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ABSTRACT

This paper explores the role that traceability and the use of predictive analytics could play in improving the
durability and reusability of bamboo-based building materials. In an effort to better understand the problem being
solved, a web-based monitoring platform has been developed across bamboo building projects in Jordan leveraging
the use of Internet of Things (IoT) technology, machine learning modelling algorithms, and a web-based dashboard.
The data generated from the installed sensors was modelled using algorithms such as the Random Forest algorithm and

the XG Boost algorithm. Additionally, interviews were done. Analysis revealed improved durability in the digitally
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traceable bamboo parts compared to the manually inspected parts through the increased residual strength of 9-12% and

a life span of about three months. Introduction of environmental factors enabled the life span recalibration in the digital-

twin system (R = 0.89) compared to the previous predictions. Reuse circularity in the digital-twin platform improved

as 62% of the components were categorized as high-reuse components. A combination of predictive intelligence and

environmental analysis describes a replicable approach for the sustainable management of building materials in data-

driven construction environments.

Keywords: Digital Traceability; Bamboo Durability; Circular Reuse; Digital Twin; Sustainable Construction

1. Introduction

The move towards sustainable building materials
is, therefore, one of the characteristics that define the 21st
century, which is pushed by the dual forces of natural re-
source depletion and the deterioration of the environment.
Currently, the construction industry is known to account
for the consumption of around 40% of the overall energy
in the world . At the same time, it is also reported to ac-
count for one-third of the overall gas emissions in the en-
vironment. There is, therefore, a growing concern to find
more sustainable, recyclable, and renewable materials that
will have lower embodied energy without significantly al-

(23] Under these circumstanc-

tering the performance levels
es, the potential of using Bamboo as a sustainable bio-ma-
terial with high tensile strength comes into the picture. The
other benefits are its quick regrowth and its ability to act
as a carbon sequestrator. The increasing digitalization in
the construction sector has further aided the move towards
making the sector more sustainable, with chief milestones
in the Internet of Things, digital twins, and machine learn-
ing applications in the sector that promote real-time mate-
rial monitoring and the digital traceability of all materials
in the construction sector . The digital traceability, in
particular, is a technology that provides an inherent digital
identity for each material in the construction sector, which
provides a record of the material’s usage history in the en-
vironmental space, aiming at providing decision-making
support that is well-informed and geared towards the opti-
mal recycling of the different materials in the construction
industry.

In addition, in spite of the advancements in digital
monitoring and predictive models in the case of tradition-
al materials in the industry such as steel and concrete ™,

bamboo materials still lag in these technological advance-

ments. As a matter of fact, the current traditional inspec-
tion and maintenance processes still dominate in the case
of existing buildings made from bamboo materials. This is
followed by a reactive approach instead of the preventive
method. Moreover, the current literature on the bamboo
materials’ life cycle and durability is dominated by chem-
ical treatment processes and coating technology instead
of the data-driven life-cycle optimization strategy. On the
other hand, in spite of the need to adopt digitalization in
the construction technology industry as a whole ), the
full technological scope in the digital management of the
bamboo materials’ life cycle still remains uncharted. Thus,
the absence of integration solutions for traceability within
the bamboo material life cycle has caused insufficient data
on the traceability performance of the bamboo materials.
Moreover, the literature on the current situation appears to
be considering the bamboo material life-cycle durability,
performance impact, and bamboo material reuse in cir-
cular economy perspectives as separate topics instead of
covering them as a continual and wholesome life cycle.
Therefore, in the absence of an integrated comprehensive
scheme in the case of the bamboo material life-cycle per-
formance and resulting predictive and monitoring schemes,
the bamboo material life cycle appears to be systematically
exposed to doubts on the structural integrity in distinguish-
ing the material life-cycle disposal phases, which further
confounds the efficiency in the case of the material re-
sources as well as the frameworks on the sustainable bam-
boo material reuse. Thus, the main problem here for con-
ducting the research work is the absence in the case of the
integrated comprehensive scheme on the bamboo material
life-cycle performance.

The study’s import lies in its theoretical and practical
applications. On a theoretical basis, the research promotes

the incipient paradigm of “smart sustainability” in the con-
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struction industry; namely, the design where the applied
materials must be not only biologically renewable but also
“smart,” able to communicate their properties in order to
control them. On a practical level, the research exempli-
fies how the parameter of digital traceability may raise the
value of bamboo by turning it into “smart” self-managed
material. In the case of developing countries such as the
Jordan Valley, where the problem of climatic diversity and
raw material makes the sustainability of the construction
industry an issue "), the application of such paradigms
helps the country achieve its sustainability goals.

The originality of the proposed research appears in
its combination of traceability in the digital realm, predic-
tion using analytics, and feedback from the natural envi-
ronment into one empirical approach that is applied in the
bamboo construction material industry. Contrary to the
previous literature that focused on the sustainability of the
construction material industry in terms of the testing of
material durability or exposure to the natural environment
in isolation ' the current proposal combines the digi-
tal material lifecycle approach that analyses data from the
natural environment using algorithms in the realm of the
Internet of Things while incorporating the concept of the
‘Digital Twin Reuse Evaluation System.

The theoretical underpinning of this research falls
under the larger discursive realm of the circular econo-
my and the digitalization of the construction industry. Al-
though there has been research carried out in the realm of
digital twins and sensor monitoring in industrial materials
U121 there has been limited research in this area conducted
in the domain of bio-based materials that are highly vari-
able and environmentally sensitive. The current research
also fills a unique gap because it approaches the concept of
bamboo as a ‘data-rich’ material in which the physical and
virtual aspects are intertwined in an iterative process of the
material’s life cycle. This also falls in line with the ‘theory

Bl which believes that “ma-

of data embedded materiality’ !
terials expand their intelligence and malleability through
an endless flow of data integration.” The current research
also falls under the larger remit of this theory in which it
has chosen to integrate bamboo.

Departing from the common theme of structure
health monitoring, digital twin analysis, and loT-based

lifecycle assessment applied to individual assets and com-

mon materials, the proposed research applies instead a
framework centered on the material properties and the val-
ue chains of bamboo-based infrastructure. By incorporat-
ing digital traceability together with the assessment of po-
tential bamboo re-use and durability, the research extends
the prior state of the art applied to individual assets toward
a framework embedded in the value chains of the bamboo
material itself. Even though the research study has been
applied to twelve different infrastructure projects and 120
bamboo components deployed in the country of Jordan,
it must be clear that the contribution is not the creation of
generic numerical limits but the development of a transfer-
able framework. By incorporating the application of digital
traceability together with predictive analytics and digital
twin visualization, the study establishes a methodological
reference framework that may be applied to other biobased
materials and other geographical locations facing similar
climatic or sustainable developmental constraints. Larger
project scopes and additional comparative analyses across
different locations across the different countries would
ultimately be required to improve the numerical limits of
individual parameters and to generally verify the findings
across larger scopes. This research study nevertheless
indicates that even for smaller infrastructure project im-
plementations, the associated application of digitalization
may greatly improve the scope of lifecycle management
assessment applications related to bamboo infrastructure

durability as well as related biobased infrastructure re-use.

