that vegetation’s effectiveness in improving 
air quality is highly context-dependent, shaped by urban form and season. Although 
the explanatory power was modest, the results emphasize the importance of integrating 
vegetation and built-environment interactions in air quality assessments. Further studies 
with broader spatial and temporal coverage are recommended to better characterize these 
relationships and guide targeted greening strategies along school routes.
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Introduction

Green spaces play an essential role in providing thermal comfort 
and mitigating the heat island effect, which leads to thermal discomfort due to rapid 
climate change. To reduce urban heat, green spaces contribute significantly to climate 
adaptation strategies, creating more sustainable and livable urban environments 
(Marando et al., 2022). Greening strategies, such as planting trees along streets, 
have been shown to improve urban thermal conditions by providing shade 
and enhancing evapotranspiration (Coccolo et al., 2018). Street greening involves 
incorporating various forms of green space, such as grass, shrubs, and trees, along 
streets to enhance outdoor thermal comfort, thereby improving the environmental 
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quality and aesthetic appeal of urban areas; this approach promotes sustainable 
urban development (Klemm et al., 2015). Innovative solutions, such as street 
greening, play a crucial role in improving living conditions in hot and dry climates. 
Among the different types of trees, palm trees represent a suitable choice due to their 
flexibility – they are particularly suitable for these climates due to their adaptive, 
drought-resistant properties and capacity to grow with minimal water – making 
them an ideal choice for street greening projects to improve thermal comfort. 
They also provide significant cooling benefits by offering shade, which directly 
influences surface temperatures and the surrounding environment. Additionally, 
the relative humidity produced by palm trees in the atmosphere contributes to local 
cooling effects (Gillner et al., 2015). This paper aims to measure the improvement 
in thermal comfort through street greening based on palm trees in a hot and dry 
climate. This study examines the city of Sidi Okba, located in the southeastern 
Algerian state of Biskra. It is one of the largest oases in Biskra and is famous 
for its vegetation, which mainly consists of local palm trees Phoenix dactylifera, 
distinguishing it from other southern cities (Farhi, 2002). In addition, there are 
trees planted along some streets, such as Fucus retusa and Acacia. Sidi Okba city 
is distinguished by the richness of its urban fabric, ranging from ancient traditional 
to modern contemporary.

This study examines the quantitative assessment of street greening based on palm 
trees. Two streets were selected for analysis. The first is located in the traditional 
individual residential fabric, which is protected and surrounded by palm groves 
on the northwestern and southern sides. Palm trees can be found behind some 
of the residential walls, while the streets themselves are winding and devoid 
of vegetation. The second street is situated in the collective housing fabric; 
it is bordered by two facades of similar 
residential blocks consisting of four stories 
and has sparse vegetation coverage (Fig. 1).

FIGURE 1. Study area: S1 – site of the traditional 
individual residential fabric, S2 – site of the collective 
housing fabric
Source: own work.
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The study was conducted on the hottest days of July, the warmest month 
of summer (from July 10‒12, 2024), according to data from the meteorological 
station closest to the study site. Measurements were collected over a 48-hour period, 
every 2 hours, using a comparative approach based on measurements and numerical 
simulation. The current scenario was then compared with the greening scenario. 
The research aims to provide urban planners, architects, landscape designers, 
and policymakers with concrete evidence of the palm trees’ climatic benefits. 
The results will contribute to developing climate-responsive urban design 
and creating more resilient and comfortable cities in hot and dry climates.

Literature review

Palm trees characteristics

Palm trees were used for street greening in hot and dry climates due to their ability 
to withstand high temperatures and grow in arid conditions. They provide shade 
and reduce temperatures. When planted along streets, sidewalks, and other public 
places in urban areas, these trees are selected according to their type, shape, and size. 
In addition, palm trees have a high transpiration rate and enhance the cooling effect 
through evaporation, as they absorb solar radiation and use it to convert water into 
steam, thereby reducing air temperature (Bencheikh & Rchid, 2012).

Studies on the impact of street greening on outdoor thermal comfort

Many studies emphasize the importance of palm trees in enhancing outdoor 
thermal comfort, especially in hot and dry climates. Many studies have conducted 
field measurements and simulations to evaluate the impact of palm trees on local 
climatic conditions.

In a study by Teshnehdel et al. (2020), the results indicated that the presence 
of trees, including palm trees, significantly reduced air temperatures in urban areas. 
Under the palm tree canopy, temperatures decreased by 5°C compared to unshaded 
regions, which improves comfort for pedestrians and urban users, encouraging more 
outdoor activities during the hot months. A study by Bencheikh and Rchid (2012) 
stated that palm trees contribute to cooling by providing shade. They help reduce 
surface temperatures under their canopies, and their leaves can block sunlight, thereby 
lowering surface temperatures. Matallah et al. (2023) also stated that the process 
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of evaporation, by releasing water vapor from the leaves, leads to the cooling 
of the surrounding air. According to the study, palm trees can absorb carbon dioxide, 
improving air quality and quality of life (Audu & Lintoc, 2018; Boukhabla et al., 
2022). In general, based on a review of the most important studies on greening 
with palm trees, we may conclude that planting palm trees in urban areas helps create 
cooler microclimates and improves outdoor thermal comfort in hot and dry climates.

Studies on the use of palm trees in urban greening

A study by Arab et al. (2016) stated that Phoenix dactylifera trees are 
distinguished by their ability to provide shade and their adaptability to hot, dry 
environments. This is due to their tall trunks, wide leaves, and expansive canopies, 
which reduce ground temperatures and enhance thermal comfort for pedestrians. 
A study by Youcef and Guedouh (2023) also indicated that palm trees reduce 
surface temperatures by 5°C under direct sunlight, increasing pedestrian comfort 
levels and enhancing city sustainability. Numerous studies have highlighted 
the significant role of palm trees in enhancing thermal comfort, maintaining 
environmental balance, promoting biodiversity, and absorbing pollutants, making 
them highly suitable for cities in arid climates and contributing to improve air 
quality. Research also emphasizes the psychological benefits of incorporating 
trees of all types into urban planning, as they foster relaxation and recreation while 
improving the outdoor climate (Elsadek et al., 2019).

Gaps in the current research and the need for further investigation

Although some research has addressed the effects of street planting with palm 
trees on thermal comfort, significant research gaps remain, as summarized further 
in the text.

Local climate influences

The influence of local wind patterns and incident sunlight on the effectiveness 
of trees in urban environments remains insufficiently explored and has not been 
studied. Research highlights that tree canopy characteristics, such as leaf area index 
(LAI) and crown density, significantly contribute to reducing stress and enhancing 
relative humidity levels (Geletič et al., 2022; Liu et al., 2023); however, 
no comprehensive analyses integrate these variables across different urban areas.
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Seasonal changes

Current research has neglected seasonal changes in temperature and humidity, 
which are necessary to evaluate the impact of street planting with palm trees 
on outdoor thermal comfort across different seasons (moderate, cold, and hot). 
This neglect can lead to less accurate insights on the topic throughout the year.

The physiological effects of street trees on the urban environment appear 
significantly between summer and winter, influencing the level of general comfort 
experienced by pedestrians (Ren et al., 2022).

Geographical restrictions

The geographic focus of most studies on street greening limits their applicability 
to diverse urban settings. This geographical limitation restricts the generalizability 
of results across different climatic contexts, especially in hot climates and dry 
regions where local trees are commonly used for urban greening (Liu et al., 2023).

The sustainability of palm trees

Research has primarily focused on the cooling effects of palm trees, but little 
attention has been given to their long-term sustainability. This includes assessing 
their longevity and the resources required for their maintenance. While most studies 
have explored the role of palm trees in reducing temperatures, there is a notable 
gap in research evaluating their long-term viability and the requirements for their 
maintenance and care. Addressing this gap involves assessing the sustainability of palm 
trees in urban areas by examining their longevity and the resources needed for upkeep.

Quantifying thermal comfort improvement

Measuring the impact of street greening with palm trees on outdoor 
thermal comfort depends on a multifaceted approach that integrates various 
research methodologies. This strategy includes local climate analysis, 
measurement of thermal comfort indicators, numerical simulation, and surveys 
to comprehensively understand how urban greening enhances thermal comfort, 
especially in hot and dry climates.
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Local climate analysis

Researchers analyze the local climate by measuring basic climatic parameters 
to evaluate the environmental conditions that affect thermal comfort, such 
as air temperature, relative humidity, wind speed, and solar radiation. In many 
measurement campaigns, climatic data is collected using portable weather stations 
and measuring instruments, as well as microelectronic devices such as Testo 480 
(Jing et al., 2024).

Thermal comfort indicators

Thermal comfort indicators are standardized measures used to evaluate human 
thermal sensation and potential thermal stress. In this study, the analysis focuses 
on the fundamental climatic parameters (air temperature, relative humidity, wind 
speed) along with mean radiant temperature (MRT). To enhance the evaluation, 
two additional biometeorological indices, the physiological equivalent temperature 
(PET) and the new standard effective temperature (SET*), are incorporated. These 
indices are calculated from measured climate data and modeling outputs, offering 
a more comprehensive understanding of how various environmental factors 
influence human comfort.

Digital simulation

Digital simulations often analyze the impact of palm trees on thermal 
comfort using two main strategies: shadow cooling and evaporation/conversion. 
These methods help researchers evaluate the benefits of palm trees and green 
infrastructure in urban environments (Bencheikh & Rchid, 2012).

Material and methods

Study objectives

This study aims to quantitatively assess the impact of street greening with palm 
trees on thermal comfort standards in hot and dry climates. Two streets in the city 
of Sidi Okba, one of the largest oases in Biskra, located 400 km southeast of Algiers 
(Fig. 2), were selected for analysis (in accordance with the above context). 
The methodology of the study was based on a comparative approach. First, field 
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measurements were conducted using the Testo 480 device to evaluate the outdoor 
thermal comfort of the current situation. Climatic parameters (air temperature, 
relative humidity, and wind speed), were recorded at two measurement stations 
on each street. Second, a greening scenario incorporating palm trees was proposed 
and simulated using the ENVI-met digital program and the RayMan (ver. 2017) 
software for Street Str2. The results of the field measurements were then compared 
with those of the proposed scenario.

FIGURE 2. Location of the studied streets in Sidi Okba: a – macroscale of the country, b – microscale 
of Biskra Province
Source: own work.

On-site measurements

The study was conducted on two streets. The first street (Str1) is located within 
the traditional individual residential fabric and is surrounded on the northwestern 
and southern sides by palm forests of the local species Phoenix dactylifera. Most 
residences contain palm trees inside their homes, while the street itself is winding 
and devoid of vegetation. Its width varies between 2.50 m and 3.00 m. The second 
street (Str2) is located within the collective housing fabric and is wider, with a width 
of 7.00 m. Its vegetation cover is weak, and the buildings on both sides have 
uniform four-story blocks (height 12 m). Two fixed measuring points were chosen 
for the first street (Str1) – the first station (St1) at the beginning and the second 
(St2) in its middle. For the second street (Str2), two measuring points were chosen 
under a palm tree (St3) and under a tree of the local type (St4), which are located 
on both edges of the street (Table 1).



Khelifa, N., Boukhabla, M., Bouzaher, S. (2026). Quantifying thermal comfort improvement 
by palm tree-based street greening, in hot and dry climate. Sci. Rev. Eng. Env. Sci., 35 (2), 
158–183. DOI 10.22630/srees.10366 165

TABLE 1. Sites and measurement stations

Site Street
Street trees

number / type

S1
Traditional individual 
residential fabric

Str1 

Section on the street
(Str1)

Measurement point
(St1, St2)

S2
Collective housing fabric

Measurement point
(St3, St4)

Str2 

2
palm tree
(Phoenix dactylifera)

1
1

berry tree
Ficus retusa

Section on the street
(Str2)

Source: own work.

We made a series of measurements every two hours for three consecutive 
days from 10 July to 12 July 2024, measuring the following climatic factors: 
air temperature (Ta), relative humidity (Hr), and wind speed (Ws), and using 
the multi-functional portable device Testo  480-AG  5011ST,  0563  4800 (Fig. 3). 
The one trip between the two streets took about 10 minutes by car, with readings 
taken in shaded areas and at an altitude of 1.40 m, to reduce the effect of heat 
reflected from the ground surface.
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FIGURE 3. A multifunctional portable device Testo 480-AG 501 1ST, 0563 4800
Source: own work.

Atmospheric simulation

The atmosphere was simulated using the Envi-Met software, which required 
input data (Table 2) such as the simulation date, vegetation type, tree layout, 
and climatic parameters (air temperature, relative humidity, wind speed, and mean 
radiant temperature) were simulated and completed in two phases: (a) simulation 
of the current situation (Str1, Str2), and (b) scenario proposed for street greening 
simulation (Str2).

TABLE 2. Simulation’s settings

Situation (geographic coordinates) latitude: 34°75′, longitude: 5°57′

Simulation date July 10–12, 2024

Simulation start time 06:00:00 a.m.

Initial temperature 31°C

Simulation duration 48 hours

Relative humidity at 2 m above ground [%] 20%

Wind speed at 10 m 2 m⸱s−1

Wind direction 135°

Specific humidity in 2,500 m 8.00 g·kg−1

Source: own work.

Current street greening scenario

This simulation was conducted to measure the improvement of thermal comfort 
for different scenarios under the pressure of summer heat, in a hot and dry climate. 
The experiment was carried out through the following stages:
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1.	 The first simulation focuses on the current external environment of Street Str1, 
situated within the traditional individual residential fabric (S1). This area lacks 
vegetation but is encircled by palm forests dominated by Phoenix dactylifera. 
Two measurement points (St1 and St2) were selected to evaluate 
the environmental conditions (Fig. 4).

FIGURE 4. Model domain for the study in ENVI-met in current situation for Street Str1: a – 2D, b – 3D
Source: ENVI-met.

2.	 The second simulation examines the external environment of Street Str2, 
located within the collective housing fabric (S2), on the eastern side of the city. 
Measurements were conducted at two points: under a Phoenix dactylifera palm 
tree at Street St3, and beneath a mulberry tree at Street St4.

