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ABSTRACT

This study examines the impact of a country’s macroeconomic and political stability on the
construction duration of nuclear power plant (NPP) projects. Despite extensive research into
technical and managerial causes of delays, the role of national stability remains underexplored. This
research develops the Macroeconomic and Political Stability Score (MAPSS), a composite risk
assessment index designed to quantify national-level risks affecting project delivery. A stratified
sample of 96 NPP projects was analysed using Pearson correlation, Welch’s t-tests, and multiple
linear regression to evaluate the relationship between key economic indicators, political events, and
construction timelines. The results show that national economic crises, international crises,
government collapses, and armed conflicts are significantly associated with extended construction
durations, whereas factors such as inflation and international sanctions showed no meaningful effect.
The MAPSS index demonstrated a statistically significant correlation with project duration (r =
-0.390, p < 0.001), confirming its practical value for early-stage risk assessment. The findings
underscore that external macroeconomic and political factors are critical determinants of nuclear
project delivery. This research offers a novel framework to support policymakers, investors, and
planners in evaluating stability-related risks prior to committing to nuclear infrastructure investments.

KEYWORDS
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INTRODUCTION

The global transition towards low-carbon energy sources positions nuclear power at the
centre of many national energy strategies due to its capacity to deliver reliable baseload electricity
with minimal CO, emissions [1]. Nuclear energy is increasingly recognized as a key component of
energy security and long-term climate objectives [2]. The successful deployment and continuous
innovation of such sustainable energy technologies rely heavily on consistent public funding and
aligned strategic policies at both national and supranational levels [3]. Despite this strategic
importance, the delivery of new nuclear power plants (NPPs) continues to face persistent challenges
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- most notably high capital costs and extended construction durations [4] -
which frequently undermine project viability and investor confidence [5]. Given their scale, duration,
and stringent safety and quality requirements, contemporary nuclear new-builds occupy the broader
class of long-duration infrastructure megaprojects, where schedule performance is pivotal to overall
viability. These challenges are compounded by the inherent complexity of nuclear projects.

Prior research on schedule performance in nuclear new builds has predominantly focused on
internal project factors and regulatory drivers. Empirical studies link overruns and delays to design
quality/changes, documentation and interface management, contractor capability, supply-chain
bottlenecks, and project-management discipline, alongside licensing scrutiny and regulatory review
cycles [6]. Evidence from the literature consistently highlights organizational and managerial
determinants as central drivers of nuclear power plant project performance. Factor-analytic studies
identify construction management practices, coordination mechanisms, and the prior experience of
contractors and integrated project teams as critical success factors influencing schedule adherence
and cost control [7]. Complementary evidence from structured risk-register analyses of U.S. nuclear
power plant projects indicates that design-related risks constitute the most frequently occurring and
systematically significant risk category, often cascading into additional procurement, rework, and
interface management complications during execution [8]. Furthermore, longitudinal analyses of
historical cost escalation demonstrate that more than half of observed cost increases can be
attributed to management deficiencies, regulatory adaptation challenges, labour productivity
shortfalls, and coordination inefficiencies, rather than to the intrinsic cost of reactor technology or
major hardware components [9]. Post-accident assessments further anticipate stricter safety
requirements and regulatory delays that amplify costs and timelines [10].

In contrast, a smaller but expanding body of work indicates that country-level conditions
materially shape delivery risk. Multicriteria assessments for international NPPs rank policy change,
political instability, and public intervention among the highest schedule-risk contributors, alongside
regulatory approval and incomplete designs [11]. Cross-region analysis of 1955-2016 reactor
builds shows discontinuities in both lead time and cost that are country-specific and “induced by
national policies and regulatory frameworks,” underscoring macro-institutional influences on delivery
performance [12]. Broader megaproject evidence also links outcomes to governance quality and
external stakeholder dynamics [13], while comparative risk-management frameworks formalize
national-environment risk classes (political/policy, economy/finance, legal, social) and find NPPs
exhibit higher risk profiles than fossil/gas projects across the life cycle [14,15]. Program-level SWOT
analyses of newcomer nuclear states, such as Ghana’s proposed nuclear energy programme,
identify policy discontinuity, governance fragility, institutional capacity gaps, and security
vulnerabilities as structural risks that may constrain timely and stable nuclear deployment [16].

Taken together, the literature supports the primacy of internal and regulatory explanations,
but it also points to a consequential and uneven macro-political layer that remains underexplored.
To address this gap, we propose the Macroeconomic and Political Stability Score (MAPSS), a
composite index that integrates continuous macroeconomic indicators with discrete political-event
markers to quantify country-level delivery risk. MAPSS provides a systematic way to capture national
stability conditions and to test their association with construction duration in nuclear new builds.

The research is guided by the following research questions:

RQ1: To what extent are national macroeconomic and political stability conditions associated with
NPP construction duration?

RQ2: Can these conditions be summarised in a composite index (MAPSS) that explains variation in
construction duration more effectively than single indicators?

RQ3: Can MAPSS serve as a composite index suitable for early-stage risk screening of NPP
projects?

Accordingly, we test the following hypotheses:
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H1: Lower national macroeconomic and political stability (lower MAPSS) is associated with longer
NPP construction durations.

H2: MAPSS explains significantly more variance in construction duration than any single constituent
indicator.

H3: MAPSS demonstrates predictive accuracy consistent with early-stage risk screening.

This study addresses a critical gap in the nuclear project management literature by
operationalizing macroeconomic and political stability into a composite, reactor-linked index
(MAPSS) and empirically testing its association with construction duration. While prior research has
emphasized project-internal and regulatory drivers of delay, systematic quantification of macro-
institutional influences remains limited. By introducing and validating MAPSS, the study expands the
explanatory framework for nuclear megaproject performance beyond the project boundary.

MATERIALS AND METHODS

Study design

This study employed a quantitative research design to examine whether macroeconomic and
political stability during the construction phase is statistically associated with the construction
duration of nuclear power plants (NPPs). The objective was to evaluate whether key indicators of
national macroeconomic and political stability influence construction duration. The analytical
framework was directly aligned with the three research questions outlined in the Introduction.

Data sources

The initial dataset comprised 412 nuclear reactors constructed worldwide between 1968 and
2024, all of which achieved operational status. The dataset was obtained from the Nuclear Planet
database [17], an open-access and continuously updated resource that documents the development
and operational history of nuclear energy infrastructure worldwide.

The Data Collection Procedure

Data required for the statistical analysis was manually collected through a structured search
of official and publicly accessible databases and archives. Economic data was sourced from the
World Bank Databank [18], specifically the GDP % annual growth
indicator, unemployment and inflation. Political and crisis-related data was obtained from the U.S.
Department of State Office of the Historian [19], which documents international crises and
geopolitical events, and the U.S. Department of the Treasury’s Office of Foreign Assets Control
(OFAC) Sanctions List [20], which records international sanctions. Additionally, major economic
crises, including the Great Recession, were verified through the Federal Reserve History archives
[21]. All collected data was compiled into a structured spreadsheet and rigorously cross-checked to
ensure consistency prior to statistical analysis.

Selection criteria

Prior to sample selection, projects lacking essential project-level data were excluded to
ensure data completeness and consistency. The inclusion criteria required the availability of the
following core project attributes: reactor name, operating country, construction start year, and
commercial operation date. The dependent variable—construction duration—was measured in
months, calculated from the date of physical construction commencement to the date of first grid
connection.

To enable robust statistical analysis, projects were further required to have complete data for
the following independent variables covering the entire construction period:
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Gross Domestic Product (GDP);
Inflation Rate;

Unemployment Rate;

Economic crisis — International;
Economic crisis — National;
Government Collapse;
International Sanctions;

Armed Conflicts.

As a result of these criteria, 92 projects were excluded for lacking key economic or political
data relevant to the construction period. Common reasons included prolonged geopolitical isolation,
lack of independent national data during periods of political transition, or unavailability of
disaggregated statistics during the Soviet era. After applying all exclusion criteria, the final dataset
comprised 320 nuclear reactor projects with complete and analysable data.