2. Literature Review

2.1. Digital Traceability in Construction Mate-
rials

Digital traceability refers to the systematic record-
ing and tracking of the lifecycle of any material, from or-
igin, through processing, to application, maintenance, and
recovery at its end of life, made possible through digital
technologies such as RFID, IoT sensors, and blockchain
systems. Within the construction sector, this is known as
a key enabler of Industry 4.0 data-driven approaches to
material management. Research by Pathmu (2025) ¥ and
Khan et al. (2022) " has proved that traceability systems
introduce accountability and full supply chain visibility

that allows for quality assessment and certification of sus-
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tainable materials with more reliability. Similarly, Santa-
na and Ribeiro (2022) " and Giovanardi et al. (2022) """
support that traceability also enables the verification of
embodied carbon and environmental compliance, therefore
enabling circular design in construction projects.

Despite these developments, research on digital
traceability has focused on industrial and mineral-based
materials, such as steel, concrete, and asphalt "*'*, Applica-
tions of traceability frameworks to bio-based construction
materials remain scant, especially in developing regions.
Bamboo has gained growing interest due to its renewable
and mechanical properties. Still, only a limited number
of studies """ have considered how digital traceability
would increase the performance monitoring or reuse poten-
tial of this building material. The gap in the existing litera-
ture is the absence of real-time traceability data regarding
bamboo materials. This inhibits their integration into state-

of-the-art construction management systems.

2.2. Durability of Bamboo and Bio-Based Ma-
terials

Material durability of natural fibres and plant-based
composites is a central issue in structural engineering and
sustainable material science. Bamboo is widely document-
ed by Awalluddin et al. (2017) ® and Sharma et al. (2015)
1 for its mechanical strength, tensile resilience, and rap-
id renewability. However, its susceptibility to biological
decay, humidity fluctuations, and temperature has raised
continuing performance issues. Research on Noverma
et al. (2020) ¥ and Bui et al. (2017) ** shows that poor
maintenance or low-quality bamboo degrades in strength
over time, especially when exposed to humid or saline
conditions. Though durability treatment and resin-based
reinforcement have achieved partial success, they often
compromise the environmental benefit of bamboo through
the addition of non-renewable chemicals.

Recent developments have focused on intelligent
monitoring of durability by using embedded sensors and
wireless networks. Rotilio et al., (2018) ** demonstrated
the possibility of indicating the early degradation of tim-
ber and bamboo structures by embedding moisture and
temperature sensors. However, these studies only involved
experimental prototypes and did not develop links between

sensor-based monitoring and predictive or traceable data

systems. Therefore, there is a significant gap in the litera-
ture regarding an integrated framework focusing on digital
monitoring, predictive analytics, and material durability

performance at the bamboo-construction application level.

2.3. Circular Reuse and Lifecycle Thinking in
Sustainable Construction

Sustainability for the construction sector has been
redefined by circular economy principles that place a pre-
mium on reuse, refurbishment, and recycling over linear
consumption and waste. Dewagoda et al. (2022) *" and
Goswein et al. (2019) * argue that in making the tran-
sition to circularity, there is a need to move from static
material lifecycles to dynamic feedback systems whereby
materials are traceable and continuously fed back into new
construction contexts. Digital traceability provides the in-
formational basis for this shift, whereby materials bear a
verifiable digital identity through successive stages of their
lifecycle.

For bamboo, there is also a duality of opportunities
and challenges to be considered within the context of cir-
cular reuse. Research by Chen et al. (2020) *” and Li et al.
(2020) ®* has demonstrated that provided the mechanical
history and exposure record of the bamboo are known, it
can be structurally reused or processed into an engineered
composite. However, such knowledge is seldom available
or in a standard format therefore, decisions for its reuse are
conservative, leading to the waste generated by its disposal
at an early stage in its life. Digital traceability linked with
the principles of the circular economy may, therefore, build
confidence in reuse decisions through traceable material
condition with verifiable performance histories-a research
avenue which remains comparatively unexplored in the ex-

tant literature.

2.4. Predictive Monitoring and Smart Analyt-
ics

Machine learning and artificial intelligence have
really revolutionized predictive modelling in material sci-
ence. Works by Ekanayake et al. (2022) ® and Yuan et al.
(2022) " have illustrated the potential of machine-learn-
ing algorithms, such as Random Forest and XGBoost, for

forecasting structural deterioration and residual strength of
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concrete and timber materials under various environmental
exposure conditions. These algorithms outperform conven-
tional statistical models through capturing complex nonlin-
ear interactions of environmental, chemical, and mechani-
cal variables.

Despite growing evidence of their validity, predic-
tive analytics for natural and bio-based materials remains
underdeveloped. Most research has focused on traditional
materials whose degradation mechanisms are well-under-

d ®** In the case of bamboo, predictive analytics

stoo
have seldom been used to evaluate performance or reuse
potential in real-world scenarios. Moreover, linkages do
not exist between predictive output and operational de-
cision-making tools, such as digital-twin platforms. This
limits the practical applications of predictive models in
enabling adaptive maintenance and circular resource plan-

ning for bamboo-based materials.

2.5. Environmental Integration and Lifecycle
Adaptation

Environmental conditions, especially humidity, tem-
perature amplitude, and duration of exposure, have a major
impact on the degradation behaviour of bamboo. Previous
studies by Musthaq et al. (2023) P and Cascione et al.
(2020) ®"' have recorded the high sensitivity of natural ma-
terials to environmental stressors in semi-arid and humid
climates. However, existing literature often considers these
factors as external uncontrollable risks rather than measur-
able variables of predictive systems. Newer frameworks

38
! accommodate

within adaptive environmental modelling '
real-time environmental feedback for digital lifecycle man-
agement to dynamically update maintenance schedules and
reuse strategies.

This adaptive approach has seldom been used in the
case of bamboo. Most research on the durability of bam-
boo, such as Shettigar et al.’s 2025 study, assumes fixed
environmental states or employs post-hoc rather than
continuous testing of environmental conditions °*. The
absence of integrated environmental feedback systems
constitutes a significant gap in ensuring the reliability and
scalability of bamboo for long-term construction applica-
tions, especially in climates like Jordan’s with great sea-

sonal variation.

2.6.1dentified Research Gap

This research aims to address these gaps through
the development and testing of a smart, digital traceabil-
ity-driven lifecycle framework for bamboo materials.
Although literature has addressed the aspects of bamboo
durability and its circular reuse and digital innovation sep-
arately, no integrative data-driven model unifying these di-
mensions in real-time exists. Second, there is a remarkable
dearth of reports on how integrating the state-of-the-art
BIM with digital traceability, along with predictive moni-
toring and environmental analytics, can lead to simultane-
ous improvement in the durability and circular reuse pros-
pects of the bamboo-based construction material. There
is also a shortage of empirical evidence in developing re-
gions like Jordan, where climatic variability and resource
constraints have created the need for context-specific
technological adaptation. Therefore, this research devel-
ops and tests a framework that couples digital traceability
with monitoring, analytics, and environmental feedback
to enable the pursuit of a circular construction approach
applied to bamboo materials. Coupling technological inno-
vation with sustainability principles provides one with an
improved understanding of how natural materials can be
converted into intelligent, traceable, and circular assets in

the built environment.