3.	 Street Str1, characterized by its narrow and winding layout, is situated within 
the traditional individual residential fabric (S1). It is naturally protected 
and bordered on the northwestern and southern sides by palm groves. 
Due to these existing conditions, no additional greening interventions were 
proposed for this street. In contrast, Street Str2 exhibits limited vegetation 
coverage. A greening proposal was developed to enhance its environment, 
utilizing local palm trees Phoenix dactylifera spaced at regular intervals of 5 m. 
The original measurement points, St3 and St4, were retained, but in the greening 
scenario, they were redesignated as St3′ and St4′ (Fig. 5).

The outcomes of the three scenarios were analyzed to assess the contribution 
of Phoenix dactylifera palm trees to improving thermal comfort in outdoor public 
spaces, particularly in cities experiencing hot and dry climatic conditions.
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FIGURE 5. Model domain for the study in ENVI-met: a – current situation, b – proposed for Street Str2
Source: ENVI-met.

Results and discussion

Atmospheric model validation

To validate the ENVI-met model, we compared the simulated and recorded air 
temperature in Streets Str1 and Str2 during the period from July 10 to July 12, 
2024. We calculated the correlation coefficient (R), the root mean square error 
(RMSE), the mean absolute error (MAE), and the root mean square percentage 
error (RMSPE), and then assessed the degree of agreement between the simulated 
and measured values (Table 3).

TABLE 3. Summary of the validation of simulated models for Street 1 (St1, St2) and Street 2 (St3, St4)

Station Regression equation R2 RMSE
[°C]

MAE
[°C]

RMSPE
[%]

St1 y = 1.0164x + 0.3457 0.8926 1.60 1.19 4.33

St2 y = 1.2529x − 7.8296 0.8931 2.15 1.74 5.79

St3 y = 1.0676x − 2.5545 0.9980 1.50 1.21 4.09

St4 y = 0.9474x + 1.9583 0.9990 1.42 1.14 3.87

Source: own work.

According to ASHRAE Guideline 14-2002 (American Society of Heating, 
Refrigerating and Air-Conditioning Engineers [ASHRAE], 2014), the correlation 
coefficient (R) should range from −1.0 to +1.0. In our review of previous studies, 
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we observed that only a limited number of works have validated their numerical 
models. It was also noted that the accuracy of simulation data becomes evident 
after the first four hours; therefore, the ENVI-met team recommends considering 
the simulation time to obtain reliable results.

In our study, we used air temperature to compare simulated data with measured 
data, and most validation results confirmed that the model maintains acceptable 
predictive accuracy (Fig. 6).
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FIGURE 6. Validation of the simulation models on Street 1 (St1, St2) and Street 2 (St3, St4)
Source: own work.

For Station St2 the regression equation shows a deviation in slope of approximately 
25% from unity and a negative intercept, which may indicate relative and systematic 
biases (Moriasi et al., 2007). To meet the need for additional statistical properties 
and significance testing, we calculated the root mean square error (RMSE), 
mean absolute error (MAE), and root mean square percentage error (RMSPE). 
These are standard metrics in hydrological and environmental modeling for assessing 
predictive accuracy beyond correlation alone, consistent with the findings of Jackson 
et al. (2019). Accordingly, we enhanced the regression analysis using supplementary 
validation measures, including RMSE of 2.15°C, MAE of 1.74°C, and RMSPE 
of 5.79%. These indicators are widely recognized in climate and environmental 
modeling as robust measures of model performance beyond the coefficient 
of determination (R²). Willmott and Matsuura (2005) demonstrated that both RMSE 
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and MAE provide more accurate evaluations of predictive skill, particularly when 
regression parameters deviate from ideal values. RMSPE also assists in assessing 
relative deviations of observed values and is more sensitive to relative errors. 
Furthermore, the steep slope and negative intercept observed at Station St2 are likely 
influenced by local climatic effects or site‑specific factors (the station is located 
on a street section where surrounding buildings were demolished).

Despite the high R² value, such deviations in slope and intercept are 
common in environmental datasets due to microclimatic fluctuations and urban 
infrastructure, all of which can affect temperature distribution. In this study, most 
of the additional validation metrics confirmed that the model maintains acceptable 
predictive accuracy.

Digital simulation results

Figure 7 presents the outputs generated by Leonardo through the ENVI-met 
simulation program. At 6:00 a.m., data were recorded for Street Str1, located 
within the traditional individual residential fabric (S1). The air temperature 
ranged from 28.40°C to 32.13°C, with relative humidity varying between 40.09% 
and 49.79%. Wind speed ranged from 0.00 m·s−1 to 1.89 m·s−1, while the mean 
radiant temperature ranged between 18.02°C and 23.54°C.

Figure 8 illustrates the outputs generated by Leonardo using 
the ENVI-met software, with respect to the street simulation scenario (Str2) under 
current conditions, within the collective housing fabric (S2) at 6:00 a.m. The air 
temperature ranged between 32.50°C and 33.61°C, the relative humidity varied 
between 29.63% and 32.93%, wind speed fluctuated between 0.02 and 1.96 m·s−1, 
and the mean radiant temperature ranged between 21.73 and 29.68°C.

Figure 9 presents the outputs generated by Leonardo through the ENVI-met 
simulation program. It displays the climatic values of the simulation at 6:00 a.m. 
for Street Str2, located within the collective housing fabric (S2). After proposing 
a scenario in which the street was planted with local palm trees (Phoenix dactylifera), 
the results indicated that the air temperature ranged between 32.11°C and 33.33°C, 
relative humidity varied between 29.45% and 32.77%, wind speed ranged from 
0.02 m·s−1 to 1.97 m·s−1, while the mean radiant temperature ranged between 
20.30°C and 27.28°C.
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FIGURE 7. Visualization outputs generated by Leonardo’s (Street 1) modeling software for the cur-
rent situation
Source: Leonardo from the ENVI-met simulation program.

FIGURE 8. Visualization outputs generated by Leonardo’s (Street 2) modeling software for the current 
simulation scenario
Source: Leonardo from the ENVI-met simulation program.
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FIGURE 9. Visualization outputs generated by Leonardo’s (Street 2) for the proposed simulation 
scenario
Source: Leonardo from the ENVI-met simulation program.

Comparing results before and after greening the streets with palm trees 
in terms of outdoor thermal comfort

Current situation

In the current condition of the two streets, it is observed that the air temperature 
in street Str1 was lower than that in street Str2, with a reduction ranging between 
1.86 and 5.20°C. The lowest average temperature recorded was 30.53°C 
at 4:00 a.m. at Station St1 in Street Str1, compared to 32.39°C at Station St3 
in Street Str2. The highest measurement reached 49.57°C at 2:00 p.m. at Station 
St4 in Street Str2, while the maximum recorded in Street Str1 was 44.37°C 
at 2:00 p.m. at Station St2. This indicates that Street Str1 provides better thermal 
comfort within the traditional individual residential fabric compared to Street Str2, 
which is located in the collective housing fabric. This difference can be explained 
by the location of Street Str1 within an urban fabric surrounded by palm groves, 
which contributed to the reduction of air temperatures (Table 4).
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TABLE 4. Temperature for current situation scenario

Street Station Type Min temperature
[°C]

Max temperature
[°C]

Str1
St1

field measurement

30.53 42.70

St2 31.05 44.37

Str2

St3 32.39 47.82

St4 32.96 49.57

St3′
simulation (greening)

31.62 45.59

St4′ 31.85 47.13

Source: own work.

Proposed greening scenario for Str2 (St3′ and St4′)

In the proposed scenario, which involves the addition of palm trees along Street Str2 
(St3′ and St4′), the average air temperature shows a reduction ranging between 0.77°C 
and 2.44°C compared to the current situation (St3 and St4). The lowest average 
temperature recorded was 32.39°C at 4:00 a.m. at Station St3 (beneath a palm tree). 
In the proposed scenario, this measurement decreased to 31.62°C at the same station. 
The maximum average temperature of 49.57°C was reached at 2:00 p.m., at Station 
St4 (under a tree), which subsequently decreased to 47.13°C at the same station 
following the greening intervention. It is noteworthy that the proposed greening 
of Street Str2, through the plantation of local palm trees Phoenix dactylifera, 
contributed significantly to enhancing thermal comfort (Fig. 10, Table 5).
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FIGURE 10. Comparison of the daily average air temperature in Streets Str1 and Str2: current versus 
proposed scenarios
Source: own work.
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TABLE 5. Comparison of the daily average air temperature for Streets Str1 and Str2

Station
Hour

6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00
St1 31.26 33.75 37.38 40.19 42.70 41.44 40.16 38.16 36.18 34.29 32.42 30.53
St2 31.75 34.68 37.93 41.28 44.37 43.59 41.56 39.66 37.36 35.52 32.84 31.05
St3 34.75 38.79 42.56 46.78 47.82 46.82 44.17 41.67 39.07 36.86 34.77 32.39
st4 35.18 39.36 43.95 48.47 49.57 47.85 45.19 42.33 39.88 37.59 35.18 32.96
St3’ 32.86 37.01 40.16 43.59 45.59 44.07 42.55 40.00 37.91 35.85 33.78 31.62
St4’ 33.88 37.95 41.90 46.05 47.13 45.79 42.95 40.71 38.52 36.54 34.18 31.85

Source: own work.

When comparing the relative humidity levels of the current and proposed 
scenarios between Streets Str1 and Str2, we noticed the following (Fig. 11, Table 6):

	– In the current scenario, Str1 (St1 and St2) exhibits higher and more 
stable relative humidity levels throughout the day compared to Str2 (St3 
and St4), with a maximum value of 44.16% recorded at 6:00 a.m. at Station 
St1, and a minimum value of 26.77% recorded at 4:00 p.m. at Station St2. 
In contrast, Str2 in its current condition experiences greater fluctuations 
and lower relative humidity levels, with the highest value of 25.44% observed 
at 4:00 a.m. at station St3 (located beneath a palm tree), while the lowest value 
of 10.06% was recorded at 4:00 p.m. at station St4 (beneath a tree).

	– In the proposed scenario for Str2 (St3′ and St4′), relative humidity levels 
improved significantly compared to the current situation (St3 and St4). 
The maximum recorded value reached 32.88% at 6:00 a.m. at Station St3′, while 
the minimum value of 15.90% was observed at 4:00 p.m. at Station St4′. Thus, 
the proposed greening of the street resulted in clear improvements in relative 
humidity levels, making them more comparable to those observed in Str1.
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FIGURE 11. Comparison of the daily average relative humidity in Str1 and Str2: current versus pro-
posed scenarios
Source: own work.
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TABLE 6. Comparison of the daily average relative humidity for Streets Str1 and Str2

Station
Hour

6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00
St1 44.16 43.34 38.17 32.84 29.71 27.97 30.12 33.50 35.72 37.74 39.70 41.66
St2 42.30 41.95 36.26 30.94 28.08 26.77 28.62 32.21 34.23 36.04 37.79 39.54
St3 25.04 23.95 19.89 15.99 12.65 11.09 13.22 16.59 18.88 21.07 23.25 25.44
St4 23.18 22.82 18.06 14.91 11.05 10.06 12.11 15.19 17.18 20.07 22.05 24.23
St3’ 32.88 30.07 26.05 21.93 19.23 18.08 20.06 23.25 25.27 27.73 30.18 31.98
St4’ 29.87 27.39 23.16 19.55 17.28 15.90 18.34 21.54 23.75 25.88 28.00 30.13

Source: own work.

When comparing the wind speed levels of the current and proposed scenarios 
between Streets Str1 and Str2, we noticed the following (Fig. 12, Table 7):

	– In the current scenario, Str1 (St1 and St2) exhibits relatively low wind speeds 
throughout the day, generally ranging from 0.14 to 0.49 m⸱s−1. In contrast, 
Str2 (St3 and St4) experiences higher wind speeds, with values ranging from 
approximately 0.79 m⸱s−1 to 1.12 m⸱s−1. These differences indicate that Str2, 
located within the collective housing fabric, is more exposed to wind compared 
to Str1, which is situated in the traditional individual residential fabric.

	– In the proposed greening scenario for Str2 (St3′ and St4′), a slight increase 
in wind speed was observed, ranging from 1.06 to 1.30 m⸱s−1, compared 
to the current condition of the two streets. This improvement in airflow highlights 
the role of local palm trees in redirecting and stabilizing wind movement within 
contemporary urban fabrics, unlike the low wind conditions observed in Str1.

Overall, the analysis suggests that the proposed greening plan for Str2 could 
significantly enhance wind speeds in the area.
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FIGURE 12. Comparison of the daily average wind speed in Streets Str1 and Str2: current versus 
proposed scenarios
Source: own work.
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TABLE 7. Comparison of the daily average wind speed for Streets Str1 and Str2

Station
Hour

6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00
St1 0.18 0.19 0.19 0.17 0.17 0.15 0.14 0.14 0.15 0.15 0.15 0.16
St2 0.48 0.49 0.47 0.47 0.45 0.44 0.44 0.44 0.44 0.45 0.45 0.45
St3 0.84 0.86 0.86 0.84 0.82 0.80 0.79 0.79 0.79 0.79 0.79 0.79
St4 1.02 1.01 1.02 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01
St3’ 1.10 1.12 1.11 1.09 1.08 1.07 1.07 1.07 1.07 1.07 1.07 1.06
St4’ 1.29 1.29 1.30 1.29 1.29 1.29 1.29 1.30 1.30 1.30 1.30 1.30

Source: own work.

When comparing the daily average mean radiant temperature (MRT) 
of the current and proposed scenarios in Streets Str1 and Str2, we noticed 
the following (Fig. 13, Table 8):

	– In the current scenario, the average (MRT) of Str1 (St1 and St2) is consistently 
lower than that of Str2 (St3 and St4) throughout the day. Values for Str1 range 
from 25.20°C at 4:00 a.m. at Station St1 to 57.62°C at 2:00 p.m. at Station St2. 
In contrast, Str2 experiences greater fluctuations in MRT, with values ranging 
from approximately 36.11°C at 6:00 a.m. at Station St3 to 79.71°C at 2:00 p.m. 
at Station St4 during daytime hours.