From this dataset, a stratified random sample of 30% (n =96) was selected to
ensure proportional representation of projects with short, average, and extended construction
durations. Stratification was based on total construction duration (in months), which served as the
key variable for defining the strata. This approach balanced representativeness with analytical
tractability: while the full dataset of 320 projects was theoretically available, focusing on a 30%
stratified subsample preserved proportional representation across short, medium, and long-duration
projects while keeping the dataset manageable for detailed manual verification, consistency checks,
and cross-referencing of economic and political indicators.

First, the 33rd and 66th percentiles of construction duration were calculated using Microsoft
Excel. These thresholds divided the projects into three groups: short, average, and long-duration
projects. Each project was then assigned to its respective group. A random number was generated
for each project. Within each group, projects were sorted in ascending order based on the generated
random numbers, and the top entries corresponding to 30% of each group were selected.

This method ensured a proportionally random selection across the defined strata, preserving
the original distribution of construction durations within the sample. All sampling procedures were
performed in Microsoft Excel. This transparent, spreadsheet-based approach ensures that the
procedure can be directly replicated by other researchers without specialist software.

DEVELOPMENT OF THE MACROECONOMIC AND POLITICAL STABILTY SCORE
(MAPSS)

To enable composite analysis and reduce dimensionality among the independent variables,
a unified metric—the Macroeconomic and Political Stability Score (MAPSS)—was developed. The
MAPSS is an original composite index designed to quantify the level of national macroeconomic and
political stability during a nuclear power plant’s construction period.

Weighting Scheme

The weighting structure, which assigns the relative impact of individual events on national
stability, reflects the theoretical assumption that macroeconomic conditions exert a marginally
greater influence on construction timelines than political factors, primarily through effects on
financing conditions, labor markets, and supply chain stability [22]. Nevertheless, political events—
such as regime changes, sanctions, or armed conflicts—can trigger immediate, acute disruptions
that are not necessarily preceded by economic signals [5,23].

Accordingly, the MAPSS framework distinguishes between two categories of indicators:
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Continuous macroeconomic indicators—GDP growth, inflation, and unemployment—which
tend to fluctuate together and collectively represent the underlying economic resilience or
vulnerability of a nation; and

Discrete crisis events—government changes, international sanctions, armed conflicts, and
national or international financial crises—which represent sudden, severe shocks that can disrupt
goods, services, financing, and ultimately hinder national industrial capacity.

This distinction reflects well-documented patterns in economic history. For example, the 1973
oil crisis, 1979 energy crisis, 2008 global financial crisis, and the 2020 COVID-19 pandemic each
produced abrupt economic contractions that led to severe supply chain disruptions, labor shortages,
and capital constraints affecting infrastructure and energy projects globally [24]. These crises are
explicitly included in the dataset used for this study and serve as examples of the kind of acute
destabilizing events captured in the MAPSS index.

The selection of weights follows a hybrid approach combining empirical evidence from the
dataset with established practices in composite index construction. The weighting is aligned with
methodologies employed by international institutions such as the OECD, World Bank, and IAEA [25],
where high-impact, low-frequency events—such as armed conflict or government collapse—
are retained with substantial weight despite their relatively infrequent occurrence in historical data.

This reflects a widely accepted principle in risk-based composite modelling: low-frequency,
high-impact events must be accounted for to preserve the predictive and practical utility of the index.
For example, while inflation may exhibita muted effect on project durations due to mitigation
strategies embedded in contractual structures, the occurrence of a national economic crisis or armed
conflict has the potential to disrupt construction entirely. Therefore, such discrete but critical variables
are weighted comparably to continuous macroeconomic indicators.

The MAPSS is structured as a weighted aggregate of two sub-indices:
Economic Stability Sub-index - total weight 0.55 (55%);
Political Stability Sub-index - total weight = 0.45 (45%).

These two domains are further divided into eight indicators:

Economic Stability Sub-index:

GDP: Growth Rate (average % for duration) - 0.15 (15%) weight;
Inflation Rate (average % for duration) - 0.10 (10%) weight;
Unemployment Rate (average % for duration) - 0.10 (10%) weight;
Economic crisis — International (binary) — 0.10 (10%) weight;
Economic crisis — National (binary) — 0.10 (10%) weight.

Political Stability Sub-index:

Government Changes (binary) - 0.15 (15%) weight;
International Sanctions (binary) - 0.15 (15%) weight;
Armed Conflicts (binary) - 0.15 (15%) weight.

Data Transformation Process
All independent indicators identified in Section 2.4. were normalized or coded onto a
standardized scale ranging from 0 (lowest stability) to 1 (highest stability).

Economic Continuous Variables - GDP, Inflation, Unemployment - was transformed using
min—max normalization on scale ranging from 0 (lowest stability) to 1 (highest stability) to calculate
X_norm:
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X norm = _X-Xmin
X_max — X_min
Where:

X = observed raw value;
X_min and X_max = minimum and maximum values within the dataset.

Economic and Political Binary variables — International Crisis, National Crisis, Government
collapse, International sanctions, armed conflicts, and economic crises — were coded as:

1 = Event occurred (instability);

0 = event did not occur (stability).

Directionality was adjusted where necessary, so that lower values for negative factors (e.g.,
inflation, unemployment) corresponded to higher stability scores:
X_inv=1-X_norm.

Formula for MAPSS

The following outlines the computational hierarchy:
MAPSS = Economic Sub-Index + Political Sub-Index.

Where:

Economic Sub-Index = (0.15 x GDP_norm) + (0.10 x Inflation_norm) + (0.10 x
Unemployment_norm) + (0.10 x Economic Crisis - International_norm) + (0.10 x Economic Crisis -
National_norm);

Political Sub-Index = [0.15 x (1 — GovCollaps_norm)] + [0.15 x (1 — Sanctions_norm)] + [0.15
x (1 — Conflict_norm)].

Tools and Data Availability

All calculations were performed using Microsoft Excel 365. The Excel workbook used for
MAPSS calculation, including all normalization formulas and weighting logic, is uploaded and
available at: https://doi.org/10.5281/zenodo.19469868. This choice of platform was made to ensure
maximum accessibility and reproducibility, so results can be verified without specialized statistical
software.

Reproducibility Statement

All data sources used are publicly accessible. Data availability is unrestricted, and all
computation procedures are transparent within the provided supplementary materials. No proprietary
or restricted data were used.

ANALYTICAL METHODS

Statistical analysis was performed using Microsoft Excel on the dataset of 96 nuclear power
plant (NPP) projects using a combination of Pearson’s correlation coefficient, Welch’s t-test, and
multiple linear regression analysis. These methods were employed to investigate the existence and
strength of statistically significant relationships between macroeconomic and political stability
indicators and the construction duration of NPPs.

Correlation and Group Difference Analysis

Pearson’s correlation analysis was used to assess the direction and magnitude of linear
associations between continuous economic indicators—such as GDP growth, inflation, and
unemployment—and the construction duration.
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Welch’s t-test, complemented by Levene’s test for homogeneity of variances, was applied to
compare mean construction durations across binary categorical variables, including the occurrence
of international economic crises, national economic crises, government collapse, international
sanctions, and armed conflicts. Cohen’s d was calculated to quantify effect sizes for all group
comparisons.

Multiple Linear Regression Analysis

A multiple linear regression analysis was conducted to evaluate the combined influence of all
independent variables—both continuous and binary—on construction duration. This approach
enabled the identification of the most influential predictors while controlling for the effects of other
variables. The regression model included GDP growth, inflation, unemployment, international and
national economic crises, government collapse, international sanctions, and armed conflicts as
predictors.

The statistical significance, direction, and magnitude of each predictor’'s coefficient were
evaluated, along with overall model fit statistics, including R? and adjusted R?. This analysis provided
a holistic understanding of how macroeconomic and political stability factors jointly affect project
timelines.