2.7.Conceptual Framework and Hypothesis
Development

This research presents a conceptual framework (Fig-
ure 1) that combines digital traceability, environmental
exposure, machine learning algorithm analytics, and the
potential for circular reuse to analyse the role of bam-
boo-based constructions in Jordan. Digital traceability is
enabled through the use of Internet of Things (IoT), Radio
Frequency Identification (RFID), and cloud-based databas-
es to record instantaneous lifecycle data. Machine learning
algorithms (Random Forest and XGBoost) will then anal-
yse the data to predict durability measures such as strength
and longevity. These environmental exposure factors (tem-
perature and humidity) moderate the degradation process-
es. Three distinct paths will emerge from the framework: (i)
the effect of traceability on durability outcomes directly, (ii)

traceability and the potential for second-loop cyclical use
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indirectly through analytics outcomes, and (iii) the mod-
erated relationship between traceability outcomes affected
by environmental exposure factors. Hypotheses will now

emerge from the conceptual framework:

Hypothesis 1. Digital traceability and ‘smart’ attributes
(sensor data & traceability index) positively influence the
accuracy of predicting the durability and strength lifetime

predictions of bamboos.

Hypothesis 2. Environmental exposure factors (tempera-

|

ture variation & humidity) play important determinants in
influencing the degradation & lifetime diminution effects

in bamboos & bamboo-based construction materials.

Hypothesis 3. By integrating the principles of digi-
tal traceability & instantaneous lifecycle material data
through the use of ‘digital twin’ technology interfaces in
the enhanced ‘circular’ reuse potential outcomes through
more accurate predictions & decisions regarding ‘residues’

reuse.

Digital Traceability J

A

[ Machine-Learning

> e Digital Twin
L Predictive Layer Bashboard

|

|

1

1

Environmental : uy :

Exposure Durability Circular Reuse
Performance Potential

Figure 1. Conceptual Framework of the Study.

3. Methodology

3.1. Research Design

The research work carried out used a mixed-methods
research design that combines descriptive and analytical
methods to evaluate bamboo-based construction materials’
lifetime performance using digital traceability systems in
Jordan. The research work began with a descriptive meth-
od that aimed to describe accurately the condition of bam-
boo’s current state, durability, and levels of performance
under the prevailing climatic conditions accurately. The
research work progressed to the analysis level to discover
causal relations that exist among digital traceability vari-
ables, climatic conditions, and bamboo construction ma-
terials’ levels of performance. The research work started
with exploratory research to investigate levels of digital

traceability adoption within Jordan’s construction indus-

try and progressed to descriptive and analytical research
after obtaining quantitative field data using smart digital
traceability systems. The research work provided room to
explore new combinations of digital traceability adoption
levels with the construction industry and precision to in-
vestigate statistical significance levels of variables associ-

ated with the durability of bamboo materials.

3.2.Data Collection Methods

The data collection exercise was carried out for six
months from January to June 2024 in three governorates
in Jordan; these were Amman, Irbid, and Ajloun. This se-
lection of the governorates was done in an attempt to cap-
ture different climatic conditions from arid to semi-humid.
There was the use of both primary and secondary data
sources to ensure that the research is complete and cred-

ible. Primary sources were used in the collection of data
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from bamboo by making use of Internet of Things (IoT)
technology, radio frequency identification (RFID) chips,
and manual observation. The IoT technology allowed for
continuous observation of the environment in terms of
temperature, humidity, and moisture content. The RFID
chips allowed for digital traceability of the bamboo from
the time of creation until the time of disposal. Physical
observations of the strength and degradation of the bam-
boo were also used in the experimental procedure of the
research by assessing the physical strength of the selected
samples of bamboo. In addition to the data collection as-
pect of the research, there was the use of semi-structured
interview techniques among twenty experts in the field of
construction in Jordan regarding the integration process
and the adoption of traceability in the Jordanian construc-
tion industry.

For the secondary sources of this research, several
reports and studies were reviewed on sustainable construc-
tion, bamboo composites, and the use of digital monitor-
ing. The use of these sources helped the research tap into
the worldwide discussions on smart and sustainable con-
struction materials. In addition to the usual field analysis
and IoT-based collection of information, a digital twin in-
terface was created to represent the actual structure of each
bamboo material based on its real-time status. The inter-
face linked all the information collected by several sensors
to simulations to facilitate both past and future analyses of
material performance.

Each sensor type was initially calibrated prior to
installation against a handheld reference device to ensure
readings fell within the manufacturer’s tolerance range.
During operation, obviously spurious values-for example,
implausible temperature or humidity spikes arising from
power or connection issues-were removed, short gaps were
linearly interpolated, and longer gaps were treated as miss-
ing. All time-stamped measurements from disparate devic-
es were subsequently resampled onto a common interval
and synchronized before constructing the dataset employed

for predictive models and lifecycle indicators.

3.3. Population and Sample

The targeted population consisted of all con-

struction projects in Jordan using bamboo or hybrid
bamboo-based materials in any form, whether for pilot
installations, demonstration structures, or operational
buildings. Since the construction practice of bamboo is
quite new in Jordan, the identified population only to-
talled twenty-five active or recently completed projects.
These were identified from the Jordan Green Building
Council registry, architectural firms specialized in sus-
tainable design, and collaborative institutions involved in
ecological construction initiatives.

Considering the fact that the targeted population is
relatively small and is skewed towards specialized sec-
tors, the purposive sampling technique became the suitable
choice to locate the projects that merged and could support
the integration of digital monitoring systems. However,
the selection of the total of twelve projects that formed
the study’s sample included, on average, ten bamboo-re-
lated monitored items in each, accumulating to a total of
120 monitored items in the study. The study adopted the
purposive sampling technique to allow for the selection
of representative examples related to the application and
experimental use of bamboo materials in the construction
industry in Jordan.

Though the theoretical value of the sample was
twenty-four, due to some constraints such as the avail-
ability of suitable projects and the availability of ready
monitoring systems, the final value considered was twelve
projects. This value was considered sufficient for analysis
since it had a representative variety of exposures and mate-

rials.

3.4. Description of Population

The selected schemes had varying building types,
material arrangements, and climatic conditions. Table 1
shows the characteristics of the study population, includ-
ing the structural conditions and climatic differences that
were taken into consideration in the data collection pro-
cess.

This was made in a manner that covered the range
of conditions associated with the bamboo performance in
Jordan, from the dryness in Amman to the more humid en-

vironment in the Ajloun region.
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Table 1. Population Description.

Variable Description Type Geographical Focus (;l:)j:;:f:
Type of Structure Residential, public pavilions, experimental prototypes  Categorical ~Amman, Irbid, Ajloun 25
Material Composition ~ Pure bamboo, hybrid bamboo-polymer composites Categorical Amman, Irbid 25
Monitoring System Manual inspection/digital traceability (IoT-based) Binary Amman, Ajloun 25
Age of Structure 0-5 years, 610 years Ordinal All locations 25
Climatic Exposure Humid, semi-arid, arid Categorical All locations 25

3.5. Summary Table of Main Variables

The main variables investigated in the study were
operationalized to capture both the material properties of
bamboo and the efficiency of the digital traceability sys-
tem (Table 2).

These variables formed the core analytical frame-
work for examining how digital traceability influences the
lifecycle durability and reuse potential of bamboo materi-

als in real construction environments.

3.6. Measures and Analytical Methods

This research requires measurement with high ac-
curacy and validity. The process of measurement was
done by employing calibrated equipment. Moisture mea-
surement was done by using Bosch G940 digital moisture
meters. The measurement of temperature was done by
using DS18B20 temperature probes. The measurement of
compressive strength involved processes according to ISO
22157 standards by using a Universal Testing Machine.
The compressive load capacity was determined from this
measurement process. The traceability index was deter-
mined by evaluating data from the digital tracking system

supplied by the RFID process. The index of surface deg-

radation was determined by systematic visual evaluation
according to ASTM D3345 standards.