	– In the proposed greening scenario for Str2 (St3′ and St4′), there was a substantial 
reduction in average (MRT) compared to the current situation (St3 and St4). 
The difference between the minimum and maximum daily average values 
ranged from 5.94°C to 8.16°C during the day.
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FIGURE 13. Comparison of the daily average mean radiant temperature (MRT) in Streets Str1 and Str2: 
current versus proposed scenarios
Source: own work.
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This analysis indicates that the proposed greening measures effectively reduced 
(MRT) in Street Str2. However, the thermal conditions in Str1 within the traditional 
individual residential fabric remained lower, despite not being subjected to a greening 
scenario, benefiting instead from the cooling effect of the surrounding local palm groves.

TABLE 8. Comparison of the daily average mean radiant temperature for Streets Str1 and Str2

Station
Hour

6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00
St1 27.01 36.28 46.07 53.48 54.61 50.56 44.12 32.15 31.13 29.09 26.91 25.20
St2 29.04 40.14 49.57 56.68 57.62 54.01 47.30 36.11 34.12 32.16 30.86 28.70
St3 36.11 53.85 67.03 75.05 75.62 67.49 57.18 46.42 43.23 40.49 39.07 38.26
St4 39.85 57.36 70.33 77.99 79.71 71.61 60.40 50.94 46.93 44.49 43.15 41.25
St3’ 32.36 43.46 53.50 64.83 66.98 60.16 49.56 39.41 36.02 34.03 32.17 30.17
St4’ 34.00 46.19 57.05 68.16 71.55 63.15 52.68 42.67 38.84 35.92 33.85 32.24

Source: own work.

PET assessment revealed significant differences between the Street Str1, which 
is located in traditional individual residential fabric and the Street Str2 located 
in collective housing fabric. Street Str1 consistently maintains lower PET values 
throughout the day, with peak values at 14:00 reaching 60.7°C (St1) and 62.0°C 
(St2). In contrast, the current condition of Street Str2 exhibits higher thermal stress, 
with maximum PET values rising to 63.7°C (St3) and 64.9°C (St4). The measurement 
results of the current situation in both streets highlight the thermal resilience 
of traditional urban forms and the cooling effect of adjacent palm groves. This finding 
aligns with the conclusions of Abaas (2020) and Al-atrash and Al-ayyoub (2023), who 
emphasized the effectiveness of shading and urban form in reducing radiative exchange 
in hot and arid regions.

In the proposed simulation scenario of planting native palm trees along Street Str2, 
a clear improvement was observed, with PET values decreasing by 1.6°C (St3′) 
and 1.8°C (St4′) during solar peak hours (14:00). The cooling effect confirms the findings 
of Sayad et al. (2021) and Necira et al. (2024), who reported similar reductions in PET 
and UTCI following the implementation of linear afforestation in arid streets. Despite 
these improvements, PET values in all scenarios remain above 60°C in the afternoon 
(Fig. 14, Table 9). This suggests that while native palms effectively narrow the thermal 
performance gap between contemporary and traditional urban fabrics, additional 
mitigation strategies are required to achieve acceptable comfort levels in hot and dry 
climates. Such strategies may include increasing canopy density or integrating other 
tree species alongside palm trees (Ridha, 2017; Biqaraz et al., 2019).
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FIGURE 14. Comparison of the daily average physiological equivalent temperature (PET) in Streets Str1 
and Str2: current versus proposed scenarios
Source: own work.

TABLE 9. Comparison of the daily average physiological equivalent temperature for Streets Str1 and Str2

Station
Hour

6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00
St1 28.00 45.70 55.80 58.30 60.70 57.70 47.00 32.80 31.10 29.50 27.80 26.20
St2 28.40 46.20 55.90 59.00 62.00 59.30 47.90 34.10 32.10 30.50 28.10 26.60
St3 30.30 48.70 58.90 62.90 63.70 60.50 48.80 35.60 32.90 31.00 29.20 27.10
St4 30.60 49.10 59.90 64.20 64.90 61.00 50.80 39.00 35.90 33.20 30.00 27.60
St3′ 29.00 47.20 56.90 60.30 62.10 58.60 47.70 34.90 32.20 30.50 28.80 26.80
St4′ 30.40 47.00 56.40 61.30 63.10 60.70 49.40 35.50 33.40 31.60 29.50 26.70

Source: own work.

When comparing the daily average new standard effective temperature (SET*) 
between the current and proposed scenarios in Streets Str1 and Str2, we observed 
the following (Fig. 15, Table 10):

	– In the current situation, the results showed clear differences between 
the two streets: Str1 in traditional individual residential fabric (S1), and Str2 
in collective housing fabric (S2). We note that Street Str1, surrounded by palm 
groves, demonstrated better thermal performance than Street Str2. At peak heat 
hour (2:00 p.m.), SET* values recorded at Stations St1 and St2 were 56.6°C 
and 57.9°C, respectively, while the SET* measurements at Street Str2 were higher, 
59.7°C at Station St3 and 61.0°C at Station St4. This variation in measurements 
underscores the thermal resilience and adaptability of the traditional urban 
fabric in hot, dry climates, as confirmed by a study of Ridha (2017), and Khalil 
and Wahhab (2020).
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	– In the proposed simulation scenario of planting native palm trees 
(Phoenix dactylifera) along Street Str2, we observed a clear improvement 
and a decrease in SET* values: 1.6°C at Street St3′ (58.1°C) and 5.4°C at Street 
St4′ (55.6°C) at peak solar hour (14:00). This improvement highlights the lack 
of natural shading before the afforestation process.

The results are consistent with numerous previous studies conducted in hot 
and dry regions, which demonstrate that vegetation cover, particularly local palm 
trees, enhances the local climate by intercepting solar radiation (providing shading) 
and through transpiration.

Therefore, incorporating native palm trees into contemporary street design 
emerges as a vital strategy to bridge the thermal performance gap between 
contemporary and traditional urban fabrics in arid climates.
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FIGURE 15. Comparison of the daily average new standard effective temperature in Streets Str1 
and Str2: current versus proposed scenarios
Source: own work.

TABLE 10. Comparison of the daily average new standard effective temperature for Streets Str1 
and Str2

Station
Hour

6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00
St1 25.50 43.60 51.50 54.10 56.60 53.60 44.80 31.70 29.60 27.50 25.40 23.20
St2 26.00 44.00 51.60 54.80 57.90 55.30 45.60 33.20 30.80 28.80 25.70 23.70
St3 28.2 45.8 54.8 58.9 59.7 56.6 46.2 33.7 31.2 29 26.9 24.30
St4 28.5 46.1 55.8 60.3 61.00 57.1 46.6 34.1 31.9 29.7 27.2 25.00
St3’ 26.7 44.7 52.7 56.2 58.1 54.6 45.3 33.6 30.6 28.5 26.4 23.9
St4’ 25.7 42.2 49.7 54.1 55.6 53.3 44.8 34 31.1 28.3 25.2 21.9

Source: own work.
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Conclusions

This study concluded that planting palm trees along urban streets constitutes 
a climatically appropriate strategy and a sustainable solution for enhancing outdoor 
thermal comfort in hot and arid environments. The research employed an integrated 
methodology combining field measurements with computational simulations using 
Envi-Met and Rayman, thereby providing a deeper understanding of the influence 
of local vegetation on urban climatic performance.

A comparative analysis was conducted between two streets representing distinct 
urban fabrics. The first street, part of a traditional individual residential fabric, had 
not undergone tree planting but was surrounded by local palm groves. In contrast, 
the second street, belonging to a collective housing fabric designed for collective 
housing, was subjected to a palm tree planting proposal. This comparison revealed 
significant differences in climatic performance between the two cases.

The results indicate that Str1 demonstrated a remarkable advantage in thermal 
comfort levels both before and after the palm tree planting plan proposed 
for Str2. This superiority is attributed to the surrounding palm groves, which 
enhanced street-level shading, in addition to the influence of building design 
and street width. In contrast, the proposed palm tree planting along Str2 revealed 
a significant improvement across all thermal comfort indicators compared 
to pre-planting measurements. Notably, reductions were recorded in all measured 
parameters, including the PET and the MRT, accompanied by an improvement 
in relative humidity.

The findings confirmed the effectiveness of selecting local palm trees and their 
strong adaptability to hot and arid climatic conditions, particularly in regions 
suffering from water scarcity. This demonstrates the importance of carefully 
choosing appropriate tree species for street planting to maximize cooling efficiency 
and sustainability, in contrast to deciduous trees that may negatively affect thermal 
conditions during the winter season.

Methodologically, the results of this study contribute to validating 
the field measurement approach by comparing it with digital simulations, thereby 
strengthening the alignment between empirical data collection and computational 
modeling for assessing and proposing future design scenarios that support 
afforestation projects in hot and arid climates. Furthermore, the findings call 
upon local authorities and decision-makers to prioritize street planting programs 
using local palm trees, ensuring appropriate spacing and adequate maintenance 
to enhance outdoor thermal comfort. Urban planning and building regulations 
for new projects should also stipulate a minimum tree planting density, 
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with the possibility of verifying thermal comfort performance criteria through 
simulation tools such as Envi-Met.

This study examines two streets with contrasting characteristics, providing 
an opportunity to explore quantitative improvements within specific contexts. 
Nevertheless, conducting a broader spatial analysis that encompasses multiple 
neighborhoods with diverse architectural forms would enhance the generalizability 
of the findings and strengthen their reliability for applications in sustainable 
urban planning.
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Summary

Quantifying thermal comfort improvement by palm tree-based street greening, 
in hot and dry climate. This paper aims to quantify the improvement in outdoor 
thermal comfort through palm tree-based street greening in hot, dry regions affected 
by rapid urbanization and climate change. The study was conducted in Sidi Okba, one 
of the largest oases in Biskra, Algeria, during summer, characterized by its diverse urban 
housing fabric. Two streets were compared: Str1, located in a traditional vegetation-free 
urban fabric but surrounded by Phoenix dactylifera palm groves to the northwest 
and south, and Str2, situated in a contemporary urban fabric with minimal vegetation. 
The methodology combined field measurements and digital simulations using Envi-Met 
software to evaluate a greening scenario for Str2 involving palm tree integration. Results 
revealed that Str1 exhibited superior cooling effects due to its proximity to palm groves, 
while the proposed greening scenario for Str2 demonstrated significant thermal comfort 
improvement compared to its current state. Factors such as palm tree density, distribution, 
and the location of a street within the urban fabric influence microclimatic conditions. 
The study underscores the efficacy of local palm trees in providing sustainable cooling 
and their cultural-environmental suitability for hot, arid regions. It urges urban planners 
to prioritize native vegetation and integrate it into urban development strategies to enhance 
climate resilience.
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Introduction

A reinforced concrete (RC) deep beam is one of the structural elements used 
in different structures, such as bridge bents, bridge girders, pile caps, and offshore 
structures. The shear deformation dominates the behavior of this element. 
Therefore, deep beams should be designed to have an acceptable level of shear 
strength by providing sufficient shear reinforcement. According to ACI 318-2014 
(American Concrete Institute [ACI], 2014), the deep beam span should not exceed 
four times the overall depth. In addition, the shear span should be equal to or less 
than twice the beam depth. Different parameters play a significant role in controlling 
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the behavior of this type of structure, such as compressive strength of concrete, 
the shear span to depth ratio, the reinforcement ratio, and the arrangement 
of shear reinforcement.

Many studies have been conducted to investigate the role of the shear 
reinforcement type in reinforced concrete (RC) beams (Colajanni et al., 2014; 
Ombres, 2015; Ammash, 2017). It was shown experimentally that the shear strength 
of RC beams increases with the use of additional horizontal and independent bent-up 
bars (Hamid, 2005). A study was conducted to investigate different types of shear 
reinforcement that can be employed in RC beams. The obtained results showed 
that, when swimmer bars were used as shear reinforcement, an improvement was 
observed in the shear strength of RC beams compared with traditional stirrups 
(Al-Nasra & Asha, 2013).

Aziz and Yaseen (2013) studied the effect of the type and position 
of shear reinforcement on the behavior of high-strength deep beams. They showed 
experimentally that deep beams with a combination of inclined and vertical web 
reinforcement exhibited greater strength capacity than those with other shear 
reinforcement arrangements (Aziz & Yaseen, 2013). Ismail et al. (2017) conducted 
an experimental program to study the effect of different parameters on the behavior 
of RC deep beams, such as concrete strength, shear span to effective depth ratio, 
and shear reinforcement. They concluded that the concrete strength, the shear 
span-depth ratio, and the shear reinforcement need to be included in the current 
strength reduction factors used in design guidelines for inclined concrete struts 
(Ismail et al., 2017).

Self-compacting concrete (SCC) is considered an innovative solution for 
overcoming the challenges related to reinforcement congestion in deep beams. 
This type of concrete can spread into place, fill formwork, and encapsulate 
reinforcement due to its highly flowable properties, which eliminate the need 
for mechanical vibration and maintain homogeneity (EFNARC, 2005; Alkhattat 
& Al-Ramahee, 2021). SCC is suitable for deep beam applications due to its 
superior fresh properties, such as high deformability, adequate viscosity to resist 
segregation, and excellent passing ability through tight reinforcement spacing 
(Khayat & Mitchell, 2009). It was shown that the SCC deep beams exhibit 
comparable or superior structural performance compared with traditional concrete 
deep beams. SCC deep beams show improved concrete quality in congested regions, 
better bond characteristics between concrete and reinforcement, and enhanced 
construction efficiency (Hakeem et al., 2024).

Steel plates have recently been considered as an alternative shear reinforcement 
solution to reduce congestion while maintaining or enhancing structural 
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performance. They can be configured in many forms, such as perforated thin plates, 
solid plates, externally bonded plates, and internally embedded plate assemblies 
(Mhalhal & Al-Gasham, 2018). Different studies have shown varying degrees 
of success in the use of steel plate reinforcement systems. Chai et al. (2023) 
studied the use of perforated thin mild steel plates in deep beams and found that 
2.0 mm plates with optimal perforation patterns achieved increases in the capacity 
of approximately 3% compared to the traditional reinforcement. Hamoda et al. 
(2024) have reported a 129% to 175% increase in ultimate shear capacity when 
externally bonded stainless-steel plates were used. The range of this increase 
depended on plate thickness and anchorage detailing.