Regression Diagnostics

Prior to interpreting the regression results, key assumptions of multiple linear regression were
evaluated to ensure the robustness of the analysis:

Multicollinearity: Assessed using Variance Inflation Factors (VIF), with all predictors recording
VIF values below 2, indicating no multicollinearity concerns.

Homoscedasticity: Evaluated via residuals vs. fitted values plots, which showed randomly
distributed residuals, indicating homoscedasticity was met.

Normality of Residuals: Assessed using histograms and Q-Q plots. Residuals were
approximately normally distributed, with minor tail deviations common in applied datasets but not
severe enough to undermine model validity.

Independence of Errors: Not deemed critical as the data are cross-sectional, not time-series.

Linearity: Confirmed through preliminary correlation analysis and inspection of residuals,
supporting the appropriateness of the linear model form.

MAPSS Validation Analysis

Additionally, the validity of the composite MAPSS score as a predictive metric was assessed
using Pearson’s correlation analysis and simple linear regression against construction duration. This
analysis evaluated the extent to which MAPSS functions as a reliable single-variable predictor of
construction delays in NPP projects.

RESULTS

Correlation Between Economic Indicators and Construction Duration

Pearson correlation analysis revealed a moderate but statistically significant negative
correlation between gross domestic product (GDP) growth and NPP construction duration (r =
-0.215, p = 0.036), suggesting that higher GDP growth during the construction period was
associated with shorter project durations. A simple linear regression yielded a slope of -4.82, an
intercept of 115.46, and a coefficient of determination (R?) of 0.046, indicating only modest
explanatory power of GDP alone.

By contrast, Pearson correlation analysis revealed no statistically significant relationship
between average inflation during the construction period and NPP construction duration (r = 0.006,
p = 0.954). A simple linear regression confirmed this result, yielding a slope of 0.052, an intercept of
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95.36, and an R? of 0.000, indicating that inflation exerted no meaningful influence on project
duration within the sample.

Similarly, Pearson correlation analysis identified a moderate and statistically significant
positive correlation between average unemployment during the construction period and NPP
construction duration (r = 0.226, p = 0.027), indicating that higher unemployment was associated
with longer project durations. A simple linear regression yielded a slope of 5.03, an intercept of 67.26,
and an R? of 0.051, suggesting that unemployment alone accounts for a modest portion of the
variability in construction timelines.

Welch’s t-test indicated a statistically significant difference in construction durations between
projects executed during periods of international economic crisis and those constructed in more
stable economic conditions (mean = 102.07 months vs. 71.75 months; t = 3.20, p =
0.002). Levene’s test confirmed that the assumption of equal variances was not violated (W = 1.88,
p = 0.173). The corresponding Cohen’s d of 0.622 suggests a moderate effect size, indicating that
international economic crises had a meaningful adverse impact on project timelines.

A similar pattern was observed for national economic crises. Welch’s t-test revealed a
statistically significant difference in construction durations between projects affected by national
economic crises and those that were not (mean = 121.3 months vs. 77.5 months; t = 3.35, p =
0.0016). Levene’s test indicated a violation of the assumption of equal variances (W = 6.03, p =
0.016), justifying the use of Welch’s correction. The computed Cohen’s d of 0.739 indicates a
moderate to large effect size, demonstrating that national economic crises substantially
increased project durations.

Impact of Political Disruptions, and Conflict on Construction Duration

In the case of government collapse, Welch’s t-test revealed a difference in construction
durations that did not reach statistical significance (mean = 122.88 months vs. 86.20 months; t =
1.81, p = 0.082). Levene’s test indicated a significant violation of the equal variance assumption (W
= 8.29, p = 0.0049), warranting the use of Welch’s correction. Despite the lack of statistical
significance, the computed Cohen’s d of 0.497 suggests a moderate effect size, indicating that
projects undertaken during periods of government collapse tended to experience longer durations,
though this trend was not conclusive within the sample.

In contrast, the analysis revealed no statistically significant relationship between the
presence of international sanctions during the construction period and NPP construction duration
(mean = 99.65 months vs. 94.30 months; t = 0.484, p = 0.630). Levene’s test indicated that the
assumption of equal variances was satisfied (W = 0.026, p = 0.873). The computed Cohen’s d of
0.099 reflects a negligible effect size, suggesting that international sanctions had no observable
influence on project timelines within this dataset.

Finally, Welch’s t-test demonstrated a statistically significant difference in construction
durations between projects affected by armed conflicts and those not affected (mean = 108.00
months vs. 74.40 months; t = 3.31, p = 0.0013). Levene’s test indicated that the assumption of equal
variances was not violated (W = 2.27, p = 0.135). The computed Cohen’s d of 0.639 represents a
moderate effect size, highlighting that armed conflicts were associated with substantially
longer project durations.

Multiple Linear Regression Analysis

To assess the combined influence of all macroeconomic and political stability indicators on
NPP construction duration, a multiple linear regression analysis was conducted. The overall model
was statistically significant (F(8, 87) = 3.94, p = 0.0005), explaining 26.6% of the variance in
construction duration (R? = 0.266; adjusted R? = 0.198).

The results indicated that national economic crises (B = 44.24, p = 0.001) and government
(regime) collapse (B = 29.24, p = 0.040) were significant predictors of longer construction durations.
A near-significant effect was also observed for international economic crises ( = 29.11, p = 0.079).
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Other variables, including GDP growth, inflation, unemployment, international sanctions, and armed
conflicts, did not achieve statistical significance in the multivariate model, despite some showing
significance in bivariate analyses. This suggests that certain contextual factors—particularly major
national-level economic and political disruptions—exert a disproportionately stronger influence on
project timelines when considered jointly with other factors.

Composite Stability Index (MAPSS) and Project Duration

Finally, the MAPSS composite index was tested as a single aggregated predictor of
construction duration. Pearson correlation analysis revealed a moderate but statistically significant
negative correlation between MAPSS and NPP construction duration (r = -0.390,
p = 0.000087), indicating that higher macroeconomic and political stability was associated with
shorter project durations. A simple linear regression yielded a slope of -114.46, an intercept of
159.91, and an R? of 0.152. This suggests that MAPSS alone explains over 15% of variance in
construction duration, outperforming any individual variable. These findings provide initial evidence
that MAPSS captures stability-related risks more effectively than single measures and offers
preliminary predictive value for early-stage risk screening.

DISCUSSION

The results of this study provide robust empirical evidence within the analysed dataset that
macroeconomic and political stability can significantly influence the construction duration of nuclear
power plant (NPP) projects. This finding aligns with and extends the existing body of literature, which
increasingly acknowledges that the performance of large-scale infrastructure projects depends not
only on internal technical and managerial factors but also on broader national and geopolitical
conditions [26]. It reinforces the perspective that external contextual factors, often overlooked in
traditional project management models, play a critical role in shaping project delivery
outcomes [27]. In particular, the results confirm that external crises and instability operate as
significant schedule risks, thereby supporting the hypothesis set out in this study.

GDP Growth and Project Duration

A modest but statistically significant negative correlation between GDP growth and
construction duration supports the hypothesis that stronger economic performance facilitates more
efficient project execution. Economies experiencing continuous growth are typically characterized
by higher industrial output, more resilient supply chains, robust labour markets, and reliable access
to financing—all of which are critical enablers for delivering capital-intensive, technologically
complex projects such as NPP construction. This outcome is consistent with broader infrastructure
literature, which links favorable macroeconomic conditions to improved project performance [11].
For instance, the competitiveness and resilience of foundational sectors, such as the steel industry,
are closely tied to macroeconomic stability and decarbonization policies, acting as essential
prerequisites for the secure material supply chains required in large-scale energy infrastructure
[28].

Within the MAPSS index, GDP growth is retained as a continuous stabilizing indicator,
reflecting the long-term economic resilience that underpins project delivery.