The analysis was performed using both statistical
techniques and sophisticated machine learning models to
accurately capture the non-linear relationships that exist
among the variables in the problem. The Random Forest
and XGBoost models were used to determine the regres-
sion of the residual compressive strength and the estimated
service life of the bamboo material when the input vari-
ables of temperature, humidity, rate of moisture change,
treatment type, and traceable index are given. The models
were validated using root mean squared error (RMSE),
mean absolute error (MAE), and the coefficient of deter-
mination (R-squared). Pearson correlation analysis and
ANOVA were both used to determine the effect of treat-
ment and exposure on enhancing the material’s durability.
Interview transcripts and field notes were first analysed
thematically, based on an initial coding set derived from
the conceptual framework, and then supplemented with
the inductive emergence of additional codes from the data.
Two researchers worked together to refine the code list af-
ter the initial round of coding to ensure a shared meaning
of key categories, and the summary themes were discussed
with participants to check that the interpretations accurate-

ly reflected their experiences.

Table 2. Summary of study variables.

Main Variable

Operational Definition

Measurement Scale Data Source

Moisture Content (%)
Compressive Strength (MPa)
Surface Degradation Index
Traceability Index
Reuse Potential (%)

Environmental Exposure Index

Ratio of water mass to dry mass in bamboo
Load-bearing capacity before failure
Qualitative rating from 1 (no damage) to 5 (severe)
Percentage of lifecycle data digitally recorded
Proportion of components suitable for reuse

Combined measure of temperature and humidity variance

Continuous IoT sensors
Continuous Mechanical testing
Ordinal Field inspection
Ratio RFID system logs
Ratio Lifecycle model output
Continuous IoT sensors
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3.7. Ethical Consideration

All interviews were performed in accordance with
institutional ethical guidelines. Participation was on a
strictly volunteer basis through informed consent, and
participants were free to withdraw at any time. Interview
data were anonymized and stored on password-protected
devices. Sensor and monitoring data applied exclusively to
material and environmental conditions and did not contain

personally identifiable information.

4. Results

4.1. Overview of Data Collected

This is the dataset employed in the current study,
which was obtained from twelve bamboo construction
sites representing the diverse climatic conditions of Am-
man, Irbid, and Ajloun. Over a period of six months, that
is, January to June 2024, 120 components of bamboo were
monitored with sensors using IoT and RFID systems. Data
captured on moisture, temperature, humidity, and deg-
radation conditions were at an interval of every 30 min.
Manual inspections done monthly over four weeks could
validate the accuracy of the sensors. After pre-processing,
a total of 155,000 valid observations were retained, giving
a data integrity rate of 98.7%. Temperature and relative
humidity ranged between 16.8 °C and 64.5% in Ajloun and
29.4 °C and 38.9% in Amman. Overall, 8,000 lifecycle en-
tries were present within the traceability system, followed
by the integration with a digital twin dashboard where the
attained validation accuracy was 95.3%. Presented in Ta-
ble 3 is an overview of the scope and data quality across

the three regional clusters.

Table 3. Details Of Collected Data.

Parameter Amman Irbid Ajloun Total
No. of Projects 5 4 3 12
Components Monitored 50 40 30 120
Monitoring Duration (months) 6 6 6 6
Total Sensor Records 68,400 52,200 34,400 155,000
Data Completeness (%) 98.4 97.9 99.2 98.7
Average Temperature (°C) 29.4 243 16.8
Average Relative Humidity (%)  38.9 52.7 64.5

of exposure to the environment, which later became one of
the inputs used in the correlation and predictions that fol-
lowed. Furthermore, the fact that the data is more complete
lends significant strength towards the successful training
of the models that were used in the interpretation of the

statistics that were derived from the observations.

4.2. Descriptive Analysis of Key Variables

Six main variables emerged through analysis: mois-
ture content, compressive strength, surface degradation
index, environment exposure index, traceability index, and
reuse index. The average moisture content of the studied
bamboo components was 14.8%, showing a remarkable
variability caused by site location and prevailing humidi-
ty. Ajloun had the maximum average moisture content of
17.4%, reflecting the prevailing humid climate, while the
lowest average of 12.2% was registered in Amman, as it
is a semi-arid region. These differences reflected a corre-
sponding average of 42.6 MPa for the overall compressive
strength, for which a reverse correlation with moisture
content was established through statistical analysis in the
corresponding stage.

The index of surface deterioration ranged from 1 (no
detectable deterioration) to 5 (substantial deterioration),
and its average was 2.3. Comparison of the components of
Ajloun and Amman indicated that Ajloun components were
slightly more deteriorated (average of 2.8 compared to 1.9
for Amman), which was because of the effect of moisture.
The environmental exposure index was computed using
the normalized variance of temperature and humidity; its
average was 0.63. This indicated moderately high expo-
sure. Higher exposure indexes indicated faster absorption
of moisture and the trigger for the maintenance message in
the digital twin environment.

The traceability index, which is the percentage of
the lifecycle processes documented digitally, had an aver-
age of 0.82. This is the measure of the percentage of the
important phases in the structure’s lifecycle that are docu-
mented digitally from the time of installation to the time of
examination. The positive impact of the traceability index
on the performance consistency can be attributed to the ef-
ficiency of the detection and subsequent maintenance pro-

cesses. The reuse potential index, which was the integral

This data set presented significant variations in terms value from the remaining strength and the measure of the

9
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degradation process, averaged 0.71. This indicated that the

structures had the potential to be reused at the end of the

first lifecycle at the rate of 71%. The descriptive statistics

from the data collected are shown in Table 4 below.

Table 4. Descriptive Statistics Result.

Variable Mean SD Minimum Maximum Observed Range Unit
Moisture Content 14.8 3.7 8.9 21.6 12.7 %
Compressive Strength 42.6 54 32.1 54.8 22.7 MPa
Surface Degradation Index 23 0.9 1.0 4.5 3.5 Scale (1-5)
Environmental Exposure Index 0.63 0.12 0.41 0.88 0.47 Dimensionless
Traceability Index 0.82 0.09 0.65 0.97 0.32 Proportion (0-1)
Reuse Potential Score 0.71 0.15 0.38 0.92 0.54 Proportion (0-1)

4.3. Correlation and ANOVA Analysis

The Pearson correlation matrix defined the bivariate
relationships among the six main variables: moisture con-
tent, compressive strength, surface degradation index, en-
vironmental exposure index, traceability index, and reuse
potential score. Several statistically significant associations
were found, as depicted in Table 5.

The correlation analysis yielded a few important
trends that support the theoretical propositions of the re-
search. First, there was a strong negative relationship
between moisture content and compressive strength, r =
—0.74, p < 0.001, which shows that with increased internal
moisture, the load-carrying capacity of bamboo is consid-
erably weakened. This outcome supports previous studies
concerning hygroscopic materials where absorbed mois-
ture causes the swelling of fibres, reduction of stiffness,
and weakening of the microstructure.