The most common criterion for replacing traditional reinforcement 
with an alternative system is based on cross-sectional area equivalency, 
in which the total area of the traditional reinforcement is matched to the total 
area of the alternative reinforcement (Su et al., 2009). However, this criterion 
may not accurately represent the actual force transfer mechanisms in deep beams, 
where the strut-and-tie behavior and stress distribution differ significantly from 
those predicted by shallow beam theory. A rational approach would be based 
on the equivalency of the actual forces that shear reinforcement can carry, 
considering the specific load paths and stress field in deep beams according to strut-
and-tie analysis and ACI 318 provisions. However, the validation of force-based 
procedure for designing steel plate replacement for shear reinforcement in deep 
beams is limited, despite the theoretical advantages of force-based equivalency. 
Moreover, most research has focused on replacing either the web reinforcement 
(stirrups) or the longitudinal skin reinforcement with steel plates, but studies have 
examined the simultaneous replacement of both reinforcement types, particularly 
in the SCC deep beams (Ibrahim et al., 2018; Qaddoory et al., 2021). Furthermore, 
there is a lack of experimental data on the effect of specific plate thickness 
on the comprehensive structural performance of SCC deep beams.

This study investigates an innovative approach for SCC deep beams by replacing, 
based on equivalency, both conventional vertical stirrups and longitudinal skin 
reinforcement with steel plates of varying thicknesses. Unlike previous studies that 
employed the area equivalency method, this study employs a force-based equivalency 
approach, in which the required force capacity of the traditional shear reinforcement 
is calculated based on strut-and-tie analysis and ACI 318 design provisions, and then 
used as the basis for determining the appropriate steel plate width replacement. Steel 
plates with different thicknesses were used (2 mm, 3 mm, and 4 mm) in this study 
as both vertical and longitudinal reinforcement to investigate the effect of these 
thicknesses on the structural performance of SCC deep beams.
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Material and methods

The experimental program in this research consisted of manufacturing 
and testing seven self-compacting reinforced concrete deep beams. The dimensions 
of all specimens were 125 mm (width) and 400 mm (height) with a total length 
of 1,100 mm and 1,000 mm between supports length. The first specimen was 
considered a control specimen, where it was reinforced with conventional flexural 
and shear reinforcement. The control specimen (DB-control) was longitudinally 
reinforced with 4ø16 mm at bottom and 2ø10 mm at top. Also, it reinforced 
with 4ø10 mm for skin reinforcement and ø10 mm @ 100 mm c/c web reinforcement 
as shown in Figure 1. The remaining six specimens were divided into two groups 
with three specimens for each group. In the first group, comprising three deep beams 
(DB-web-2, DB-web-3, and DB-web-4), the web reinforcement was replaced 
with steel plates with a smooth surface finish and varying thicknesses (2 mm, 3 mm, 
and 4 mm) for each specimen, while the longitudinal and skin reinforcement were 
kept the same as in the control specimen. The width of each plate was determined 
based on the force transfer equivalency as 39 mm, 26 mm, and 19.5 mm for 
the 2 mm, 3 mm, and 4 mm plates’ thickness, respectively. The details of the first 
group are shown in Figure 2 and Table 1. In the second group, comprising three 
specimens (DB-skn-2, DB-skn-3, and DB-skn-4), the skin reinforcement was also 
replaced by steel plates with smooth surface finish and a thicknesses of 2 mm, 
3 mm, and 4 mm for each specimen, while the longitudinal and web reinforcement 
were kept the same as the control specimen. The width of each plate was calculated 
based on the same criteria to be 39 mm, 26 mm, and 19.5 mm for the 2 mm, 3 mm, 
and 4 mm plates’ thicknesses, respectively. The details of skin reinforcement for this 
group were shown in Figure 3 and Table 1. All plate reinforcement, whether used 
as web or skin reinforcement, was tied to the traditional reinforcement using steel 
wire (binding wire) prior to casting to ensure proper positioning and mechanical 
connection within the concrete.

To ensure the concrete could spread in place, fill the formwork, and fill the gaps 
between plates, SCC was used in all specimens in this study. Different materials 
were used in this research, such as portland cement, fine and coarse aggregates, 
powder, superplasticizer, and steel plates. The proportions of the SCC mix were 
as follows: 446 kg·m−3 of cement, 759 kg·m−3 of fine aggregate, 831 kg·m−3 
of coarse aggregate, 0.12 kg·m−3 of superplasticizer, and 132 kg·m−3 of limestone 
powder. The compressive strength at the age of 28 days for the SCC mixes used 
in the deep beams was determined to be 35 MPa in accordance with ASTM 
C192/C192M-19 (ASTM International [ASTM], 2019). The mechanical properties 
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of all reinforcement and steel plates are shown in Table 2. The tensile test 
was performed in accordance with ASTM-A370 (ASTM, 2016) and ASTM 
A615/A615M-20 (ASTM, 2020). All beams were tested under a four-point loading 
configuration, resulting in a shear span of approximately 333 mm and a shear 
span-to-effective depth ratio of approximately 1, as shown in Figure 4.

FIGURE 1. Details of the control self-compacting concrete deep beam
Source: own work.

FIGURE 2. Details of self-compacting concrete deep beam with steel plate as web reinforcement
Source: own work.

FIGURE 3. Details of self-compacting concrete deep beam with steel plate as skin reinforcement
Source: own work.
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TABLE 1. Reinforcement details of self-compacting concrete deep beams

Beam ID Group Longitudinal reinforcement Web reinforcement Skin reinforcement
Steel plate

width
[mm]

DB-control control

top
2ø10 mm

bottom
4ø16 mm

ø10 mm @ 100 4ø10 mm –

DB-web-2

1

2 mm steel plate 4ø10 mm 39

DB-web-3 3 mm steel plate 4ø10 mm 26

DB-web-4 4 mm steel plate 4ø10 mm 19.5

DB-skn-2

2

ø10 mm @ 100 2 mm steel plate 39

DB-skn-3 ø10 mm @ 100 3 mm steel plate 26

DB-skn-4 ø10 mm @ 100 4 mm steel plate 19.5

Source: own work.

TABLE 2. Mechanical properties of steel bars and plates

Property ø10 ø16 2 mm steel 
plate

3 mm steel 
plate

4 mm steel 
plate

Yield strength [N·mm−2] 520 563 390 320 250

Tensile strength [N·mm−2] 610 682.94 440 380 340

Source: own work.

FIGURE 4. Universal testing machine
Source: own work.
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Results and discussion

All specimens were initially cracked at a constant moment zone between loading 
points. The first crack was recorded in each beam at loads ranging from 40‒60 kN, 
which represents 6‒19% of the ultimate load of the SCC deep beams. With an increase 
in the applied load, inclined shear crack in the shear span zone has started to develop, 
while the existing flexural cracks propagated toward the compression zone 
and the applied load. Two failure modes were observed, as shown in Table 3.

TABLE 3. Summary of test results

Beam ID First crack load
[kN]

Ultimate load
[kN]

(Pu–Pu control)/
/(Pu control)

[%]
Failure mode

DB-control 50 425 1 strut compression failure

DB-web-2 55 312 −26 diagonal splitting failure

DB-web-3 55 344 −19 diagonal splitting failure

DB-web-4 40 470 11 strut compression failure

DB-skn-2 60 355 −16 diagonal splitting failure

DB-skn-3 50 418 −2 diagonal splitting failure

DB-skn-4 40 432 2 diagonal splitting failure

Source: own work.

The first one was the strut compression failure, observed in the control specimen 
and the DB-web-4 specimen. In these beams, the load was transferred through 
a path between the shear span area between the support and the point of loading. 
The second failure mode was a diagonal splitting failure in the remaining 
specimens. In this mode, the diagonal cracks propagated and extended in the shear 
span area between the support and the loading point. Examples of failure modes 
are shown in Figure 5.

The load versus mid-span displacement relationship curves are shown 
in Figures 6 and 7. These figures show comparison between the control specimen 
and the specimens in Group 1 (steel plates as web reinforcement) and Group 2 
(steel plates as skin reinforcement), respectively. It can be seen from these figures 
that all specimens with steel plates as web and skin reinforcement had the same 
initial stiffness. This attribute can be related to the force-based equivalency method 
that was used in this research. However, Figures 6 and 7 show some differences 
in the ultimate load capacity compared to the control specimen. For beams 
with steel plates as web reinforcement, the ultimate load for the beam with a 4 mm 
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plate was 470 kN, which exceeded the ultimate load of the control beam by 
11%. While for the beam with a 2 mm steel plate, a reduction in the ultimate 
load capacity of about 26% was recorded compared to the control specimen. 
For the beam with a 3 mm steel plate, the peak load decreased by 19% when 
compared to the control specimen. The observation of lower ultimate load-carrying 
capacity of the specimen with a 2 mm plate thickness compared to other specimens 
can be related to the reduced confinement effect provided by plates with lower 
flexural rigidity and the observed bond loss at the concrete-steel interface, especially 
over a larger contact surface, despite the increased contact area.

FIGURE 5. Samples of failure modes in self-compacting concrete deep beams
Source: own work.

FIGURE 6. Load–displacement curve comparison for the equivalent steel plate as web reinforcement
Source: own work.
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FIGURE 7. Load–displacement curve comparison for the equivalent steel plate as skin reinforcement
Source: own work.

For specimens with steel plates as skin reinforcement, more comparable 
results to the control beam in terms of ultimate load were achieved. The ultimate 
load for the beam with a 2 mm steel plate was 355 kN, which is less than 
the control beam’s ultimate load by 16%. Moreover, the ultimate load for 3 mm 
and 4 mm steel plate beams was 418 kN and 432 kN, which represent 2% decrease 
and 2% increase compared to the control beam, respectively. Furthermore, it was 
shown that specimens DB-web-4 mm and DB-skn-4, compared to the control 
beam and beams with 2 mm and 3 mm, showed fewer cracks. In addition, 
these cracks were restricted and did not widen significantly. For these two 
specimens’ reinforcement, the steel plates provide more confinement, which 
delayed the initiation of the first cracks and noticeably enhanced the failure loads 
compared with the other specimens. It is worth mentioning that local buckling 
of the steel plate was not observed in any specimens, as full concrete encasement 
provided continuous lateral restraint to the plates, significantly inhibiting 
out-of-plane deformation.

Numerical analysis

The numerical simulation was performed using the ABAQUS/Standard 
package to model and study the structural behavior of the adopted beams. 
The outcomes of this simulation were compared with and validated against 
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the corresponding experimental results. A three-dimensional finite element 
model (FEM) was created in which concrete was modeled using an eight-node 
linear brick element with reduced integration (C3D8R), and traditional steel 
reinforcement was modeled using a two-node linear truss element (T3D2). 
Moreover, the steel plates were represented using S4R shell elements due 
to their thin-walled nature, as the thicknesses were significantly smaller 
compared to the other plate dimensions. The nonlinear behavior of SCC 
was simulated using the concrete damage plasticity (CDP) model, including 
tensile cracking and compressive crushing. Both steel reinforcement and steel 
plates were modeled using a uniaxial stress-strain relationship to capture their 
elastic-plastic behavior.

Figures 8‒10 show the comparison of the load mid-span displacement curves for 
the control beam, the beam with steel plates as web reinforcement, and the beams 
with steel plates as skin reinforcement, respectively. It can be seen from these 
figures that the experimental and numerical load versus mid-span displacement 
correlate well with each other, with a slightly stiffer numerical behavior compared 
to experimental results due to the assumed ideal connection between the concrete 
and the reinforcing steel in the numerical model. Table 4 shows the comparison 
of failure loads between the numerical and experimental results, where 
the maximum failure load difference between numerical and experimental results 
was around 9.3%.

FIGURE 8. Comparison of experimental and numerical load–displacement curves for the control beam
Source: own work.
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FIGURE 9. Load–displacement curves comparison for a beam with steel plates as web reinforcement
Source: own work.

FIGURE 10. Load–displacement curves comparison for a beam with steel plates as skin reinforcement
Source: own work.

TABLE 4. Comparison of the ultimate load between the experimental test and the numerical simulation

Beam Pu exp
[kN]

Pu FEM
[kN]

Increase in FEM over experimental
[%]

DB-control 425 435 2.3

DB-web-2 312 330 5.7

DB-web-3 344 376 9.3

DB-web-4 470 486 3.4

DB-skn-2 355 362 1.9

DB-skn-3 418 427 2.1

DB-skn-4 432 441 2.0

Source: own work.
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The validated numerical model was used to conduct another case where 
the steel plates were used as equivalent for skin and web reinforcement, which 
was not done experimentally. Based on the experiment, DB-web-4 showed the best 
structural performance based on ultimate load and crack pattern. This specimen 
was selected to perform additional analysis. Three new cases from DB-web-4 were 
simulated, which combine the 4 mm web steel plates reinforcement with 2 mm, 
3 mm, and 4 mm as skin reinforcement. Figure 11 shows the load displacement 
curves for the new cases DB-web4-skn2, DB-web4-skn3, and DB-web4-skn4. 
From this figure, there is no significant difference among these cases. It can be 
concluded that web reinforcement is governing the behavior of the deep beam over 
the skin reinforcement.

FIGURE 11. Load–displacement curves for a combination of web and skin reinforcement
Source: own work.

Conclusions

This research investigated the structural behavior and shear efficiency 
of self-compacted reinforced concrete deep beam incorporating steel plates 
as an alternative to conventional stirrups and skin reinforcement. The following 
conclusions can be drawn from the research:

	– The experimental results showed that the effectiveness of replacing traditional 
shear reinforcement with steel plates is highly dependent on plate thickness.

	– The use of 4 mm-thick steel plates as web reinforcement resulted in an 11% 
increase in ultimate capacity compared with the control.
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	– The beams with a 2 mm and a 3 mm steel plates as web reinforcement exhibited 
decreases in the ultimate load of 26% and 19% respectively, compared 
to the control specimen.