Unemployment and Project duration

The observed positive correlation between unemployment and construction duration further
reinforces this relationship from the inverse perspective. Higher unemployment typically signals
broader economic weakness, translating into market uncertainty, reduced investment, labour
productivity challenges, and disruptions within critical supply chains.
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Within MAPSS, unemployment is retained as a negatively weighted indicator, capturing the
vulnerability of projects situated in fragile labour market contexts and constrained industrial
environments.

Inflation and Project Duration

By contrast, the analysis revealed no statistically significant relationship between inflation
and construction duration. This null result is best explained by the contractual and financial structures
characteristic of nuclear megaprojects. Inflationary pressures typically influence financing costs
rather than schedules. Risk is mitigated at the contract stage through mechanisms such as forward
pricing, escalation clauses, currency hedging, and indexation. These provisions anticipate cost
growth over long lifecycles and reduce the likelihood of direct schedule disruption. Thus, while
inflation remains a standard macroeconomic indicator, its impact on construction duration appears
limited in practice.

Despite the absence of a significant effect, inflation is retained within the MAPSS index
to maintain consistency with broader macroeconomic theory, where it remains a standard indicator
of economic stabilty and recessionary risk [29]. Its inclusion ensures that
MAPSS remains generalizable beyond the nuclear domain, thereby reinforcing its value as a
composite tool for early-stage risk screening.

International Economic Crisis and Project Duration

Projects executed during periods of international economic crisis experienced substantially
longer construction durations compared to those constructed under stable economic conditions. The
corresponding effect size is consistent with established evidence that systemic downturns constrain
liquidity, destabilize supply chains, and heighten uncertainty in capital-intensive
megaprojects [30]. Similar findings were observed following the COVID-19 pandemic, where global
supply chain disruptions and inflationary pressures caused severe project delays across major
infrastructure sectors [31].

Within MAPSS, international crises are retained as discrete, high-impact indicators,
complementing the continuous measures of GDP, unemployment, and inflation.

National Economic Crisis and Project Duration

A similar but even more pronounced effect was observed for national economic crises.
Projects affected by national-level crises exhibited a mean construction duration of 121.3 months
compared to 77.5 months for unaffected projects. These results are consistent with existing literature
on megaproject vulnerability under financial distress and highlight how crises at both global and
national scales can disrupt supply chains, strain labour markets, and create financing
constraints [32].

The comparable magnitude of impact across international and national crises supports their
equal weighting in the MAPSS framework. Their inclusion ensures that MAPSS captures both
gradual macroeconomic conditions and severe financial shocks, providing a balanced and practical
tool for risk assessment in nuclear construction projects.

Government Collapse as Delay Drivers

While government collapse was associated with considerable delays, the finding did not
reach conventional statistical significance. This may be attributable to the limited sample size or to
the heterogeneity of what constitutes a “collapse,” ranging from transitional governments to full
regime breakdowns. Nonetheless, qualitative evidence suggests that such political disruptions can
have substantial and long-lasting effects on nuclear project delivery.

A well-documented example of a project affected by full regime collapse is Iran’s Bushehr
Nuclear Power Plant, which was originally initiated in the 1970s with German assistance but
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experienced severe delays following the 1979 Islamic Revolution and the subsequent imposition of
international sanctions. The regime change led to the withdrawal of Western contractors and a
prolonged construction halt; the project only resumed years later under Russian cooperation and
was ultimately completed in 2011—more than three decades after its initial start [3,33]. This case
illustrates how profound political transitions can destabilize project governance, financing, and
international cooperation, causing multidecade schedule overruns.

Beyond full regime collapse, a broader spectrum of political instability may also contribute to
delivery risks. Administrative failures, legislative deadlocks, and frequent leadership turnovers—
though less visible than regime change—can similarly delay project approvals and implementation.
For instance, the inability of authorities to operationalize newly adopted permitting laws has been
shown to prolong construction approvals at the national level [34]. Such forms of governance
dysfunction, while short of formal collapse, still represent systemic political instability with tangible
effects on project delivery.

Despite the lack of statistical significance within this dataset, the substantial effect size and
multiple documented historical examples support the decision to retain government collapse within
the MAPSS framework. This aligns with established practices in risk-based modelling, where high-
impact but lower-frequency events are incorporated due to their disproportionate potential to disrupt
project delivery.

International Sanctions as Delay Drivers

The presence of international sanctions did not exhibit a statistically significant effect on
project timelines within this dataset. This finding warrants closer examination, as the consequences
of sanctions may operate through mechanisms not fully captured by construction-duration metrics
alone. Sanctions can exert delayed or lagged effects, particularly when imposed prior to project
initiation, by constraining access to financing, technology transfer, or international partnerships. In
such cases, sanctions may inhibit project approval, financial close, or commencement rather than
extend duration once physical construction has begun.

Moreover, sanctions vary considerably in severity, scope, and sectoral targeting. Some states
may partially offset their effects through alternative suppliers, domestic industrial substitution, or
geopolitical realignment, thereby attenuating direct impacts on ongoing construction activities.

Historical evidence nevertheless demonstrates that sanctions can exert profound and
prolonged effects under specific conditions. India, for example, faced comprehensive international
sanctions following its 1974 nuclear test, resulting in the withdrawal of foreign suppliers and the
termination of fuel and technology agreements with Canada and the United States. These measures
constrained elements of India’s civilian nuclear programme, including operations at Tarapur, and
necessitated the development of indigenous technological capabilities. A subsequent wave of
sanctions in 1998 further restricted international cooperation until the early 2000s [35]. This case
illustrates that when sanctions directly target nuclear policy and supply chains, they can materially
disrupt civilian nuclear infrastructure development.

Therefore, while sanctions did not emerge as a statistically significant determinant of
construction duration across the broader sample, their effects may be conditional, temporally lagged,
or manifested through project non-initiation or cancellation rather than extended build times. For this
reason, international sanctions are retained within the MAPSS framework as a low-frequency but
potentially high-impact indicator, consistent with the index’s objective to capture both structural
macroeconomic conditions and episodic geopolitical disruptions.

Armed Conflicts as Delay Drivers

Armed conflict emerges as a substantial external determinant of nuclear construction
performance. Projects undertaken in conflict-affected environments required, on average,
approximately 34 additional months to complete compared with those in stable conditions. This
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magnitude of delay underscores that geopolitical instability constitutes a material and operationally
significant risk factor for nuclear megaproject delivery.

This finding aligns with theoretical expectations and historical evidence. Armed conflicts can
disrupt construction directly through physical damage to infrastructure, restrictions on labour
mobility, and supply chain interruptions, while also indirectly affecting financing and logistics as
national resources are diverted toward defence activities [36]. Even conflicts that occur outside the
immediate project area can generate ripple effects through regional instability, trade constraints, and
heightened security requirements, collectively extending construction schedules [3].

Historical examples further illustrate this relationship. The construction of Ukraine’s
Khmelnytskyi and Rivne nuclear power plants experienced significant delays amid the geopolitical
turbulence surrounding the collapse of the Soviet Union and later regional conflicts. Similarly, armed
conflicts in the Middle East have historically delayed energy infrastructure projects—including
nuclear initiatives—through logistical constraints, workforce displacement, and security-related
suspensions [37].

Given both the statistical evidence and extensive historical documentation of conflict-induced
disruption, armed conflict is retained as a high-impact indicator within the MAPSS framework. Its
capacity to halt work, sever supply chains, or necessitate extraordinary security measures justifies
its weighting as a critical component of national stability assessment for nuclear construction
projects.

Combined effects on Model Interpretation

The multiple linear regression analysis confirmed that not all variables exert independent
effects when considered simultaneously. The overall model was statistically significant
indicating that approximately 26.6% of the variance in construction duration can be explained by the
combined macroeconomic and political stability indicators. Notably, national economic crises and
government collapse emerged as the most significant predictors of prolonged construction
durations.

Variables that were significant in the bivariate analyses—such as GDP growth,
unemployment, and armed conflict—did not achieve significance in the multivariate model,
suggesting that their effects may be mediated through or overshadowed by crisis-level disruptions.
This finding reinforces the conclusion that acute destabilizing events, rather than gradual economic
trends, are among significant drivers of large-scale construction delays [38,39].