Figure 2 shows a heat map of the strength and direc-
tion of associations among the main study variables. Strong
negative associations are evident between moisture content
and compressive strength, and between environmental ex-
posure and reuse potential, suggesting that heightened en-
vironmental stress negatively affects both structural integ-
rity and reusability. Similarly, the environmental exposure
index has a strong negative association with compressive
strength (r = —0.71, p < 0.001) and a positive association
with surface degradation (r = 0.66, p < 0.001), confirming
that heightened environmental stress, higher levels of hu-
midity and larger temperature fluctuations lead to greater
surface deterioration and loss in strength.

Conversely, the traceability index had positive cor-

relations with both compressive strength (r = 0.46, p <

0.01) and reuse potential (r = 0.67, p < 0.001), but a neg-
ative correlation with surface degradation (r = —0.52, p <
0.01). This implies that structures in which effective digital
monitoring is in place undergo lower rates of degradation,
leading to improved maintenance practices, thus improv-
ing material endurance. An important negative correlation
was, however, found for the traceability index and envi-
ronmental exposure (r = —0.58, p < 0.001), which implies
that a structure that is less exposed (due to proper design
and legislative intervention through digital monitoring)
retains higher levels of traceability information. Addition-
ally, reuse potential was found to be positively correlated
with both compressive strength (r = 0.61, p < 0.001) but
negatively correlated with both moisture content and envi-
ronmental exposure, thereby confirming the expected out-
come that lower levels of exposure due to higher levels of
material strength improve material reuse potential.

To further assess the significance of these correla-
tions, one-way and two-way ANOVA tests were employed
to analyse the differences in compressive strength and sur-
face degradation to check the statistical significance of dif-
ferences due to varying levels of treatment, type of moni-
toring, and exposure intensity. The ANOVA test shows that
there is a significant difference in the compressive strength
of the materials due to varying levels of treatments (F
(2,117) = 15.84, p < 0.001). Post-hoc Tukey tests showed
that the compressive strength of the chemical-treated bam-
boo (M = 47.8 MPa) is significantly higher compared to
the compressive strength of the untreated bamboo (M =
38.5 MPa) and the naturally treated bamboo (M = 42.1
MPa) and highlights the ability of chemical treatment to
increase the strength of the bamboo materials to withstand

different climatic changes. The surface degradation values

10
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were also found to differ significantly due to the varying

treatment levels (F (2,117) =9.63, p <0.001).

Table 5. Correlation Analysis Result.

Variables Moisture Content Compressive  Surface Degrada- Environmental Traceability Reuse Potential
Strength tion Index Exposure Index
Moisture Content 1 —0.74%%* 0.69%** 0.82%** —0.48%* —0.57%**
Compressive Strength 1 —0.63*** —0.71%%* 0.46** 0.61%**
Surface Degradation Index 1 0.66%** —0.52%* —0.49%*
Environmental Exposure 1 —0.58*** —0.62%**
Traceability Index 1 0.67%**

Reuse Potential

1

Note: #% p < 0.01; *** p < 0.001.

Compressive Strength

Traceability Index -

Reuse Potential

Moisture Content
Compressive Strength

0.75
0.50

-0.25

--0.25

Reuse Potential

b
Q
e
=
>
=2
o)
[+
(]
o
E
=

Surface Degradation
Environmental Exposure

Figure 2. Heat Map of Correlation Analysis for Key Variables.

A one-way ANOVA post-hoc Tukey test result shows
that the highest surface degradation values (M = 2.9) were
noted in the case of untreated bamboo materials, followed
by the naturally treated bamboo (M = 2.2) and the chemi-
cal-treated bamboo materials (M = 1.8) and indicates that
the methods used for protecting the surfaces of the materi-
als can Another ANOVA investigating the effect of type of
monitoring on compressive strength and surface degrada-
tion found it to be significant for both factors: compressive
strength of components tested through digital monitoring
(M = 44.9 MPa) was significantly higher compared to
components inspected by humans (M = 40.3 MPa), and
surface degradation values were lower in components test-

ed through digital systems (M = 2.0) compared to compo-

11

nents tested by humans (M = 2.6). The significant differ-
ence in this case speaks volumes about the advantage of
digital traceability systems and their efficacy in providing
early maintenance notifications. The eta-squared measure
of effect size in this case was found to be 0.12 because the
type of monitoring explained 12% of the total variance of
durability.

The third ANOVA considered the environmental
exposure categories and their effects on material perfor-
mance. ANOVA results showed a very significant differ-
ence in the values of compressive strength between the
exposure levels: F(2,117) =21.09, p < 0.001. For example,
specimens under high exposure conditions showed a con-

siderably lower average strength of 38.7 MPa compared
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to the groups with medium (43.9 MPa) and low exposure
(47.3 MPa). Similarly, the surface degradation index in-
creased progressively with exposure intensity: F(2,117)
= 18.42, p < 0.001, which suggested that environmental
stress caused faster deterioration in the material. There is
an interaction effect between exposure intensity and mon-
itoring type: F(2,114) = 4.28, p < 0.05, proving that the
presence of the digital traceability system modulated the
detrimental effect of exposure by allowing quicker detec-

tion and mitigation.

4.4. Machine-Learning Prediction of Durabili-
ty and Residual Lifespan (H.)

Two non-parametric ensemble regressors were uti-
lized because of the capability to model complex nonlinear
relationships and interaction effects typical in moisture—
temperature—time dynamics: Random Forest (RF) and
XGBoost (XGB). The features utilized included rolling
means and variances of moisture and temperature (win-
dows ranging from 24 to 72 h), relative humidity statistics,
Environmental Exposure Index, Traceability Index, dum-
my variables for treatment category, component geometry
(diameter and thickness), age in months, site, and base-

line strength at commissioning. In order to prevent leak-

age in the data, all derived statistics were computed using
only past-only windows and strictly partitioned accord-
ing to component ID. Model evaluation employed nested
cross-validation: outer 5-fold, grouped by project inner
5-fold for hyperparameter tuning. The outer folds were de-
signed to avoid site-level leakage across governorates. The
metrics provided are averages over the outer folds, includ-
ing R’, RMSE, and MAE. A very parsimonious baseline
model a regression based on ordinary least squares using
the mean of moisture, the mean of temperature, and age
was used for comparison.

XGBoost consistently outperformed the baseline
and Random Forest with a gain in R” of around 0.31-0.35
with respect to linear regression and a decrease in MAE of
roughly 1.5 MPa (strength) and 2.7 months (lifespan) from
Table 6. The improvements indicate that nonlinear interac-
tions among moisture dynamics, temperature cycles, treat-
ment, and traceability density are important for durability
prediction. The outcome confirms Hypothesis Hi because
the enhanced models using smart monitoring and traceabil-
ity features produce substantially higher predictive accura-
cy. Permutation importance and SHAP analyses converged
to a robust ranking of global drivers. The top predictors for

the optimal model, namely XGBoost, are listed in Table 7.

Table 6. Predictive Performance Results.

Target Model R’ RMSE MAE
Residual Strength (MPa) Baseline Linear Regression 0.58 3.92 3.08
Residual Strength (MPa) Random Forest 0.83 245 1.86
Residual Strength (MPa) XGBoost 0.89 2.01 1.52
Remaining Life (months) Baseline Linear Regression 0.54 6.8 5.2
Remaining Life (months) Random Forest 0.80 4.1 3.1
Remaining Life (months) XGBoost 0.87 33 2.5

Table 7. Top Predictors for the Best Model (XGBoost).