	– The incorporation of steel plates with varying thicknesses as skin reinforcement 
yielded results comparable to those of the control beam, suggesting that 
structural integrity was maintained without significant degradation.

	– The finite element analysis showed good agreement with experimental data, 
confirming the reliability of the proposed reinforcement technique.

	– This study concludes that steel plates serve as a viable and effective alternative 
to conventional shear reinforcement in SCC reinforced deep beams, with optimal 
structural performance achieved through the implementation of 4 mm-thick 
web plates.
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includes one specimen with traditional stirrup reinforcement as a control specimen 
and six specimens divided into two groups. The first group included three beams with web 
reinforcement substituted with 2 mm, 3 mm, and 4 mm steel plates. The second group 
included three beams with skin reinforcement replaced by steel plates of the same varying 
thicknesses. Experimental results showed that using 4 mm-thick web steel plates enhances 
the load-carrying capacity by 11% compared to the control specimen. Other specimens, 
especially those with skin reinforcement steel plates, showed comparable performance 
to the control beam, suggesting that steel plate substitution maintains structural integrity 
without significant strength degradation. Finite element analysis was carried out using 
ABAQUS software to validate the experimental results. The numerical outcomes showed 
good agreement with those from the experimental program in terms of ultimate load 
capacity. The study concludes that steel plates can serve as a viable alternative to traditional 
shear reinforcement in self-compacting concrete deep beams, with optimal performance 
achieved using 4 mm-thick web steel plates.
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Introduction

Environmental comfort in open urban spaces is of great significance for urban 
quality of life and human health. Noise, considered the most serious environmental 
problem after air pollution, can negatively affect user comfort in outdoor areas 
(European Environment Agency [EEA], 2019). In this context, auditory comfort 
is an important dimension of comfort, defined as the perception of a sound 
environment in a space as non-disturbing and pleasant. Traditionally, auditory 
comfort evaluations have mostly relied on quantitative noise metrics such as sound 
pressure level (Vardaxis & Bard, 2018; Torresin et al., 2019). However, in recent 
years, the “soundscape” approach has emphasized that not only the numerical 
level of the acoustic environment but also the contextual perception of individuals 
is important (Zhao et al., 2018; Mascolo et al., 2020; Jo & Jeon, 2021; Mancini et al., 
2021). Previous research indicates that higher noise levels in an environment do not 
automatically lead to poorer perceived acoustic quality. This outcome highlights 
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that auditory comfort depends on more than just sound pressure level; it is also 
shaped by qualitative and contextual attributes − such as the spectral composition 
of sounds, their origin, suitability to the setting, and their interaction with other 
environmental factors (Cureau et al., 2022; Yang et al., 2024). Human perception 
is inherently multisensory, meaning that people respond to their surroundings 
through the combined action of several senses. Consequently, outdoor comfort 
cannot be interpreted through a single physical stimulus alone. The perception 
of auditory comfort is closely intertwined with visual and thermal aspects 
of the environment (Yang & Moon, 2019; Nitidara et al., 2022; Zeng et al., 2024).

Growing evidence in the literature further supports that distinct comfort 
domains influence one another. A doctoral study, for example, emphasized 
that thermal, acoustic, and visual comfort parameters are interrelated, although 
the specific direction or strength of these relationships remains uncertain (Şimşek, 
2024). On university campuses, enhancing visual comfort in outdoor settings 
has been observed to simultaneously improve perceptions of thermal comfort 
(Lam et al., 2020). Similarly, research in dense urban environments reported 
that greater thermal discomfort tends to amplify sensitivity to noise, thereby 
reducing overall acoustic comfort (Lau & Choi, 2021). Climatic characteristics, 
such as ambient temperature and relative humidity, also play a key role in how 
individuals perceive both the acoustic landscape and the general outdoor experience 
(D’Alessandro et al., 2018).

Investigations focusing on the visual–auditory relationship have revealed that 
visual qualities substantially affect how people judge the acoustic environment 
of a space. The integration of natural components, in particular, appears to foster 
positive auditory evaluations. Studies conducted in urban parks confirmed that 
areas with greenery or water features promote both visual and auditory satisfaction 
among visitors (Cohen et al., 2014). Conversely, visually monotonous or poorly 
maintained areas – those lacking natural elements – tend to make existing noise 
sources feel more intrusive and unpleasant. A study around a university campus 
similarly showed that as the proportion of natural elements (green areas, water 
features, etc.) increased, participants’ perceptions of acoustic comfort and overall 
environmental satisfaction also improved (Cureau et al., 2022). Accordingly, 
higher visual environmental quality can soften the perception of noise and thereby 
improve auditory comfort.

Evidence on light–sound interactions remains mixed. Early work suggested that 
very bright conditions may slightly increase noise annoyance relative to typical 
illumination (Shigehisa & Gunn, 1978), whereas other studies reported negligible 
effects of illuminance changes on annoyance judgments (Yang & Moon, 2018). 
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At the same time, improving perceived visual quality has been argued to indirectly 
support acoustic appraisal; for instance, enhanced lighting quality was associated 
with reduced annoyance in indoor settings (Ma & Nie, 2014). Overall, the influence 
of illuminance on auditory outcomes appears subtle and context dependent.

The connection between thermal and auditory comfort has also gained 
growing attention in recent years. Scholars have examined how air temperature 
and other climatic variables affect individuals’ reactions to noise, and empirical 
work supports the existence of such cross-modal effects. In a field investigation 
conducted in a university campus in China, Chen et al. (2022) reported that 
participants exposed to cold winter temperatures experienced a marked decline 
in auditory comfort, particularly when unpleasant sounds were present. 
Interestingly, the introduction of pleasant background sounds – such as soft music 
or birdsong – counteracted this negative perception, helping participants feel more 
thermally comfortable even under cool conditions. By contrast, in areas dominated 
by mechanical or crowd noise, both thermal and auditory comfort ratings 
deteriorated notably (Chen et al., 2022).

The literature collectively underlines that outdoor comfort is inherently 
multisensory. Because people interpret environmental stimuli holistically, 
assessing comfort based solely on a single physical factor offers an incomplete 
understanding. For this reason, studies increasingly adopt multidimensional 
frameworks that integrate thermal, visual, and acoustic parameters (Kousis 
& Pisello, 2020). In public open spaces such as parks and plazas, such integrative 
research has revealed that comfort ratings across different sensory domains are 
mutually dependent. For instance, a study by Cureau et al. (2022) found that 
subjective survey responses provided a more accurate prediction of overall comfort 
than physical measurements alone, demonstrating the importance of multisensory 
evaluation (Cureau et al., 2022). Consequently, outdoor environmental design 
should move beyond isolated interventions − such as noise reduction or shading − 
and instead aim for strategies that comprehensively address user experience.

Within this context, the present study seeks to explore auditory comfort 
in outdoor environments by concurrently considering visual and thermal 
influences. Previous research indicates that auditory comfort is affected not 
only by sound levels but also by the visual and climatic qualities of the setting. 
However, the specific mechanisms underlying these multisensory relationships 
in open public spaces remain insufficiently defined. To fill this gap, the current 
study employs simultaneous survey and environmental measurements conducted 
during the autumn season in two major urban parks in Adana, Turkey (Merkez Park 
and Atatürk Park), which represent the Mediterranean climate and host dense public 
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use. By integrating subjective and objective data, this research aims to identify 
the key environmental parameters that shape auditory comfort in outdoor settings. 
The findings underscore that urban noise management and environmental design 
must account not only for acoustic variables but also for visual configurations 
and microclimatic enhancements to foster holistic user comfort.

Material and methods

Study area and participants

The fieldwork took place in two large urban parks − Merkez Park (36°59′44″ N, 
35°20′06″ E) and Atatürk Park (36°59′49″ N, 35°19′24″ E) − situated in the city 
center of Adana, a city characterized by a Mediterranean climate, marked by long 
hot summers, mild winters, and high annual sunshine duration (Fig. 1). Both 
parks are important public spaces that function as hubs for social interaction 
and recreation, attracting residents and visitors throughout the day.

FIGURE 1. Field studies conducted at Merkez Park and Atatürk Park
Source: own work.

Data collection was conducted in October, representing typical autumn 
conditions. Environmental measurements and on-site surveys were administered 
at three different times of day: morning (09:00‒10:00), midday (12:00‒13:00), 
and afternoon (16:00‒17:00). Within each park, four distinct observation points 
were chosen to reflect variations in surface materials (grass, soil, and pavement), 
spatial orientation (north and south), and shading conditions (open, tree-shaded, 
and semi-shaded areas). This sampling strategy ensured that the dataset 
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captured the micro-environmental diversity present within the parks, enhancing 
the representativeness of the results. This study was conducted in accordance 
with institutional ethical guidelines. Ethical approval was obtained from the relevant 
ethics committee prior to data collection. All participants were informed about 
the purpose and scope of the study, and written informed consent was obtained 
through a voluntary participation form.

In total, 202 volunteers of different ages and genders participated in the study. 
While the participants completed a concise questionnaire describing their immediate 
perceptions of the surrounding physical environment, simultaneous environmental 
measurements were taken at the corresponding observation sites.

Data collection process

Two main categories of data were collected in the present research. The first 
consisted of subjective responses obtained through questionnaires that recorded 
participants’ perceptual evaluations, while the second comprised objective 
environmental data gathered from physical measurements conducted at the same 
times and locations as the surveys.

The questionnaire was designed in a structured format with four main sections:
1.	 Demographic information. This part included basic socio-demographic 

characteristics such as participants’ age, gender, and duration of residence 
in the region.

2.	 Immediate auditory perception and comfort evaluation. Participants were invited 
to assess the sound environment through two key questions: their perception 
of the noise level and their degree of auditory comfort. Noise perception was 
rated on a seven-point Likert scale ranging from “very noisy” (−3) to “very 
quiet” (+3), whereas auditory comfort was evaluated on an equivalent scale 
from “very uncomfortable” (−3) to “very comfortable” (+3).

3.	 Perception and preference regarding the sound environment. Respondents 
identified the types of sounds present in their surroundings − such as traffic, 
human activity, natural sources, or others − and indicated which sound 
categories they preferred to hear.

4.	 Strategies for improving auditory comfort. In this final section, participants 
selected from a list of potential interventions aimed at enhancing auditory 
comfort, including the addition of vegetation, installation of noise barriers, 
or introduction of pleasant natural sound sources.
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At the same time as the surveys, seven environmental parameters were measured 
at each participant’s location (Fig. 2): air temperature [°C], relative humidity [%], 
wind speed [m·s−1], mean radiant temperature [°C], sound pressure level [dBA], 
horizontal illuminance [klx], and vertical illuminance [klx].

FIGURE 2. Measurement and survey studies
Source: own work.

These measurements were obtained using portable monitoring devices. Each 
participant’s subjective evaluations were directly paired with the corresponding 
environmental data collected at that moment, yielding an integrated dataset that 
allowed for detailed comparative analysis.

Measurement devices and parameters

Physical environmental data were collected on site during each survey session 
to correspond precisely with participants’ subjective evaluations. The instruments 
and parameters used in the measurements are summarized below:

	– Air temperature [°C], relative humidity [%], and mean radiant temperature 
[°C] were obtained with a portable Extech HT200 instrument, which provided 
real-time readings of microclimatic conditions. The device has an accuracy 
of approximately ±1°C for air temperature and ±3% for relative humidity.

	– Wind speed [m·s−1] was monitored using a wireless anemometer specifically 
designed for field assessment of local air movement. The instrument is suitable for 
low air velocity measurements and has an accuracy of approximately ±0.1 m·s−1.

	– Sound pressure level [dBA] measurements were performed with a sound level 
meter compliant with IEC 61672 standards (International Electrotechnical 
Commission [IEC], 2013) and operating under the A-weighting curve. 
The device operates within a measurement range of approximately 
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30–130 dBA and uses a fast response setting to capture short-term fluctuations 
in the acoustic environment.

	– Horizontal and vertical illuminance [klx] were recorded with a portable 
luxmeter meeting ISO/CIE 19476 requirements (International Organization 
for Standardization & International Commission on Illumination [ISO & CIE], 
2014). Measurements were taken at users’ seating height, parallel to the ground 
for horizontal illuminance, and perpendicular to the line of sight for vertical 
illuminance. The luxmeter has an accuracy of approximately ±3% and is suitable 
for outdoor daylight measurements.

All measurements were conducted at approximately 1.1 m above ground 
level, representing the average seated human position in outdoor environments. 
All instruments were carefully calibrated before the field campaign. Measurements 
were conducted simultaneously with the questionnaire surveys, ensuring that 
environmental data and perceptual responses were precisely synchronized 
and directly comparable within the integrated dataset.

Data analysis process

The analytical procedure was carried out in three main stages using 
IBM SPSS Statistics 25. At the first stage, bivariate associations among participants’ 
evaluations of auditory comfort, perceived noise levels, and the measured physical 
parameters were explored using Pearson’s correlation analysis. This approach was 
selected to identify both the direction and magnitude of linear relationships among 
variables. Because all variables were measured on continuous scales and met 
the assumptions required for parametric testing, Pearson’s r was considered the most 
appropriate technique. Accordingly, correlations were calculated between auditory 
comfort and noise perception scores and the environmental indicators, including 
air temperature, relative humidity, wind speed, mean radiant temperature, sound 
pressure level, and both horizontal and vertical illuminance.

The second stage involved assessing whether these relationships remained 
significant when considered together. To this end, a multiple linear regression 
analysis was employed, enabling the simultaneous evaluation of several predictors 
on a single dependent variable. Beyond examining individual influences, 
this method provides insight into the combined and potentially suppressive 
or mediating effects among predictors (Lu et al., 2025; Muniz & MacKinnon, 
2025). For this reason, multiple regression was adopted as a rigorous tool to 
elucidate the multifactorial nature of environmental comfort phenomena.
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Finally, the third stage focused on aspects of perception extending beyond 
measured physical factors. Participants’ qualitative responses regarding perceived 
sound types, preferences, and their proposed strategies for improving auditory 
comfort were systematically analyzed. They identified prevalent sound categories 
in their surroundings − such as human activity, natural elements, and traffic noise − 
and expressed their expectations concerning an ideal acoustic environment.