MAPSS Index and Practical Implications

The statistically significant correlation between the MAPSS score and construction duration
(r = —=0.390, p < 0.001) provides preliminary empirical support for the conceptual validity of this
composite index. MAPSS integrates a broad range of macroeconomic and political indicators—
continuous measures such as GDP growth and unemployment, together with discrete, event-based
risks including economic crises, government collapses, and armed conflicts—into a single stability
metric. The negative relationship between MAPSS and project duration indicates that lower national
stability scores are associated with longer nuclear power plant construction periods. Although the
index explains approximately 15% of the variance in project duration, its performance surpasses that
of any single constituent variable, suggesting initial predictive relevance.

MAPSS is intended primarily as an early-stage screening tool for assessing macroeconomic
and political risks in nuclear infrastructure projects. It offers decision-makers an objective measure
of whether a host country’s stability conditions are conducive to successful project execution and
can help identify areas where systemic risks require mitigation. By consolidating both structural and
event-based risk factors, the MAPSS framework enables transparent risk communication and
informed decision-making at the national or intergovernmental level. Even in contexts where
projects proceed under suboptimal stability conditions, MAPSS can assist stakeholders in
prioritizing mitigation strategies and contingency planning. This aligns with emerging research that
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integrates composite indices and multidimensional metrics for evaluating systemic risk in
infrastructure delivery. Recent frameworks for infrastructure-risk quantification and resilience
modelling likewise highlight the value of aggregated indicators for early-stage decision support
[40]. Furthermore, the development and application of advanced composite indexing have become
a proven methodological standard for comprehensively measuring complex socio-economic
parameters, regional development, and national sustainability statuses [41]. Such approaches
collectively strengthen the rationale for adopting MAPSS as a standardized screening tool in the
nuclear domain.

Limitations and Future Research

This study is subject to several limitations. While the dataset of 96 nuclear power plant
projects was carefully compiled and stratified, it represents only a subset of the global fleet. Data
availability constrained the inclusion of some projects, particularly in countries with limited
transparency or incomplete historical records. As a result, certain geographic regions or political
contexts may be underrepresented.

The analysis employs primarily linear modelling techniques. While this approach is
appropriate for the study’s objectives, more complex methods — including nonlinear models,
machine learning algorithms, or stochastic simulations — could be explored in future studies to
capture potential interaction effects between variables and improve predictive accuracy.

Future research could also refine and validate the MAPSS framework by testing it against
other types of infrastructure megaprojects beyond the nuclear sector, such as renewable energy,
transportation, or defence projects. Additionally, longitudinal studies examining how stability
conditions evolve throughout the full lifecycle of a project — from planning to commissioning — could
offer deeper insights into risk dynamics.

CONCLUSION

This study provides empirical evidence that national macroeconomic and political stability is
a material determinant of nuclear power plant (NPP) construction duration and should be treated as
a core schedule-risk domain rather than a background contextual condition. Using a stratified sample
of 96 reactor projects and complementary bivariate and multivariate tests, the analysis shows that
destabilizing shocks—especially national economic crises and severe political disruption—are
associated with systematically longer delivery timelines. These results reinforce the view that nuclear
new-build performance is shaped not only by project-internal capabilities and regulatory processes,
but also by the macro-institutional environment that conditions financing continuity, industrial
capacity, supply-chain reliability, and governance stability over extended delivery horizons.

A central contribution of the paper is the development and validation of the Macroeconomic
and Political Stability Score (MAPSS), a composite index that integrates continuous economic
indicators with low-frequency, high-impact political and crisis events. MAPSS demonstrates a
statistically significant association with construction duration (r = —=0.390, p < 0.001) and explains
more variance than any single constituent indicator, indicating that the stability environment is better
captured as a multidimensional construct than through isolated macroeconomic metrics. While
MAPSS is not intended to function as a deterministic forecasting model, its explanatory performance
is meaningful in the context of infrastructure megaproject research, where outcomes are typically
driven by multicausal and interacting factors. In this setting, even moderate macro-level explanatory
power represents substantive insight, because it isolates a systemic layer of risk that is often omitted
from conventional project appraisal and schedule-risk baselines.

The findings have direct implications for nuclear investment governance. Because nuclear
projects are highly capital intensive, long-duration, and path dependent once construction begins,
exposure to instability-related shocks has asymmetric consequences: disruptions can propagate
through financing structures, contracting regimes, labour availability, and international supply chains,
amplifying delay effects and increasing the probability of schedule collapse. MAPSS offers a
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transparent and replicable mechanism for incorporating this exposure into early-stage screening,
enabling policymakers, investors, and planners to differentiate between host-country contexts where
schedule risk is structurally elevated versus those where delivery conditions are comparatively
resilient. In practical terms, MAPSS can support portfolio-level siting decisions, the calibration of
contingency allowances, and the design of governance safeguards (e.g., staged commitments,
enhanced contractual protections, resilience-oriented procurement strategies, and political-risk
mitigation instruments).

At the same time, the results should be interpreted as complementary to—rather than
substitutive of—project-level explanations. The model explains a substantive but partial share of
variance in construction duration, consistent with the established multilevel nature of nuclear project
performance. This underscores the need for future research that integrates macro-institutional
indicators with project-internal variables (e.g., reactor type, delivery model, supply-chain localization,
regulatory regime maturity, and owner/contractor experience), and that tests nonlinearities and
interaction effects under compound crises. Further validation on larger samples and across other
long-duration infrastructure sectors would also clarify the generalizability and boundary conditions of
MAPSS as a stability-risk screening framework.

In conclusion, the study advances nuclear project management and megaproject research
by quantifying the macroeconomic and political stability environment as a measurable risk domain
and by demonstrating its systematic association with construction duration. By operationalizing
national stability conditions into MAPSS, the paper offers a replicable tool and an extended
explanatory lens for understanding why delivery performance diverges across countries even under
broadly similar technological and regulatory demands. Embedding macro-institutional risk screening
within nuclear project appraisal can therefore improve the realism of early schedule baselines,
strengthen governance design, and reduce the likelihood that strategic nuclear investment decisions
are made without explicit recognition of the stability conditions required for timely delivery.
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ABSTRACT

In this study, to investigate the cracking resistance of UHPC-strengthened simply-supported-
to-continuous concrete box beams in the negative moment zone, a total of nine specimens were
designed: one reinforced concrete box beam (comparison beam), seven UHPC-RC composite box
beams (reinforced beams), and one prestressed concrete box beam (prestressed beam). The
research focuses on evaluating the influence of key parameters - including reinforcement ratio,
UHPC casting length in the negative moment zone, UHPC thickness, and the joint configuration
between UHPC and ordinary concrete - on the cracking resistance of these beams. The results
demonstrate that, under the same reinforcement ratio, UHPC strengthening in the negative moment
zone significantly enhances the cracking performance of the test beams, with the cracking load
increasing by 46%. As the UHPC casting length increases, the maximum crack width at the vertical
interface between the full normal concrete (NC) section and the UHPC-NC composite section
decreases markedly. Additionally, increasing the UHPC thickness leads to a substantial reduction in
the maximum crack width at both the UHPC-NC composite section and the intermediate diaphragm
section.

KEYWORDS

Simply-supported to continuous concrete box beam, Negative moment zone, UHPC,
Cracking resistance

INTRODUCTION

Simply-supported to continuous beam bridge has been widely used in highway construction
by virtue of its advantages of simple structure, high degree of assembly, low cost and fast
construction speed [1-2]. Accompanied by the rapid development of the economy, the pressure of
highway traffic is also gradually increased, the simply-supported to continuous beam bridge of some
problems have begun to appear [3-5], which in turn to the top of the abutment negative bending
moment region of the problem is most prominent. Due to the low tensile strength of ordinary concrete
and insufficient crack resistance, cracks are produced in the negative moment region at the top of
the abutment of simply-supported to continuous concrete beam bridges, which seriously affects the
durability and normal service life of the bridge [6]. Therefore, improving the crack resistance in the

@ DOI 10.14311/CEJ.2026.01.0002 17



Article no. 2
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2026
JOURNAL

negative moment zone of simply-supported to continuous beam bridges to improve the durability of
bridge operation has become the focus of research [7-8].