Rank Predictor (Standardized)

Importance (Normalized)

Direction of Effect (Summary)

1 Moisture Variance (72 h) 1.00
2 Environmental Exposure Index 0.91
3 Mean Relative Humidity (24 h) 0.78
4 Traceability Index 0.74
5 Temperature Cycle Amplitude (daily) 0.66
6 Treatment: Chemical (boric—borax) 0.59
7 Component Age (months) 0.53
8 Baseline Strength at Commissioning 0.47
9 Thickness/Diameter 0.39
10 Protective Coating Present 0.31

Higher variability reduced strength and lifespan.
Greater exposure lowered strength, shortened life.
Higher RH is associated with strength loss.

Higher traceability improved predictions and was linked to longer
remaining life via earlier interventions.

Larger diurnal swings reduced residual strength.

Positive shift in strength and life relative to untreated.

Older components showed declining residuals, conditional on exposure.
Higher initial quality increased residual strength.

Thicker culms retained strength longer.

Reduced surface degradation, modest life extension.
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Interpretively, the short-horizon moisture variabili-
ty predictor was the strongest, which suggested that rapid
wetting—drying cycles were more harmful than steady-
state humidity at a similar mean level. The Traceability
Index ranked fourth and had a positive relationship with
both target components: denser digital records tended to
produce more prompt drying, re-treatment, or shielding ac-
tions flagged by the monitoring system, which the models
captured as higher predicted residual strength and longer
remaining life. Treatment effects were positive and statisti-
cally significant, supporting the ANOVA analysis.

Fold-wise residuals provided evidence of slight un-
der-prediction for rare high-humidity events in Ajloun and
slight over-prediction for newly commissioned, chemically
treated elements in Amman with limited operational his-
tory. Sensitivity analyses which omitted the Traceability
Index from the feature set degraded XGBoost performance
(strength R* from 0.89 to 0.82 life R* from 0.87 to 0.79),
confirming that traceability information provided a unique

predictive signal beyond environmental and material co-

variates.

4.5.Durability Enhancement through Digital
Traceability

This analysis compared components under digital
surveillance to a matched cohort based only on manual in-
spection. Matching was performed at the project scale to
account for location, exposure band, and treatment class.
Any observed trends are thus diagnostic of monitoring
practices rather than site composition. In the matched sub-
set, components in digital surveillance had lower moisture
variance, slower surface deterioration, higher residual
strength, and longer predicted remaining life. Mean differ-
ences shown in Table 8 remain significant when normaliz-
ing for treatment and exposure intensity. Adjusted models
suggest traceability-based monitoring extends predicted
remaining life primarily by lowering moisture variability
and narrowing the time between anomaly detection and

corrective action.

Table 8. Operational metrics indicating digital traceability.

Manual Inspection Digital Traceability

Outcome (6-Month Window) (n = 58) (n=62) Adjusted Mean Difference Test Statistic
Moisture variance (72 h, standardized) 0.46+0.18 031+0.14 —0.13 [95% CI: —0.18, —0.08] t=4.73,p<0.001
Surface degradation index (1-5) 2.56+0.78 2.04 +0.63 —0.41 [-0.60, —0.22] F(1,116) =10.03, p = 0.002
Residual compressive strength (MPa) 403 +5.1 449+4.6 +3.9[2.1,5.7] F(1,116) =12.47, p <0.001
Predicted remaining life (months) 10.1+3.8 13.2+3.5 +2.8[1.5,4.1] t=4.21,p<0.001
Maintenance interventions per component 0.6+0.4 1.3+£0.5 +0.7 [0.5, 0.9] t=18.02,p<0.001
Alert-to-intervention lead time (days) 9.7+43 3.8+2.1 =5.6[-6.9,-4.3] t=7.11,p<0.001

Values are means with standard deviations. Adjusted
mean differences control for treatment untreated, natural,
chemical and exposure band low, medium, and high. Neg-
ative differences reflect reductions in risk factors; positive
differences reflect performance gains. The size of these
differences was practically significant. Cohen’s d for re-
sidual strength was 0.78, indicating a large effect, while
the gain in predicted remaining life represented a 27-32%
uplift from the manual cohort. Components with a higher
traceability density index > 0.85 contributed the majority
of the uplift. This group also posted the shortest alert-to-in-
tervention intervals on the dashboard. Error analysis of the
predictive models reinforced these findings: removing the

traceability index from XGBoost reduced accuracy and

systematically resulted in under-prediction of lifespan for
monitored components, indicating that maintenance acts
triggered by digital data shifted the underlying deteriora-
tion path.

Figure 3 shows a scatter plot of the traceability in-
dex against predicted remaining life. Components with rich
digital traceability records had a lifespan increase of up to
30%. Taken together, the relative statistics, predictive up-
lift, and operational metrics suggest that digital traceability
is more than lifecycle event documentation it materially
improves durability outcomes through the stabilization of
moisture dynamics, mitigation of surface degradation, and

facilitation of timely interventions.
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Figure 3. The relation between the traceability index and predicted remaining life.

4.6. Circular Reuse Potential and Digital Twin
Validation (Hs)

The study examined whether the traceability and
predictive monitoring of the materials through the integra-
tion of their digital lifecycle information and real-time per-
formance characteristics through the use of the digital twin
can improve the reuse ability of bamboo building structur-
al elements. The actual structure of the monitored building
elements was represented in the digital twin platform, and
the platform combined two different sources of informa-
tion: (1) real-time sensor information on the monitored
conditions of the materials, such as humidity, temperature,
and deformation, and (2) predictions of the remaining
strength and lifespan using the XGBoost algorithm.

Each bamboo component was scored for Reuse Po-

tential Score (RPS), varying from 0 to 1, relying on the

estimated remaining strength, overall degradation, and
traceable lifecycle events, as shown in Table 9. Compo-
nents were classified into three reuse groups: High reuse,
for sound structural integrity adequate for direct reuse,
where RPS > 0.75; Moderate reuse, for partial reuse fol-
lowing minimal repairs, where 0.50 < RPS < 0.75; and
Low reuse, where RPS < 0.50, for non-reusability because
of extensive degradation. For the overall tested group, the
average RPS was 0.71, but the scatter plot proved high-
ly varied depending on the monitoring method. Digitally
traceable components had an average RPS of 0.78 + 0.09,
in contrast to the average of 0.62 £+ 0.11 for the manually
traceable ones, with a significant difference, t(118) = 7.48,
p < 0.001. For the categorized groups, 62% of digitally
traceable components belonged to the High reuse category,
while only 27% belonged to the High reuse category in the

manually traceable.

Table 9. Predicted Residual Strength, Cumulative Degradation, and the Proportion of Traceable Lifecycle Records.