Results and discussion

Correlation analysis

Pearson’s correlation analysis results revealed a strong and statistically 
significant positive relationship between auditory comfort and participants’ 
perceived quietness (r = 0.772, p < 0.001). In other words, the quieter 
an environment was perceived to be, the higher the reported level of auditory 
comfort. Conversely, sound pressure level exhibited a significant negative 
correlation with auditory comfort (r = −0.520, p < 0.001), indicating that rising 
noise levels were consistently associated with reduced comfort ratings.

Regarding the other physical parameter (air temperature, relative humidity, wind 
speed, mean radiant temperature, and both horizontal and vertical illuminance) 
no statistically significant relationships with auditory comfort were observed 
(p > 0.05). These outcomes suggest that within the scope of this study, participants’ 
auditory comfort was primarily influenced by noise-related factors rather than by 
thermal or visual environmental variables. Details of these bivariate relationships 
are summarized in Table 1.

For participants’ subjective noise perception, Pearson’s analyses revealed a strong 
negative correlation with sound pressure level (r = −0.687, p < 0.001). This indicates 
that higher measured sound levels led to the environment being perceived as noisier. 
Another noteworthy finding is that participants’ noise perception was not only 
associated with auditory sources but also significantly related to other environmental 
stimuli. Specifically, significant correlations were identified with air temperature 
(r = 0.155, p = 0.034), relative humidity (r = −0.202, p = 0.005), and wind speed 
(r = −0.185, p = 0.011). These findings suggest that auditory perception can 
be influenced not only by acoustic properties of the environment but also by thermal 
comfort parameters through multisensory pathways. An increase in temperature 
tended to be associated with perceiving the environment as quieter, while higher 
humidity and wind speed negatively influenced quietness perception. However, 
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mean radiant temperature, horizontal illuminance, and vertical illuminance did not 
show significant correlations with noise perception (p > 0.05). The details of these 
bivariate relationships are presented in Table 2.

TABLE 1. Relationships between auditory comfort and other variables

Variable Pearson’s r Significance
(p) Interpretation

Noise perception 0.772 0.000 positive and significant: as the environment 
is perceived quieter, comfort increases

Air temperature 0.070 0.341 weak and non-significant

Relative humidity −0.119 0.103 weak and non-significant

Wind speed −0.092 0.207 weak and non-significant

Mean radiant temperature 0.033 0.657 negligible, non-significant

Sound pressure level −0.520 0.000 negative and significant, higher sound levels 
reduce comfort

Horizontal illuminance −0.106 0.148 weak and non-significant

Vertical illuminance −0.039 0.591 negligible, non-significant

Source: own work.

TABLE 2. Relationships between noise perception and other variables

Variable Pearson’s r Significance
(p) Interpretation

Auditory comfort 0.772 0.000 strong positive correlation: as noise decreases, 
comfort increases

Air temperature 0.155 0.034 significant positive relationship

Relative humidity −0.202 0.005 significant negative relationship

Wind speed −0.185 0.011 significant negative relationship

Mean radiant temperature 0.066 0.372 no relationship

Sound pressure level −0.687 0.000 strong negative correlation: higher levels reduce 
quietness perception

Horizontal illuminance −0.117 0.109 no relationship

Vertical illuminance 0.008 0.914 no relationship

Source: own work.

Multiple linear regression analysis

To examine the extent to which environmental variables explained variations 
in auditory comfort, a multiple linear regression analysis was performed. In this 
model, participants’ subjective auditory comfort ratings served as the dependent 
variable, while air temperature, relative humidity, wind speed, mean radiant 
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temperature, sound pressure level, horizontal illuminance, and vertical illuminance 
were entered as predictors (Table 3).

TABLE 3. Significant predictors from the multiple linear regression analysis

Variable Coefficient β Significance
(p) Interpretation

Sound pressure 
level −0.103 0.000 strongest and most significant negative predictor: 

as sound levels increase, auditory comfort decreases
Vertical 
illuminance −0.020 0.040 statistically significant negative predictor: higher 

vertical illuminance reduces auditory comfort

Source: own work.

The overall regression model was statistically significant (F = 11.959, 
p < 0.001), indicating that the selected environmental variables collectively provide 
a meaningful explanation of auditory comfort. The model demonstrated a moderate 
explanatory power, accounting for approximately 29.1% of the variance in auditory 
comfort (adjusted R² = 0.291).

The regression results demonstrated that sound pressure level exerted 
a significant negative influence on auditory comfort (β = −0.103, p < 0.001), 
confirming that higher noise levels correspond to lower perceived comfort. 
Among all predictors, sound pressure level emerged as the dominant variable 
in the model, exhibiting the strongest standardized effect, indicating that acoustic 
intensity remains the primary determinant of auditory comfort when multiple 
environmental variables are considered simultaneously. This outcome is consistent 
with prior findings emphasizing the detrimental impact of excessive sound 
exposure on users’ acoustic satisfaction. Interestingly, vertical illuminance also 
appeared as a statistically significant predictor, though with a smaller negative 
coefficient (β = −0.020, p = 0.040). In practical terms, this means that greater 
vertical brightness was associated with slightly reduced auditory comfort ratings, 
whereas lower levels seemed to enhance perceived comfort.

One possible explanation is that elevated vertical illuminance can create a sense 
of glare or visual distraction, which in turn heightens sensitivity to unwanted 
sounds. This interpretation underscores the subtle yet meaningful cross-influences 
between visual and auditory domains. The results further demonstrate that auditory 
comfort is shaped by a combination of environmental factors rather than isolated 
variables, highlighting the importance of evaluating environmental conditions 
within a holistic, multisensory framework.

A noteworthy finding is that vertical illuminance, which did not show 
a significant relationship in correlation analysis, became significant in regression 
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analysis. This finding indicates the presence of a suppressor effect within 
the multivariate structure of the data. While vertical illuminance alone does 
not exhibit a direct relationship with auditory comfort, its influence becomes 
apparent when the shared variance with other environmental variables 
is controlled. This difference stems from the fact that correlation only assesses 
pairwise linear relationships, whereas regression accounts for the simultaneous 
contribution of all variables, controlling for interrelations. Thus, the significance 
of vertical illuminance in regression suggests that its effect on auditory comfort 
is shaped through suppressor relationships with other environmental variables 
(Fig. 3). Air temperature, relative humidity, wind speed, mean radiant temperature, 
and horizontal illuminance were not statistically significant predictors (p > 0.05). 
Nevertheless, the inclusion of these variables in the model contributes to a more 
comprehensive understanding of the environmental system, suggesting that their 
effects may be indirect or mediated through interactions with other variables.

FIGURE 3. Parameters influencing auditory comfort and noise perception
Source: own work.

Collinearity diagnostics indicated varying levels of interdependence among 
the predictors, which is expected given the complex interactions between 
environmental parameters in outdoor environments. Despite this, the model 
remained statistically robust, and key predictors retained their significance.

Perceived and preferred sound types

Participants’ evaluations of the outdoor acoustic environment reflected not 
only their perceptions of existing sound sources but also their personal preferences 
and expectations. To analyze these responses, the perceived and preferred sound 
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types were grouped into four main categories: traffic-related, human-related, 
natural, and other (Fig. 4).

FIGURE 4. Perceived and preferred sound types in outdoor spaces
Source: own work.

The results reveal a noticeable mismatch between what participants heard 
most frequently and what they actually preferred to hear. Human-related sounds 
were the most commonly perceived yet among the least favored. For instance, 
186 participants reported hearing speech, but only 18 identified it as a sound they 
enjoyed. Laughter and footsteps followed a similar pattern, commonly noticed but 
seldom appreciated. This pattern suggests that although human sounds dominate 
the outdoor soundscape, they are generally perceived as intrusive background 
noise rather than sources of comfort.

Traffic-related sounds, such as those from cars, motorcycles, buses, 
and airplanes, ranked low both in perception frequency and in preference. 
In particular, sounds generated by motorcycles, buses, and construction activities 
were never listed as desirable, emphasizing that high-decibel mechanical noise was 
consistently associated with disturbance and reduced auditory comfort.

By contrast, natural sounds emerged as distinctly preferred. Birdsong was 
perceived by 160 participants and actively preferred by 69, while flowing 
water – although absent in the physical setting − was identified as a desirable 
sound by 80 respondents. This finding clearly positions natural sounds like 
the most positively valued auditory stimuli in outdoor spaces. Even wind 
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sounds, though less frequently perceived, were relatively well-liked compared to 
anthropogenic noises.

Overall, these outcomes indicate that the enhancement of outdoor auditory 
environments should extend beyond mere noise reduction. Urban soundscape 
design would benefit from strategies that amplify the presence and perceptibility 
of natural acoustic elements, thereby fostering more restorative and comfortable 
outdoor experiences.

Strategies for improving auditory comfort

Participants were also invited to propose strategies that, in their view, could 
enhance auditory comfort in outdoor environments. They were free to choose 
multiple options from a predefined list. The results indicate that users tend to 
associate auditory comfort not merely with the absence of unwanted noise but 
with a more comprehensive sense of environmental quality (Fig. 5).

FIGURE 5. Strategies for improving auditory comfort in outdoor spaces
Source: own work.

Among the proposed strategies, creating shaded areas (81.4%) and increasing 
greenery and tree density (80.9%) were most frequently selected. These 
preferences suggest that participants value integrated design solutions capable 
of simultaneously improving auditory, visual, and thermal comfort. Shaded zones 
and vegetation not only act as natural sound barriers but also enrich the overall 
soundscape by accentuating desirable natural sounds.
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A similarly high level of agreement was observed for the arrangement of urban 
furniture (76.6%), emphasizing the influence of spatial organization on acoustic 
experience. Adjustments in seating orientation, spacing, or surface materials may 
subtly shape how users perceive the surrounding sound environment.

Direct acoustic interventions were also well received: more than half 
of the respondents supported the installation of noise barriers (54.3%) 
and the masking of unwanted noise with natural sounds (52.7%). These preferences 
show that participants favor a dual approach − reducing unpleasant sounds while 
amplifying positive auditory cues − which is consistent with contemporary 
soundscape design principles.

By contrast, strategies such as increasing sky visibility or modifying ground 
surfaces received comparatively lower support, likely because their influence 
on perceived auditory comfort is indirect.

Taken together, these findings reinforce the notion that auditory comfort 
in outdoor public spaces extends beyond physical sound levels. It can be enhanced 
holistically through the integration of natural elements, thoughtful spatial 
organization, and the deliberate inclusion of positive auditory features.

Discussion

This research adopted a multidimensional framework to examine how 
environmental variables influence users’ auditory comfort in outdoor settings. 
The findings demonstrate that auditory perception is not determined by sound 
pressure levels alone but emerges from complex interactions among acoustic, 
thermal, and visual conditions. While confirming several well-established 
relationships frequently discussed in prior studies, the results also shed light 
on the subtle, indirect ways in which thermal and visual factors can shape 
auditory comfort.

The observed negative association between auditory comfort and sound 
pressure level aligns closely with the broader literature. In the present study, 
higher measured sound levels corresponded to a marked decrease in participants’ 
reported comfort, reaffirming the detrimental impact of noise intensity on human 
well-being. At the same time, the strong positive link between perceived quietness 
and auditory comfort underscores the dual importance of objective and subjective 
dimensions of acoustic evaluation (r = 0.772, p < 0.001) (Taghipour et al., 2020; 
Liang et al., 2021; Ratcliffe, 2021).
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Thermal factors (namely air temperature, relative humidity, wind speed, and mean 
radiant temperature) displayed limited yet noteworthy associations with auditory 
comfort. Although these variables did not show statistically significant relationships 
with auditory comfort (p > 0.05), they exhibited significant correlations with noise 
perception, particularly for air temperature (r = 0.155, p = 0.034), relative humidity 
(r = –0.202, p = 0.005), and wind speed (r = –0.185, p = 0.011). Such findings 
strengthen multisensory interpretations of outdoor experience, emphasizing that 
environmental sensations are typically perceived as an integrated whole. Prior 
studies have shown, for example, that higher temperatures may reduce noise 
tolerance and amplify annoyance (Zhang et al., 2020). Likewise, the interplay 
of wind and humidity has been suggested to influence auditory comfort indirectly 
by affecting neural excitability and levels of attention (Wang et al., 2021).

Although the correlations between illuminance and auditory comfort 
were modest, the regression results indicated that vertical illuminance acted 
as a significant negative predictor. Specifically, vertical illuminance, which was 
not significant in correlation analysis (r = −0.039, p = 0.591), became statistically 
significant in the regression model (β = −0.020, p = 0.040). This observation 
supports the view that excessive brightness or glare, particularly at eye level, 
can lead to distraction and mild environmental stress (Williamson et al., 2023). 
In practical terms, increased vertical illuminance may draw visual attention away 
from the acoustic environment, thereby diminishing auditory comfort.

Participants’ responses concerning perceived and preferred sound types further 
confirm that comfort depends not only on intensity but also on the qualitative 
nature of sounds. Natural sounds − such as birdsong, wind rustling, and flowing 
water − were consistently preferred, whereas anthropogenic sounds from 
vehicles, construction, or sirens were largely rejected. This pattern supports 
the concept of positive soundscapes, which recognize natural sounds as restorative 
and emotionally beneficial (Davies et al., 2009). Beyond acoustic comfort, exposure 
to natural sounds has also been linked to psychological relaxation and stronger 
place attachment (Yang & Zhang, 2024).

Finally, participants’ suggested strategies reveal that improving auditory 
comfort involves both acoustic management and spatial design considerations. 
The most frequently preferred strategies included increasing shaded areas (81.4%), 
enhancing vegetation density (80.9%), and improving urban furniture arrangement 
(76.6%), while direct acoustic interventions such as noise barriers (54.3%) 
and sound masking (52.7%) were also widely supported. Commonly endorsed 
measures − including the use of vegetation, noise barriers, and natural sound 
masking − reflect a preference for holistic soundscape design approaches that seek 
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to attenuate undesirable sounds while enhancing pleasant ones (Fei et al., 2025). 
From this perspective, effective outdoor design should move beyond conventional 
noise control, integrating multisensory principles that simultaneously support 
acoustic, visual, and thermal well-being.