The traditional mechanical tensioning prestressing method is to limit the crack development
in the negative moment zone by tensioning the prestressing bundles in the negative moment zone
at the top of the pier [9]. The crack resistance of the beams is improved by applying prestressing to
the negative moment region of the combined beams, but its construction is complicated, inefficient,
costly and difficult to ensure the construction quality [10-13]. Therefore, it aims to solve the cracking
problem in the negative moment zone of simply-supported to continuous beam bridges, and on this
basis, effectively improve the construction efficiency and reduce the construction difficulty and cost.

In recent years, with the vigorous development of material science, many new materials have
emerged to provide new solutions to the cracking problem in the negative moment region of beam
bridges. Ultra-High Performance Concrete (UHPC), as a new type of cementitious composite
material, has the characteristics of ultra-high strength, high toughness, and high durability, and its
compressive strength can reach more than 150 MPa and tensile strength can reach more than 6
MPa [14-17]. Long G. [18] carried out a study on UHPC-RC combination beams, and analysed in-
depth the effect of the thickness of UHPC on the crack resistance of bridges as well as the ultimate
load carrying capacity. Liu X. [19] conducted a study on UHPC-steel composite beams and analysed
in-depth the influence of UHPC on improving the crack resistance of composite beams. Wan Z. [20]
conducted a study on UHPC-steel-concrete composite beams and analysed in-depth the influence
of several parameters, such as the type of overlaying concrete, the arrangement of interfacial shear
reinforcement, and the presence of steel wire mesh, on the structural performance of the added
composite beams. At present, the research on the structural aspects of UHPC mainly focuses on
the combined beams, while there are few studies on the negative moment region of UHPC-
strengthened simply-supported to continuous structures.

To address the cracking issue in the negative moment zone of simply-supported-to-
continuous beam bridges, this study innovatively applies UHPC to the negative moment zone of
simply-supported-to-continuous concrete box beams, forming a locally UHPC-strengthened
structural system. This approach effectively mitigates cracking in the negative moment zone. Owing
to UHPC's superior tensile properties, it replaces the conventional bridge system conversion method,
which involves “pouring concrete over the pier continuous section (at the joint) + mechanically
tensioned prestressing.” This innovation not only enhances construction efficiency but also reduces
associated risks. Although UHPC materials are more expensive than ordinary concrete, their
exceptional performance and durability significantly lower long-term maintenance costs, ensuring
economic viability over the service life of the structure. This paper investigates the structural behavior
of such composite box beams by considering variables including reinforcement ratio, UHPC length
and thickness, prestressing tendon arrangement, and the presence of bearers. The findings provide
a theoretical foundation for the practical application of this innovative beam type.

TEST PROCEDURE

Materials
Mechanical Properties of Ordinary Concrete
The grade of plain concrete used is C40 and the specific mix is shown in Table 1.
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Tab. 1 - C40 concrete mix

Material Quality ratio (kg/m?3)
Water 0.33
cement 1
sand 1.15
cobble 2.26
Water reducing agent 0.004

In order to determine the specific mechanical properties of the C40 concrete used in the test
beams, three cubic specimens of 150 mm x 150 mm x 150 mm, three prismatic specimens of 100
mm x 100 mm x 400 mm, and three prismatic specimens of 100 mm x 100 mm x 300 mm were
poured and cast, and the tests of compressive strength, flexural strength, and modulus of elasticity
were carried out respectively. The specimens were all poured at the same time as the concrete of
the precast section of the test beam, and the curing was completed under the same conditions. The
tests were carried out in accordance with the standard test methods in the Standard Test Methods
for Concrete Structures (GB/T 50152-2012), and the average values of the basic mechanical
properties of each group of specimens are shown in Table 2.

Tab. 2 - C40 concrete mix

Concrete | Cubic compressive | Flexural strength Modulus of
type strength (MPa) (MPa) elasticity (MPa)
C40 40.9 2.47 26500

Mechanical Properties of UHPC

The UHPC matrix was doped with steel fibers of end-hook type at a dosage of 2% and the
specific mixing ratios are shown in Table 3.

Tab. 3 - UHPC material mix ratios

Composition Quality ratio (kg/m?)
Cement 956
Medium Sand 214.2
Fine Sand 856.8
Silica Fume 159
Quartz Powder 159
Water Reducing Agent 25.5
Water 216.7

With reference to the specification “Activated Powder Concrete” (GB 50010-2010), three 100
mm x 100 mm x 100 mm cubic compression specimens, three 100 mm x 100 mm x 400 mm
prismatic flexural specimens, and three dumbbell-shaped tensile specimens were cast to test the
compressive and flexural strengths and tensile strengths of the UHPC. The specimens were cast in
the same batch with the test beams, and the maintenance was completed under the same conditions,
and the average values of the material performance test results are shown in Table 4, and the axial
tensile diagram is shown in Figure 1.
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Fig. 1 — Tensile strength test
Tab. 4 - UHPC mechanical properties test results

Cubic compressive strength
(MPa)

Flexural strength
(MPa)

Tensile strength
(MPa)

122

23.3

7.91

Mechanical properties of steel bars

The tensile steel bars used in the test are HRB400 grade, and the pull-out test is carried out
to test the yield strength and ultimate tensile strength of the steel bars, and the mechanical properties

of the steel bars are shown in Table 5.

Tab. 5 - Test results of mechanical properties of reinforcing steel

Regliforce:[ment Modulus of elasticity Yield strength Ultimate tensile
(ame e (MPa) (MPa) strength (MPa)
mm)
10 2.0x10° 422 578
12 2.0x10° 428 587
14 2.0x10° 437 592

Test Beam Design and Casting Process

The main steps for making the test beam are as follows: reinforcement cage tying, concrete
material preparation, concrete pouring, cast-in-place section reinforcement tying, concrete pouring
for end beams as well as beams in the negative moment zone, UHPC pouring in the negative
moment zone, formwork dismantling, and maintenance of the test beam. The steps of box beam
casting are shown in Figure 2.
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a Steel bar cage lashing Steel bar cage lashing

b Concrete pouring of precast beam Reserved steel bar  Concrete pouring of precast beam / End beam pouring Wet joint concrete pouring
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[

Fig. 2 — Schematic diagram of UHPC reinforced simply-supported to continuous concrete box
beams in negative moment zone: (a) — precast beams reinforcement cage tying; (b) — precast
beams concrete pouring; (c) — wet joints reinforcement tying; (d) — wet joints and end beams
concrete pouring; (e) — UHPC pouring.

Site Pouring Process

The fabrication process of box beams is depicted in Figure 3, primarily involving two main
steps: the construction of formwork and the tying of reinforcement cages, followed by the pouring of
both conventional concrete materials and UHPC.

Formwork Production and Reinforcement Cage Tying

After the completion of the template production, in accordance with the design drawings of
the size of the rebar and the location of the cage will be tied, the rebar between the use of fine steel
wire bonding, the test of the reinforcing steel used for the HRB400 level, to be strain gauges paste
can be poured, the template and the cage as shown in Figure 3 (a).

Pouring of Concrete Materials

Prepare the concrete mixture, and then slowly pour it into the formwork. During the pouring
process, continuously vibrate the concrete using a vibrator to ensure it is uniformly distributed and
compacted. After allowing the poured concrete to set for approximately 2 h, smooth the concrete
surface again with a trowel. To minimize water loss and prevent cracking after the concrete has been
poured, cover the surface with cling film after sprinkling it with water, and regularly moisten the
surface thereafter. After about 7 d of curing, concrete can be poured for the end beams as well as
the beams in the negative moment region. The specific pouring process is illustrated in Figure 3(b)
and Figure 3(c).