Monitoring Type Mean RPS (£SD) Hig?ﬂ}:; use 11:2 ?;::r(?,}s LOVZO}: ; US¢ " predicted Mean Residual Life (mo)
Manual Inspection 0.62 +0.11 27.1 49.2 23.7 9.8+3.7
Digital Traceability 0.78 +0.09 62.3 314 6.3 13.7+34

Mean Difference 0.16 (p<0.001) +35.2 -17.8 -17.4 +3.9 (p<0.001)

The observed gain in reuse potential paralleled the

durability enhancements reported in Section 4.9, indicating

that traceability extends service life and maintains end-of-

life quality adequate for reintegration into new structures.
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The digital twin dashboard was the operational interface to
real-time monitoring and predictive simulation. It contin-
uously refreshed the virtual twin of each component with
live sensor data, autonomously re-estimated residual life-
time using the trained XGBoost model, and provided deg-
radation maps through a color-coding system: green-stable,
yellow-warning, and red-critical. Two representative case
studies are shown that demonstrate the functionality of the
dashboard. First, Amman Site A-chemical-treated fagade
panels: the dashboard detected progressive moisture vari-
ance increase in April 2024. Predictive recalculation de-
creased expected residual life by 12%, triggering an early
maintenance alert. An inspection after intervention detect-
ed only slight surface discoloration of the component fac-
es, showing the effectiveness of the system in preventing
degradation. Second, Ajloun Site B-untreated structural
poles: the system recorded repeated high-humidity spikes
above 70% RH. The forecast from the digital twin showed
rapid degradation and downgraded RPS from 0.72 to 0.54,
classifying the component as Moderate reuse. Physical in-
spection one month later showed substantial fungal growth
on the component surface, confirming the accuracy of the
predictive downgrade. Strong alignment between forecasts

of the dashboard and field outcome supports the reliability

52

50

48

Predicted Residual Strength (MPa)

44

of the digital twin. Pearson’s r = 0.87 (p < 0.001) between
predicted and observed degradation score across all sites

evidences significant model-to-reality correspondence.

4.7.Integration of Predictive Analytics and
Environmental Factors

Ambient humidity, temperature fluctuation, solar
radiation, and precipitation cycles all had direct and inter-
active effects on material degradation. The correlation ma-
trix shown in Figure 4 indicates that the combined effect
of moisture fluctuation and daily temperature amplitude
explained over 65% of the variation in residual strength
and surface degradation. In particular, the interaction term
for humidity with exposure duration produced a stronger
degradation coefficient (f = —0.62, p < 0.001) than either
factor individually, which verified nonlinear coupling of
environmental stresses. Components located in northern
governorates (Ajloun and Irbid) where the mean relative
humidity was above 70%, exhibited a 15-20% faster loss
in residual strength compared to similar units in drier
southern locations (Ma’an and Karak). Predictive models
using environmentally corrected data considerably mini-

mized forecast error in all site locations (Table 10).

= |Low Traceability (0.65)
—— High Traceability (0.90)

0.4 05 0.6

0.7 0.8 0.9 1.0

Environmental Exposure Index

Figure 4. Moderation Effect of Traceability on Environmental Exposure.
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Table 10. Results of predictive models using environment-corrected data.

Model Input Type Predictive Target R’ RMSE MAE
Without Environmental Variables Residual Strength (MPa) 0.78 2.92 2.24
With Environmental Variables Residual Strength (MPa) 0.89 2.01 1.52
Without Environmental Variables Remaining Life (months) 0.79 4.8 3.6
With Environmental Variables Remaining Life (months) 0.87 33 2.5

The integration of real-time environmental data
increased model performance by around 10-12% in R,
and reduced RMSE by about 0.9 MPa to predict strength.
Results showed that environmental context serves as a
critical enabler for precise durability forecasting within
the machine-learning framework. In the partial depen-
dence plots for the XGBoost model, three main nonlinear
response regions were identified. A humidity threshold
of 60-70% depicted a sharp drop in residual strength.
A window of temperature amplitude between 4-7 °C
demonstrated acceleration of degradation. The interaction
between the Environmental Exposure Index and Trace-
ability Index showed that high traceability dampened the
process of environmental stress. More specifically, when
traceability density surpassed 0.85, the slope of envi-
ronmental degradation diminished noticeably, indicating
that digital monitoring buffers environmental damage by
allowing for early interventions (Figure 4). Components
that have low traceability (<0.7) continued to suffer from
significant strength losses for the same exposure condi-
tions, hence supporting the moderating role of traceabili-

ty on environmental stress.

4.8. Qualitative Insights from Field Experts

One of the common themes emerging throughout
the interviews is the ever-growing trust in digital system
reliability. This was a common theme as most of the engi-
neers and site managers did appreciate a strong degree of
reliability of traceability sensor and digital twin dashboard
systems, especially in terms of their ability to provide ear-
ly indication of degradation and avoid unexpected failures.
As one of the senior structural engineers based in Amman
stated, “The dashboard is now an integral part of our daily
routine. It picks up what the human eye cannot, especial-
ly when there is a fast change in humidity levels.” These
perceptions were reflective of the data supporting a signif-

icant increase in maintenance efficiency as well as residual

strength for components under digital monitoring. The In-
ternet of Things system was seen as making it a common
occurrence for interventions for early degradation notifica-
tions to prevent structural defects, hence justifying the data
being put out.

However, the interviews also brought to the fore
some subtle concerns related to the cost of implementa-
tion of the system. Even though the traceability aspect
of the new technology was appreciated for its future
cost-saving benefits, the implementation process was la-
belled as cost-prohibitive, especially for contractors in
the small to medium category. The implementation pro-
cess imposed a new kind of dependency related to tech-
nology, which was new to the local industry. A materials
expert pointed out that “while the sensors are no longer
very expensive, the expertise required to make use of
them effectively remains a highly skilled area.” A mate-
rials engineer from Irbid stated, “The key isn’t acquiring
the sensors, but developing the capability to make proper
use of the technology.”

Industry experts offer important observations on
the process of maintenance. Although predictive main-
tenance could minimize the incidence of unscheduled
downtime, certain authors expressed the view that there
could exist the possibility of complacency if scheduled
physical inspections were to be ignored in the process of
predictive maintenance. The site managers were of the
view that there exists a need to maintain the current com-
bined model of inspections by fusing digital notifications
and concrete physical verification. There appear to be im-
portant observations to the effect that digital monitoring
involves the process of not only technological develop-
ment but also conceptual transformations in the construc-
tion process of perception and execution of the process of
maintenance.

The thematic network diagram in Figure 5 depicts
the relationships among various recurring themes that

emerged from the field interviews. The key themes of Dig-
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ital Traceability and Predictive Monitoring are connected
to practitioner views of reliability, cost, maintenance, and
scalability as the prominent perspectives of the practi-
tioners. The other perspectives of the practitioners that
emerged as the peripheral themes are Workforce Adap-
tation and Policy Support, which define the influence of

systemic factors in the adoption of smart monitoring tech-
niques in bamboo construction projects.
Perceived Relipbility
redic jitoring
Maintenlicatinns

4.9. Summary of Results and Hypothesis Test-
ing

The results of hypothesis testing are presented in Ta-

ble 11. All three hypotheses are fully supported by quanti-

tative and qualitative evidence that digital traceability sys-

tems, when combined with predictive intelligence, improve

material durability while simultaneously creating a basis

for circular reuse in sustainable construction contexts.
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Figure 5. Thematic Network of Qualitative Insights from Field Experts.

Table 11. Hypothesis Testing Results.

Hy]c)(())t;l:sm Statement of Hypothesis Analytical Evidence Result

Digital traceability and smart monitoring improve — Supported by correlation, regression, and machine-learning analyses,

H: the durability performance of bamboo-based con-  digitally monitored components showed higher residual strength Supported
struction materials. (+9-12%) and longer predicted lifespan (+3.1 months).
Environmental conditions significantly influence Environmental exposure and humidity strongly affected degradation,

H: durability outcomes, and their impact is moderated and integration of traceability and environmental analytics increased ~ Supported
through digital monitoring integration. predictive accuracy (AR* = +0.12).
Integration of digital traceability with predictive Reuse Potential Score improved from 0.62 (manual) to 0.78 (digital),

Hs and digital-twin systems enhances the circular reuse 62% of components achieved high-reuse classification, validated Supported

potential of bamboo materials.

through digital-twin simulations.