Conclusions

The results indicate that the acoustic environment remains the most influential 
factor in shaping outdoor auditory comfort. Lower sound pressure levels 
and stronger perceptions of quietness consistently contributed to higher comfort 
ratings. At the same time, the observed negative association between vertical 
illuminance and comfort implies that lighting conditions, particularly brightness 
in the field of view, may subtly influence how soundscapes are perceived. 
Although thermal variables such as air temperature, humidity, and wind speed 
did not directly predict auditory comfort, they affected participants’ perception 
of noise intensity, suggesting that thermal sensations can modulate how auditory 
stimuli are cognitively processed. Together, these outcomes point to the inherently 
multisensory nature of outdoor comfort. Participants’ soundscape preferences 
further enrich this interpretation. Natural sounds like birdsong, flowing water, 
and wind were rated as the most pleasant and desirable, whereas human-related 
(speech, laughter) and mechanical sounds (traffic, construction) were typically 
disliked. This finding underscores that a comfortable sound environment depends 
not only on quietness but also on the quality and diversity of sounds present. 
The strategies most often proposed by participants − including expanding green 
areas, introducing shaded structures, reorganizing urban furniture, and masking 
unwanted sounds with natural ones − illustrate a clear preference for environments 
that balance sensory richness with tranquility. Overall, the study demonstrates 
that improving auditory comfort in public open spaces requires an integrated 
design perspective. Beyond traditional noise control, planners should adopt 
multidimensional strategies that enhance natural sound presence, strengthen visual 
quality, and ensure favorable microclimatic conditions. Further research conducted 
across different seasons, climatic zones, and demographic groups will be essential 
for deepening the understanding of these multisensory comfort interactions 
and refining soundscape-oriented urban design practices.
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during the autumn season. The collected data included air temperature, relative humidity, 
wind speed, mean radiant temperature, sound pressure level, and both horizontal and vertical 
illuminance. Correlation and regression analyses revealed that sound pressure level was 
the most influential parameter, showing a strong negative association with auditory comfort, 
while higher vertical illuminance slightly decreased comfort levels. Thermal variables 
exhibited indirect effects on noise perception rather than on comfort itself. Participants 
expressed a strong preference for natural sounds such as birdsong and flowing water, 
while human and mechanical sounds were generally disliked. The findings highlight that 
auditory comfort is a multisensory phenomenon shaped by both acoustic and contextual 
environmental qualities.
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Introduction

Clay masonry units have been essential building materials for centuries 
in the construction of homes and infrastructure (Gallegos & Casabonne, 2005), not 
only due to their availability, ease of molding, and mechanical strength after firing 
(Uribe et al., 2021) but also because these properties have allowed ceramic bricks 
to become one of the most widely used and fundamental products in traditional 
masonry (Muñoz Pérez et al., 2021). This effectiveness continues to be observed 
in the use of these ceramic building units in many parts of the world, such as Latin 
America, Asia, and Africa, where their use remains predominant (Rotaondaro, 
2007) in both artisanal processes and semi-industrialized systems that supply 
the growing urban demand (UN Environment et al., 2018), particularly in areas 
where self-construction is common (Tam et al., 2018).
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At the same time, rapid urban growth has led to a significant increase 
in the generation of construction and demolition waste (CDW), which refers 
to waste or refuse generated from building, remodeling, and demolition work 
(Kofoworola & Gheewala, 2009) and generally consists of a mixture of leftover 
materials from these processes (Chi et al., 2020). Globally, this waste represents 
one of the largest volumes of solid waste streams, reaching over 30% of total solid 
waste in several cities (Lu et al., 2017). In Latin America, the limited infrastructure 
for its management means that a large portion of CDW is disposed of in informal 
landfills, causing negative environmental impacts, additional cleanup costs, 
and deterioration of the urban landscape (Oviedo Cogollo & Vega Suárez, 2021).

Given this scenario, the valorization of CDW has gained relevance as a strategy 
to promote more sustainable construction, with its incorporation into the production 
of building materials being one of the most researched alternatives (Sieffert et al., 
2014). Some previous research has shown that CDW could be partially incorporated 
into the production of these units, provided that the dosage and corresponding 
particle size are controlled (Robayo et al., 2016). Bektas et al. (2007) highlight 
that both crushed stone and ceramic waste can function as the granular skeleton, 
improving internal stability and increasing brick density.

For instance, research has evaluated the incorporation of recycled concrete 
and brick powder in the production of geopolymeric mortars and bricks, 
demonstrating the potential of these residues to produce resistant and functional 
materials through alkaline activation processes and modifications in particle size 
distribution (Rahimpour et al., 2024; Capasso et al., 2025). Similarly, a study 
published in 2024 on geopolymers incorporating brick and concrete demolition 
waste explored mixtures with different percentages of CDW, highlighting 
the effects of waste composition and processing on the mechanical properties 
of the resulting materials (Parra et al., 2024). Furthermore, recent review studies 
have analyzed the use of recycled CDW aggregates in concrete, illustrating how 
variations in treatment and aggregate characteristics influence the final performance 
of construction products (Luo et al., 2024). Overall, these recent publications 
(2024–2025) demonstrate a growing research trend toward the valorization 
of construction and demolition waste with different particle sizes and processing 
methods, aiming to reduce waste generation, promote circular economy strategies, 
and develop more sustainable building materials.

An important aspect of this research lies in the particle size of the CDW, 
as this determines crucial properties such as compaction, porosity, and the final 
mechanical strength of the brick. Evidence suggests that fine fractions of ceramic 
waste or pulverized brick can act as micro-fillers, reducing porosity and modifying 
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water absorption by filling the voids in the clay matrix (Rahhal et al., 2019). Zanelli 
et al. (2021) show that the incorporation of fine and very fine fractions of CDW 
is technically viable as long as there is an adequate granulometric classification, 
noting that particles with a size less than 0.6 mm can be incorporated without 
affecting the physical-mechanical behavior of the brick.

Other studies reveal that coarser particle sizes, or excessive substitution 
percentages, tend to increase porosity and absorption, while decreasing density 
and compressive strength if firing conditions are not controlled (Gencel et al., 
2022). Similarly, recent research confirms that there is an optimal incorporation 
range depending on the type of waste and the firing temperature. Cases such 
as Dubale et al. (2023) report that substitutions between 10% and 25% of crushed 
CDW make it possible to obtain bricks that meet the established strength criteria 
when fired at temperatures between 850°C and 900°C.

In Peru, a similar situation exists. Brick production plays a dominant role 
in urbanized areas, while the generation of CDW is increasing due to the rapid 
growth of the construction sector. However, this waste is not receiving adequate 
attention from the authorities because a management and treatment plan has not 
been implemented to allow access to all the potential benefits that could be obtained 
from it (Bazán, 2018). This is because reuse strategies are needed to reduce clay 
extraction and promote more sustainable practices (Kumar et al., 2021).

However, there is still little evidence regarding how the particle size 
variation of CDW influences the physical and mechanical properties of clay 
units produced under local conditions (Torres, 2024). Therefore, this study aims 
to evaluate the influence of different CDW particle sizes (3/4″, 1/2″, 3/8″, 
and No. 4) on the physical and mechanical properties of clay masonry units, 
considering parameters such as absorption, dimensional variation, and compressive 
strength. The results are intended to establish technical criteria to guide the optimal 
incorporation of CDW in the sector.

The use of CDW in the production of clay masonry units represents a natural, 
technical, and sustainable alternative to the challenges of overexploitation 
of resources and poor waste management in construction (Pacheco-Torgal, 2014). 
The relevance of this research lies in the problems generated by environmental 
degradation, the increase in informal dumps, and the need for affordable 
construction materials, while simultaneously promoting the circular economy 
and the efficient use of local resources (Lieder & Rashid, 2016). This fosters 
the production of more sustainable, safe, and durable bricks by combining technical 
innovation with responsible, low-environmental-impact construction practices 
(Tejada, 2025).
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From a social perspective, this research proposes the reuse of CDW in clay 
bricks as an alternative for producing accessible and safe building materials for 
communities where debris accumulation and a lack of local resources are significant 
concerns (Santana et al., 2024). This allows for the production of affordable units 
with adequate mechanical properties, which helps improve the structural safety 
of homes and enhances the quality of life in communities, while also promoting 
more sustainable construction practices (Vega Garcia, 2024).

Theoretically, the study is supported by scientific documentation 
on the incorporation of construction and demolition waste as part of ceramic 
materials (Al-Fakih et al., 2018) and the effects of particle size on the physical 
and mechanical properties of bricks. It also draws on evidence of how the particle 
size of construction and demolition waste can act as a micro filler or granular 
structure, influencing absorption, dimensional variation, and compressive strength. 
Furthermore, it expands the knowledge applied to civil engineering and sustainable 
construction technologies (Junior et al., 2022).

From a methodological standpoint, the research presents a quasi-experimental 
and quantitative design that allows for the evaluation of how variations in particle 
size of CDW of 3/4″, 1/2″, 3/8″, and No. 4 influence the performance of clay 
bricks. Laboratory tests, conducted under current technical standards, ensure valid 
and reliable results, providing information to promote sustainable alternatives 
in the brickmaking industry (Xiao et al., 2022). From an environmental perspective, 
the research encourages the reuse of CDW, which reduces the extraction of virgin clay 
and the amount of waste in landfills (Padmalosan et al., 2023). This practice contributes 
to the circular economy and opens up possibilities that will lead to the production 
of more sustainable bricks, in line with ecological construction strategies and impact 
mitigation values associated with traditional materials (Zhang, 2013). 

The main objective of this research was to evaluate the influence of the particle 
size of CDW on the physical-mechanical properties of clay bricks.

Material and methods

The research conducted is applied because it aims to obtain scientific results 
with practical applications (Quintero, 2007), allowing theoretical knowledge to be 
translated into feasible solutions that address the needs of the sector and society 
(Mayz & Pérez, 2002). In this sense, the research seeks to evaluate the influence 
of CDW size on the properties of clay bricks, providing technical criteria that promote 
more efficient and environmentally responsible production processes (Fig. 1).
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FIGURE 1. Investigation process
Source: own work.

The design is quasi-experimental because the independent variable 
is manipulated while total control of all external conditions is not achieved, allowing 
observation of its effects on the properties of the bricks produced (Shadish et al., 
2002). This type of design allows, through the control of laboratory conditions 
and the application of technical evaluation protocols (Manterola & Otzen, 2015), 
the comparison of groups being subjected to different particle sizes. In this case, 
the research analyzes how the particle sizes 3/4″, 1/2″, 3/8″, and No. 4 influence 
the physical-mechanical performance of masonry units.

This research is quantitative because it focuses on the measurement and analysis 
of numerically obtained data to answer the research questions (Creswell & Creswell, 
2018). It contributes to the application of standardized and objective procedures 
(Cárcamo Vásquez et al., 2009) for evaluating the physical-mechanical properties 
of clay bricks made with different particle sizes of CDW, such as water absorption, 
dimensional variation, and compressive strength. The application of precise 
measurements will yield replicable results that can be statistically verified, thus 
ensuring the validity and reliability of the analysis (Hernández et al., 2014).

The total number of clay bricks manufactured constituted the research 
population. The sample consisted of 75 bricks, comprising a control group without 
the addition of CDW and four experimental groups. Each experimental group was 
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made with a different particle size, allowing for a comparative analysis of the effect 
of particle size on the aforementioned brick properties. The CDW was extracted 
from a landfill where this material had been present for extended periods, ensuring 
that the material obtained was representative. The aggregates were then processed 
through crushing and grinding to obtain the particle size fractions required for 
the study (3/4″, 1/2″, 3/8″, and No. 4).

The clay masonry units were handcrafted using molds measuring 
20 × 11 × 9 cm (Fig. 2), classified as solid bricks Type II according to NTP 331.017 
(Instituto Nacional de Calidad [INACAL], 2015). Five test groups were formed, 
each consisting of 15 specimens: one control group without added waste and four 
experimental groups with the different fractions of construction and demolition 
waste mentioned, allowing the tests to be organized in a controlled manner for 
subsequent evaluation.

FIGURE 2. Clay brick unit dimensions
Source: own work.

Water absorption, dimensional variation, and compressive strength tests 
were conducted in accordance with the limits and procedures established by 
NTP 399.613 (INACAL, 2017), ASTM C62-17 (ASTM International, 2017), 
and ASTM C67-14 (ASTM International, 2014). For the water absorption test, 
the bricks were first dried to a constant mass, then fully immersed in water 
for a specified period, and the increase in mass was measured to determine 
the absorption percentage. Dimensional variation was evaluated by measuring 
the length, width, and height of the bricks before and after water immersion to 
quantify expansion or shrinkage (Fig. 3). Compressive strength tests were carried 
out using a universal testing machine, applying a gradually increasing load until 
failure and recording the maximum load sustained by each specimen. In addition, 
chemical composition data from previous studies on CDW were incorporated 
to assess their potential influence on the physical and mechanical behavior 
of the bricks. This combined approach ensures methodological rigor and provides 
a comprehensive understanding of how the characteristics of the recycled material 
affect key properties such as strength, durability, and water absorption.
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FIGURE 3. View of the manufactured masonry units
Source: own photos.

Results and discussion

Construction and demolition waste  

This composition of CDW shows that the majority consists of concrete, bricks, 
tiles, and slabs. These materials, which possess medium strength, represent 
the largest fraction of the waste, while other components appear in smaller 
proportions (Table 1). In this context, it can be interpreted that CDW has 
the potential to provide granular structure and some mechanical reinforcement to 
clay bricks, especially when appropriate particle sizes are used (Chica & Beltrán, 
2018). Furthermore, the presence of ceramic and stone materials could influence 
water absorption and internal cohesion, which are key aspects for ensuring 
the durability of the final product.