UHPC Pouring

After the curing of the plain concrete region was finished, the UHPC-NC interface was
chiseled using a chisel hammer. During the chiseling process, efforts were made to partially expose
the coarse aggregate on the surface. Once chiseling was complete, any debris on the chiseled
surface was cleaned off using an air pump. Subsequently, the UHPC material was prepared and
poured into the negative moment zone of the box beam. Given that UHPC possesses self-
compacting and self-leveling properties, it was not necessary to use vibrating instruments during the
pouring process. After pouring, the surface was smoothed with a trowel and then covered with a
plastic film to prevent moisture loss. The formwork was removed, and the structure was allowed to
cure at room temperature for 28 d before testing. The UHPC pouring and curing process is illustrated
in Figures 3(d) to 3(f).
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Fig. 3 — Box beam fabrication process: (a) — supporting formwork and tying reinforcement, (b) —
pouring precast concrete, (c) — pouring concrete for center diaphragm, (d) — mixing UHPC, (e) —
pouring UHPC, and (f) — curing after UHPC pouring

Test Procedure

Taking the length of UHPC in the negative moment zone, the thickness of the UHPC layer,
and the reinforcement ratio of ordinary steel as the primary variables, a total of nine test beams were
designed for the experiment. Among these, one was a simply-supported-to-continuous ordinary
reinforced concrete box beam, another was a simply-supported-to-continuous prestressed
reinforced concrete box beam, and the remaining seven were simply-supported-to-continuous
concrete box beams locally strengthened with UHPC. The parameters for each test beam are
detailed in Table 6, while the specific dimensions of the test beams are illustrated in Figures 4 to 6.

Tab. 6 - Pilot programme

Test beam Length of Plain steel Prestressing Thickness Forms of
number UHPC relnforcement tendon of UHPC Concret.e
L/mm ratio (%) /mm Undertaking
BO — 0.43 — — Groove
B1 1600 0.36 — 60 Groove
B2 1600 0.43 — 60 Groove
B3 1600 0.50 — 60 Groove
B4 800 0.43 — 60 Groove
B5 1200 0.43 — 60 Groove
B6 — 0.43 20s15.2 — —
B7 1600 0.43 — 120 Bearing
B8 1600 0.43 — 120 Unsupported

The test beam has a longitudinal length of 5000 mm, a clear span of 4600 mm, and a beam
height of 4560 mm. The flange plate thickness is 120 mm, with a bottom plate width of 1200 mm and
a top plate width of 700 mm. The concrete cover thickness is 20 mm, the ordinary concrete used
has a strength grade of C40, and all ordinary reinforcing bars are of HRB400 grade. Additionally,
cross beams with thicknesses of 300 mm and 200 mm are installed at both ends and the middle of
the beam, respectively. In this experiment, key analysis factors include varying ordinary steel
reinforcement ratios, UHPC casting lengths and thicknesses, as well as the interfacial bonding forms
between ordinary concrete and UHPC.

Among the test beams, beams B1, B2, and B3 all featured a UHPC casting length of 1.6
meters, but they had different ordinary reinforcement ratios, specifically 0.36%, 0.43%, and 0.50%,
respectively. Beams B2, B4, and B5 shared the same ordinary reinforcement ratio, yet their UHPC
casting lengths varied, measuring 1.6 m, 0.8 m, and 1.2 m, respectively. For beam B6, based on the
configuration of beam BO, two nominally symmetrical UHPC sections were arranged. The
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thicknesses of the UHPC castings for beams B2, B7, and B8 were 60 mm, 120 mm, and 120 mm,
respectively. Notably, the interface between UHPC and NC (normal concrete) for beam B7 utilized
a bracket-supported bearing form, whereas for beam B8, it was without bracket support.
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Fig. 6 — section B-B of test beam (unit: mm)
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Load and Measurement Point Arrangement

The test beams were inverted, and reversed loading was employed to simulate the negative
bending moment acting on the main beams. Loading was applied using 1000 kN hydraulic jacks,
with the beam ends supported on steel piers spaced 4600 mm apart. The test was conducted with
four loading points, and the distance between each loading point was set at 600 mm. Schematic
diagrams of the loading setup for the test beams, along with on-site photographs, are presented in
Figures 7 and 8.

E()q 2000 , 300 300 2000 200
A A A A A

Fig. 8 —Pictures of the test site

RESULTS AND DISCUSSION

Effect of Crack Distribution Under Different Influencing Factors
Factors for Reinforcement Ratio of Ordinary Steel Bars

The simply-supported-to-continuous concrete box beam locally strengthened with UHPC is
categorized into four distinct regions, as illustrated in Figure 9. Region [ represents the full normal
concrete (NC) section located outside the UHPC-strengthened area; Region II denotes the vertical
interface between the combined UHPC-NC section and the full NC section; Region III corresponds
to the combined UHPC-NC section itself; and Region IV signifies the intermediate diaphragm beam
section. The variations in maximum crack width with respect to applied load for each region in beams
B1, B2, and B3 are depicted in Figure 10. Additionally, a comparative analysis of the load versus
maximum crack width curves for each region across the test beams is presented in Figure 11.

Fig. 9 — Map of the division of the test beam region (B2 beam)
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As illustrated in Figure 10(a), when the external load reaches 85 kN, the first crack emerges
in Region [ of beam B1, followed sequentially by cracks in Regions II, IV, and III. As the load
increases, the maximum crack widths in all four regions— I, II, III, and IV—generally exhibit a
linear growth trend. When the load surpasses 200 kN, the stiffness of the UHPC-NC composite
cross-section significantly decreases, leading to a relatively slower increase in crack width in
Regions [ and II, while the crack width in Region IV grows more rapidly. Ultimately, the beam fails
at the intermediate diaphragm cross-section.

From Figure 10(b), it is evident that the first crack in beam B2 appears in Region I when the
load reaches 95 kN, followed by cracks in Regions II, IV, and III in sequence. When the load
increases to approximately 120 kN, the crack width in Region 1 is the first to reach 0.2 mm, followed
by a crack width of 0.1 mm in Region II, while cracks in Regions III and IV have not yet appeared.
As the load continues to rise, the maximum crack widths in all four regions— I, II, III, and IV—
generally show linear growth, albeit at a relatively slow rate. When the load exceeds 270 kN, some
of the reinforcement in Region Il yields, causing the crack width there to increase sharply with further
load increase.

From Figure 10(c), it can be observed that when beam B3 is loaded to 100 kN, cracks
successively appear in Regions 1, II, and IV, with widths of 0.02 mm, 0.1 mm, and 0.1 mm,
respectively. Cracks in Region III emerge when the external load reaches 120 kN, at which point the
maximum crack width in Region [ has already reached 0.2 mm, and the maximum crack widths in
Regions II, III, and IV are approximately 0.15 mm, 0.1 mm, and 0.15 mm, respectively.
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Fig. 10 — Load-maximum crack width curves for beams B1, B2 and B3

The comparison of load-maximum crack width curves for Regions 1, II, III, and IV is
presented in Figure 11. From Figure 11(a), it is evident that when the load is less than 150 kN, the
maximum crack widths in Region 1 of beams B1, B2, and B3 continuously increase with the rising
load. However, when the load exceeds 150 kN, the crack widths grow at a relatively slower rate. At
lower loads, the stiffness of the full normal concrete (NC) section is smaller than that of the UHPC-
NC composite section, causing cracks to appear first in Region I . As the load increases, both the
number and width of these cracks expand. Once the load surpasses 150 kN, numerous cracks
emerge at the vertical interface between the UHPC-NC composite section and the full NC section,
as well as within the UHPC-NC composite section itself, leading to a significant reduction in the
composite section's stiffness. Additionally, the bending moment in the composite section is greater
than that in the outer full NC section, resulting in a less pronounced increase in maximum crack
width in Region I, while crack widths in other regions grow relatively faster.