5. Discussion

The coupling of traceability and prediction analysis
based on digital systems in the management of construc-
tion materials based on bamboo shows a trend among

construction professionals worldwide to transform static

inspection-driven systems to dynamic systems. The theo-
ries and frameworks of this research fit among a number of
emerging studies of digital systems as not only a tool but a
stimulant of resilience and circularity in systems and struc-
tures. Existing studies on the management of advanced

materials have shown through Lédar-Miculeac et al. (2025)
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4% and Surve et al. (2025) *Y that coupling digital systems
to manage materials has a significant impact on the exten-
sion of the lifespan of the components and improvement of
maintenance accuracy. The current study fits among these
studies by establishing the same principle in managing bio-
logically based materials and biodegradable materials such
as bamboo.

Theoretical underpinnings in this research lie in the
interaction between sustainability science and digitaliza-
tion in the building sector, discussed in the context of the
circular economy. For example, Giovanardi et al. (2022)
71 and Munaro et al. (2020) **' wrote about “the need for
building materials to go circular and meet the demand
for effective recycling, while achieving traceability and
Life-Cycle Intelligence.” The application of digital mon-
itoring in bamboo material systems communicates how
the above idea can be brought into effect. The application
of digital monitoring to bamboo systems shows that when
combined with “the objective and verifiable evidence of a
material’s past and performance” through traceability and
performance monitoring, building materials “assume a new
‘knowable’ character” to “interact actively” and “take part
in the building system” rather than being “mere resources
in the building process” following their use. Concomitant
ideas were also aired in recent research on the traceability

of timber » [

J'and the monitoring of “recycled concrete
where “sensor intelligence” promoted “structural optimiza-
tion and performance” and “environmental accountability.”

Predictive algorithms like Random Forest and gra-
dient-boosting models have become the focus of recent
smart infrastructure research regarding the management of
building materials. In the case of Son and Yang (2022) *,
nonlinear machine-learning models fit pathways of con-
crete deterioration more accurately than traditionally ap-
plied regression methods. Extending these previous stud-
ies, this paper shows how such modelling strategies may
also be implemented for bamboo, a material that shows
significant variability in moisture sensitivity and mechan-
ical behaviour. By aligning with these earlier works, there
seems to be a growing consensus that predictive intelli-
gence functions as a universal enabler of optimizing dura-
bility across different material categories, hence bridging
bio-based and synthetic materials through common analyt-

ical frameworks.

In the sphere of environmental moderation, extant
literature in the construction sectors of the Middle East
and North Africa has focused on the dual challenge of ma-
terial vulnerability and climatic variability. Research by
Geng et al. (2009) “Y into concrete corrosion under high
humidity and that by Medvey and Dobszay (2020) " into
earthen materials in arid zones reach similar conclusions:
that environmental instability is a principal impediment to
material longevity. The current research contributes to the
debate by arguing that the integration of the digital envi-
ronment can serve as the solution for the abovementioned
shortcomings. Contrary to the notion of the environment
being simply an external factor contributing to risks in the
physical realm of the building, in the current analysis, the
concept of the environment is used as an analytical input
or an adaptive variable that helps provide feedback in the
decision-making of lifecycle processes. This corresponds
with the models of sustainability predicted by Biihler et
al. (2024) ¥, arguing that the cornerstone of sustainable
material systems is adaptive modelling rather than passive
observation.

The idea of digital twins in the construction industry
has recently been in the spotlight as a transformative tool
for lifecycle optimization. For instance, scholars such as
Sanfilippo et al. (2022) “” and Boje et al. (2020) * have
defined digital twins as “cyber-physical bridges” that en-
able the continuous communication of materials, compo-
nents, and infrastructure with their digital counterparts.
Within this theoretical lineage, the contribution of the pres-
ent study consists of a substantive extension: whereas most
available research, if not all, focuses on the operations of
large-scale infrastructure or industrial materials, this paper
demonstrates that digital twin platforms may actually be
applied to a totally different class of materials-natural and
renewable materials like bamboo. The predictive capabil-
ity of the digital twin to classify reuse potential supports
the contention that in bio-based construction, circularity
depends as much on digital transparency as on biological
renewability.

Moreover, the integration of field perspectives into
this research supports existing sociotechnical literature
that defines the digitalization of the construction industry
as more than an ‘invisible’ or ‘black box’ of purely tech-

nological affordance or change. In accordance with the
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observations of Vona and Consoli (2014) "

, industry ex-
perts in this case realized that more than mere functional-
ity is required in terms of technology adaptability and that
construction industry digitalization is rather “a long-term
change in mindsets and behaviours, and is driven by the
need for sustainable changes in the way we do things.” The
emphasis on adaptability and readiness on the part of the
construction industry workforce in this field is reflective of
industry-wide models of readiness for digital change in the
building material industry globally ™.

Within the generic conversation on sustainable
building, there comes the intervention in the reconstruc-
tion of the epistemology of bamboo. Bamboo has been
traditionally represented as a cheap, indigenous, and en-
vironmentally friendly material. The use of such material
in the construction of buildings has been limited regard-
ing its durability. Studies by Sharma et al. (2015) ** and
more recent studies by Bala and Gupta (2023) ™ have
refuted the idea that the strength and stability of bamboo
are inferior to those of other materials. This contribution
to the debate continues the narrative inasmuch as it un-
derlines the role of the digital intelligence factor in that
it confers not only durability but also the quality of in-
formational durability, thanks to which the traceability of
the circular process in the data continuity becomes pos-
sible. The practical applications of such procedures, not-
withstanding the geographical location described in the
study (which are nevertheless in the country of Jordan),
are possible in other territories in which the use of bam-
boo and other bio-materials in constructing buildings in a

green way has been promoted.

6. Conclusion

It is shown from this research that the combina-
tion or integration of traceability and predictive analytics
capabilities in the bamboo-based construction materials
systems bears the potential to increase the reliability and
potential for recycling of such materials. Such rigorous ap-
plication of data and analytics systems in the entire lifecy-
cle of material availability in the form of bamboo indicates
the potential to upgrade the natural material to the level
of “smart,” “self-monitoring,” and “intelligent” materials.

Such outcomes place the significance of the role of “digital

traceability” not only in the form of record-based systems
but as active tools or instruments for material optimiza-
tions and maximized material lifetime in optimal sustain-
able systems. This research is equally significant to under-
stand the theories related to the field of material science
data systems.

From the resource-state point of view, bamboo can
evolve from a resource into a digitally renewable resource
that can facilitate various life cycles. In this context, the
successful execution of this strategy will not only require
the implementation of technology but also professional
development towards the implementation of traceability
and predictability. Implementation of an effective regulato-
ry framework to ensure the monitoring of resources using
technology would be essential to scale up this strategy in
Jordan. Despite the application region being placed in the
context of Jordan, the approach should work for regions
such as Asia, Latin America, or Sub-Saharan Africa that
have challenges with durability, traceability, or applying

the principle of the circular economy.
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