However, it is also important to note that CDW does not have 
a uniform or identical composition everywhere, as this depends 
on factors such as the type of structure demolished, the demolition procedure, 
and the environmental management systems employed. For this reason, 
the behavior of the waste can vary between different collection areas 
(Suárez-Silgado et al., 2019). This justifies the need to carry out a proper 
classification before incorporating them into construction materials.
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TABLE 1. Mean composition of construction and demolition waste

Element % by mass
[%]

Concrete 63.67

Solid bricks 17.98

Tiles/Slabs 11.11

Mortar 4.23

Concrete block 0.11

Concrete tiles 0.39

Stones 1.38

Asbestos-cement 0.38

Wood 0.11

Organic matter 0.20

Source: Chávez Porras et al. (2013).

The analysis was performed using X-ray fluorescence spectrometry, a technique 
that, as explained by Torres-Rodríguez et al. (2022), identifies elements by exciting 
atoms with X-rays and then detecting the characteristic emissions, thus revealing 
the mineral composition of the CDW. The results, quantified in the following table, 
show the chemical components of the CDW and give us an idea of their potential 
role in the properties of the brick (Table 2).

TABLE 2. Elemental composition of construction and demolition waste by X-ray fluorescence spec-
trometry assay

Element Result
[%] Oxides Result

[%]

Calcium (Ca) 36.839 Silicon oxide (SiO₂) 36.852

Silicon (Si) 29.509 Calcium oxide (CaO) 30.089

Aluminum (Al) 14.126 Aluminum oxide (Al₂O₃) 15.581

Iron (Fe) 10.202 Iron oxide (Fe₂O₃) 8.515

Magnesium (Mg) 4.477 Magnesium oxide (MgO) 4.334

Potassium (K) 2.069 Potassium oxide (K₂O) 1.455

Sulfur (S) 1.199 Sulfur oxide (SO₃) 1.748

Titanium (Ti) 1.066 Titanium oxide (TiO₂) 1.038

Manganese (Mn) 0.218 Manganese oxide (MnO) 0.164

Strontium (Sr) 0.197 Strontium oxide (SrO) 0.136

Zirconium (Zr) 0.057 Zirconium oxide (ZrO₂) 0.045

Vanadium (V) 0.041 Vanadium oxide (V₂O₅) 0.043

Source: Vega Neyra and Hizo Celestino (2025).
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X-ray fluorescence analysis demonstrated that demolition waste contains 
components such as minerals and oxides, which are almost identical to those 
found in traditional fired bricks, with abundant silica, alumina, and calcium 
and iron oxides, all of which are active in the material’s behavior (Saíz et al., 
2023). This similarity in chemical structure suggests the potential use of this waste 
as a material that could partially and adequately replace the traditional components 
of concrete masonry units, promoting compatibility with cementitious materials 
and the internal cohesion of the mixture.

In the present study, no presence of asbestos, asbestos-containing materials, 
or paints with heavy metals was detected in the construction and demolition 
waste evaluated; the materials were subjected to inspection and chemical 
characterization, which showed that their composition mainly consists of typical 
mineral phases from concrete and ceramics (such as silica, alumina, and calcium 
oxides), with no hazardous or toxic compounds identified, nor significant 
concentrations of contaminating elements that could pose a risk to human health 
or the environment. Therefore, the recycled material can be considered safe 
and suitable for use in the production of masonry units. Furthermore, the bricks 
produced with this material will be completely encapsulated by mortar during 
the plastering process, remaining fully covered, which serves as an additional 
physical barrier that limits any potential particle release and enhances the safety 
and stability of the material in its final application.

Absorption

The water absorption results reveal slight variations (small percentages) as CDW 
is incorporated in different particle sizes, ranging from 10.7% for the control brick 
to values between 11.7% and 13.0% for mixtures with recycled aggregate (Fig. 4). 
However, these variations remain within technically acceptable limits for masonry 
units. This slight increase can be attributed to the increased porosity generated 
by the incorporation of CDW particles, which allows for greater water retention 
without compromising the brick’s internal structure. This effect is more noticeable 
in fine-grained residues, while coarser sizes tend to decrease absorption. Although 
NTP 399.613 (INACAL, 2017) does not establish a maximum absorption limit for 
this type of brick, a reference value of no more than 22% is considered to ensure 
adequate performance in bricks fired under this standard. From this perspective, 
all the values obtained are below the estimated threshold, with residue No. 4 
registering the lowest absorption values, indicating better performance against 
moisture, while the 3/8″ residues showed the highest absorption, showing that 
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the granulometry of the CDW influences the absorption capacity, suggesting that 
there is an optimal residue size range that allows maintaining controlled porosity 
and ensuring the durability of the brick, but showing that the incorporation of CDW 
does not affect the absorption capacity or the hygroscopic condition of the brick.

FIGURE 4. Average absorption of clay bricks with construction and demolition waste
Source: own work.

Dimensional variation

The dimensional variation reflected in the bricks incorporated with CDW 
is within the limits allowed by the national technical standard NTP 331.017 
(INACAL, 2015), which stipulates tolerances in length of ±4%, in height of ±6%, 
and ±7% for the width of units such as those in this study. Regarding dimensional 
variations, height showed the greatest variation (102.7%), while length 
and width showed slight reductions, remaining close to the standard dimension. 
The 3/8″ waste best preserved its dimensions, while the No. 4 waste exhibited 
the greatest deviations (Fig. 5). This suggests that proper control of waste size 
can minimize deformations and promote a more uniform distribution of internal 
stresses during the drying and firing process. None of these variations exceeded 
regulatory limits, and no significant deformations were observed. Therefore, 
it can be concluded that the inclusion of CDW waste would not compromise 
the dimensional uniformity of the produced units. Furthermore, these results 
confirm that, with good control of dosage and particle size distribution, bricks 
can maintain high dimensional consistency, which is crucial for their correct 
placement and structural performance on site.
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FIGURE 5. Average dimensional variation of clay bricks with construction and demolition waste
Source: own work.

Compressive strength

The compressive strength results for the unit groups show significant variations 
depending on the size of the incorporated CDW residue. While bricks with 3/4″ 
and No. 4 residue achieved the highest values, 65 kg⸱cm−2 and 64 kg⸱cm−2, 
respectively, even surpassing the control brick (55 kg⸱cm−2), bricks with 3/8″ residue 
exhibited the lowest strength, and those with 1/2″ residue showed intermediate 
performance (Fig. 6). This behavior reflects that coarser residue allows for better 
compaction and internal densification of the brick, favoring the development 
of its internal structure during firing. This indicates that the selection of residue 
size is crucial for ensuring structural strength, with coarser residue offering better 
performance in bricks incorporating CDW. Therefore, the appropriate choice 
of residue size not only improves strength but also contributes to the uniformity 
and durability of the units in practical applications.

FIGURE 6. Average compressive strength of clay bricks with construction and demolition waste
Source: own work.
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Discussion

Regarding water absorption, a progressive increase was observed 
with the incorporation of CDW, particularly with 3/8″ particles, which reached 12.9%. 
This behavior is consistent with Voišnienė et al. (2019), who indicated that certain 
waste particle sizes can increase porosity. Similarly, Gencel et al. (2022) reported 
values up to 17.5% for particles smaller than 2 mm, noting that an unsuitable particle 
size distribution may influence the material’s hygroscopic response. Cruzado (2018) 
also obtained absorption values around 12.79%, reinforcing the relationship between 
finer particles and higher voids. A notable finding of the current study is that waste 
No. 4 showed the lowest absorption, suggesting an optimal particle size range that 
allows improved compaction and reduced porosity. Dos Reis et al. (2019) indicate that 
a moderate particle size in CDW can densify the material and decrease absorption. 
Similar results were reported by Gutiérrez and Miranda (2025), with absorptions 
as low as 4.93%, demonstrating that relatively coarse particles can enhance moisture 
resistance, while Peña and Rincón (2018) found absorption values of 3.63% for 
particle sizes around 2.5 mm, showing that fine particles, if properly controlled, also 
reduce absorption. Other studies, however, show that absorption depends on both 
the amount and type of residue. Gutiérrez and Oyarce (2021) reported values as high 
as 24.8%, while Raini et al. (2025) observed 20%, indicating that particle shape 
and incorporation percentage influence absorption as much as size. Finally, Torres 
(2024) reported 3.6% for mixtures with controlled granulometry, highlighting that 
a uniform and well-processed particle size limits absorption even in the presence 
of CDW (Fig. 7).

FIGURE 7. Absorption of bricks with construction and demolition waste according to different authors
Source: own work.
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Continuing with the dimensional variation, no significant deformation was 
observed, as all bricks remained within the limits established by the standard. 
This is consistent with Cruzado (2018), who also reported that the incorporation 
of CDW did not produce significant deformations, observing a variation of 4.41% 
in height and noting that the greatest fluctuations occur in this dimension. Similarly, 
Torres (2024) found the greatest variation in height at 1.77%, and Gutiérrez 
and Oyarce (2021) recorded their most notable variation in thickness at 2.68%, 
although all values remained within the standard limits. In the present study, height 
showed the highest percentage of variation (102.7% relative to the nominal height), 
while bricks made with 3/8″ residues better preserved their dimensions, and those 
made with No. 4 residues exhibited the most noticeable deviations, indicating that 
CDW granulometry has a stronger influence on the geometric stability of bricks 
than commonly considered (Fig. 8).

FIGURE 8. Dimensional variation of bricks with construction and demolition waste according to dif-
ferent authors
Source: own work.

Finally, regarding compressive strength, the highest values were obtained 
with the coarse waste (No. 4 and 3/4″), even surpassing the standard brick. 
This behavior aligns with the findings of dos Reis et al. (2019) and Vega Neyra 
and Hizo Celestino (2025), who demonstrated that using optimal CDW particle 
sizes achieves better compaction and improves the internal structure of fired bricks. 
This is consistent with studies showing that coarse particles, such as 3/4″, allow 
for higher strengths by generating a denser matrix with lower porosity. Similarly, 
Gutiérrez and Oyarce (2021) indicated that adequate strength is achieved with small 
dosages of waste, but progressive increases in the proportion of incorporation 
can lead to a decrease, highlighting the existence of an optimal substitution 
limit, as also noted by Raini et al. (2025). In contrast, the 3/8″ residues exhibited 
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the lowest strengths, reflecting the same behavior described by Gencel et al. (2022) 
and Cruzado (2018), who stated that fine particles (smaller than 2 mm or close 
to 2.36 mm) increase porosity, resulting in lower mechanical strength due to 
greater void occupancy within the matrix. Even studies with ultrafine particles, 
such as 0.25 mm (Voišnienė et al., 2019) or 0.125 mm (Reis et al., 2019), show 
that although considerable strength values can be achieved in specific contexts, 
performance depends heavily on the proportion and compaction process, 
and excessive use can lead to less dense structures. The results of the present study 
are also partially related to those of Torres (2024), who indicated that CDW can 
slightly decrease compressive strength compared to conventional bricks, without 
compromising their structural performance (Fig. 9).

FIGURE 9. Compressive strength of bricks with construction and demolition waste according to other 
authors
Source: own work.

Conclusions

The properties of the standard clay bricks, without the incorporation of CDW, 
showed an absorption of 10.7%, a dimensional variation within acceptable limits, 
and a compressive strength of 55 kg⸱cm−2. These values constitute the baseline for 
evaluating the effect of incorporating construction and demolition waste, allowing 
for clear identification of the changes generated by each recycled particle size 
compared to the conventional material.

Water absorption increased with the incorporation of CDW, reaching up 
to 13.0% in 3/8″ particles, while residues with a CDW aggregate size of No. 4 
registered lower absorption (11.7%), demonstrating that fine particles increase 
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porosity and facilitate water capture, while intermediate granulometries allow 
maintaining good performance against humidity and preserve the durability 
of the unit.

Regarding dimensional variation, all units with CDW remained within 
the limits established by standard NTP 331.017. Height showed variations of up 
to 102.7% with 3/8″ waste, while waste with a No. 4 CDW aggregate size showed 
a 102.1% fluctuation in height and smaller deviations in length and width. This 
demonstrates that the CDW particle size influences the geometric stability 
of the bricks, making it important to select appropriate sizes to maintain the required 
uniformity on site. Overall, the dimensional performance obtained demonstrates 
that the incorporation of waste is compatible with regulatory requirements, 
provided that adequate control of the production process and the particle size 
distribution used is ensured.

Regarding compressive strength, the CDW bricks with an aggregate size 
of No. 4 and those of 3/4″ reached 64 and 65 kg⸱cm−2, respectively, surpassing 
the standard brick, while the 3/8″ waste bricks registered only 26 kg⸱cm−2. 
This reflects that coarse particles favor compaction and, therefore, the development 
of the brick’s internal structure, improving its mechanical capacity, while the use 
of fine particles can generate greater porosity and significantly reduce the strength 
of the units. Taken together, all this evidence confirms that strength depends not 
only on the presence of CDW but also on particle size.
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Summary

Clay masonry units with variation in construction and demolition waste (CDW) 
particle size. The objective of this research was to evaluate the influence of construction 
and demolition waste (CDW) particle size on the physical and mechanical properties of clay 
bricks. The methodology was applied, with a quantitative approach and a quasi-experimental 
design. The population comprised all manufactured bricks, and the sample consisted 
of 75 units, distributed into a control group without CDW and four experimental groups 
with particle sizes of 3/4″, 1/2″, 3/8″, and No. 4. Absorption, dimensional variation, 
and compressive strength were evaluated. The control bricks exhibited an absorption 
of 10.7%, dimensional stability within regulatory limits, and a compressive strength 
of 55 kg⸱cm−2. Absorption increased to 13.0% with 3/8″ waste, while No. 4 showed 
lower absorption (11.7%). Dimensional variation remained within acceptable limits. 
The 3/8″ waste particles retained their dimensions better, while the No. 4 particles showed 
greater deviations in height. Regarding compressive strength, the coarse waste particles 
(3/4″ and No. 4) reached 65 and 64 kg⸱cm−2, respectively, surpassing the control, while 
the 3/8″ particles registered only 26 kg⸱cm−2, demonstrating that coarse particles favor 
compaction and structural development of the brick. In conclusion, the incorporation 
of CDW into clay bricks is a proven alternative, with particle size being a determining 
factor in optimizing its properties.
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