From Figure 11(b), it can be observed that when the load is less than 150 kN or more than
280 kN, the crack width in Region II of beams B1, B2, and B3 continuously increases with the rising
load. However, when the load is between 150 kN and 280 kN, the crack width in Region II changes
insignificantly with the load. At loads below 150 kN, since Region II is located at the vertical interface
between the UHPC-NC composite section and the full NC section, the concrete there experiences a

@ DOI 10.14311/CEJ.2026.01.0002 25



Article no. 2

CIVIL
ENGINEERING
JOURNAL

THE CIVIL ENGINEERING JOURNAL 1-2026

larger bending moment than the outer full NC section, causing both Region II and Region [ to
crack earlier and exhibit faster crack width growth at lower loads. When the load exceeds 150 kN,
numerous cracks appear in the UHPC-NC composite section, significantly reducing its stiffness. The
bending moment in the composite section becomes larger than that at the vertical interface, resulting
in a less pronounced increase in crack width in Region II, while the crack width in the UHPC-NC
composite section grows rapidly with the load. When the load exceeds 280 kN, the reinforcement in
Region II of beams B1, B2, and B3 yields or is about to yield, leading to a significant increase in
crack width with the rising load.

From Figure 11(c), it can be seen that the load and crack width in Region III of beams B1,
B2, and B3 generally exhibit a linear relationship, with the crack width gradually decreasing as the
reinforcement ratio increases under the same load. This is because, with an increased reinforcement
ratio, more tensile stress is borne by the steel reinforcement under the same load, reducing the
tensile stress borne by the UHPC and effectively suppressing the crack width in the UHPC-NC
composite section.

From Figure 11(d), it is evident that the cracks in Region IV of beam B1 increase sharply with
the rising load due to its lower reinforcement ratio, causing more tensile stresses to be borne by the
UHPC as the load increases, leading to faster crack width development. In the pre-loading stage,
the crack width growth in Region IV of beams B2 and B3 is relatively slow. However, when the load
exceeds 300 kN, the crack width growth accelerates.
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The division of the test beam regions is illustrated in Figure 12. The variations in maximum
crack width with respect to the applied load for each region of beams B4 and B5 are depicted in
Figure 13. Additionally, a comparative analysis of the load versus maximum crack width curves for
each region of the test beams is presented in Figure 14.

Fig. 12 — Map of the division of the test beam region (Beam B4)

As depicted in Figure 13(a), when beam B4 was loaded to 70 kN, cracks were observed in
Region I . As the load continued to increase, cracks successively appeared in Regions II, III, and
IV. Upon reaching a load of 100 kN, the maximum crack width in Region [ was the first to reach
0.2 mm, while the maximum crack width in Region II was 0.1 mm at that time; cracks had not yet
appeared in Regions III and IV. During the pre-loading stage, the crack widths in Regions I and II
increased with the rising load. After loading reached 150 kN, cracks began to emerge in Regions III
and [V, and their widths increased accordingly with the load. However, the growth rate of crack
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widths in Regions [ and II became relatively slower. When the load exceeded 190 kN, the crack
width in Region II increased sharply with the rising load, ultimately leading to the failure of the test
beam at the middle diaphragm section. After the load surpassed 240 kN, the crack width in Region
I also increased sharply with the rising load as part of the tensile reinforcement yielded.

From Figure 13(b), it can be observed that when beam B5 was loaded to 75 kN, cracks
appeared in Region [, followed by successive cracks in Regions II, IV, and IlIl. When the load
reached 110 kN, the maximum crack width in Region I was the first to reach 0.2 mm, while the
crack width in Region II was 0.1 mm, and no cracks had appeared in Regions III and IV. As the
load continued to increase, the crack widths in all four regions generally exhibited linear growth.
Notably, the crack widths in Regions III and IV were similar and consistently smaller than those in
Regions 1 and II. This was attributed to the "bridge-linking" effect of the steel fibers after the UHPC
cracked, which effectively restricted the further development of the cracks. When the load exceeded
250 kN, the crack width in Region II increased sharply with the rising load, ultimately leading to the
failure of the test beam in this region.
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Fig. 13— Load-maximum crack width curves for beams B4 and B5

From Figure 14(a), it is evident that when the load is less than 150 kN, the crack widths in
Region | of beams B2, B4, and B5 all increase with the rising load. However, when the load exceeds
150 kN, the rate of change in crack widths slows down. The crack width in the full NC section
increases more gradually because cracks begin to appear in the UHPC-NC composite section at a
load of 150 kN. Consequently, the crack widths in Regions III and IV start to increase slowly with
the increasing load, and the stiffness of the UHPC-NC composite section decreases significantly. As
the load continues to rise, the crack width in Region | decreases with the increasing length of the
UHPC-NC composite section. This is because a shorter UHPC-NC composite section results in a
longer full NC section, which bears a larger bending moment. Additionally, the internal force
redistribution in ordinary concrete is more pronounced, making it difficult to withstand larger bending
moments. Therefore, under the same load, the crack widths in Region | of beams B4, B5, and B2
decrease in sequence. When the load exceeds 250 kN, the crack widths of beams B4 and B5
increase sharply with the rising load, while the crack width of beam B2 does not change significantly.
This is because, at this point, the reinforcement in Region | of beams B2, B4, and B5 has already
yielded or is about to yield, and more tensile stresses are borne by the UHPC. However, the cross-
section of the UHPC-NC composite in beams B4 and B5 is shorter, leading to more steel fibers being
extracted from the matrix.

From Figure 14(b), it can be observed that when the load is less than 150 kN, the crack
widths in Region Il of beams B2, B4, and B5 continuously increase with the rising load. This is
because the bending moments at the vertical interface between the UHPC-NC and the full NC cross-
sections are larger than those at the full NC cross-section, causing both Region Il and Region | to
crack earlier, and the crack widths to increase relatively rapidly during the preloading period. After
the load exceeds 150 kN, with the decreasing stiffness of the UHPC-NC composite section, the crack
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width in Region Il increases relatively slowly. From Figures 14(c) and 14(d), it can be seen that the
crack widths in Regions Il and IV of beams B2, B4, and B5 generally increase linearly with the rising
load. When the load exceeds 250 kN, the crack widths of beams B4 and B5 basically remain
unchanged with the increasing load, while the crack widths of beam B2 continue to grow linearly.
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Fig. 14 — Comparison of load-maximum crack width curves for regions [, II, Il and [V
UHPC Thickness and Form of Support

The division of the test beam regions is shown in Figure 15. The variation of maximum crack
width with load in each region of beams B7 and B8 under load is shown in Figure 16, and the

comparison of load-maximum crack width curves in each region of the test beams is shown in Figure
17.
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Fig. 16 — Load-maximum crack width curves for beams B7 and B8

As illustrated in Figure 18(a), the first crack emerged in Region I when beam B7 was loaded
to 120 kN. Subsequently, with the continuous increase in load, cracks successively appeared in
Regions III, II, and IV. When the load reached 200 kN, the crack width in Region I was the first to
attain 0.2 mm, while the crack widths in Regions 1II, III, and IV were 0.15 mm, 0.1 mm, and 0.05
mm, respectively. As the load continued to rise, the crack widths in each region generally increased
linearly, with those in Regions [ and II being larger than those in Regions Il and IV.

From Figure 18(b), it can be observed that when beam B8 was loaded to 85 kN, cracks
appeared in Region [ . As the load increased, cracks subsequently emerged in Regions II, III, and
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IV in turn. When the load reached 120 kN, the crack widths in Regions 1 and II simultaneously
reached 0.2 mm, while no cracks had yet appeared in Regions III and V. During the early stage of
loading, the crack widths in Regions I and II grew with the increasing load. When the load
exceeded 150 kN, as the crack widths in Regions III and IV began to increase, the cross-sectional
stiffness of the UHPC-NC composite section decreased, leading to a relatively steeper slope in the
load-crack width curves for Regions [ and II. When the load surpassed 290 kN, the crack widths
in Regions III and IV essentially remained unchanged, while some of the reinforcement in Regions
I and II had yielded, resulting in a sharp increase in crack width at the section with the rising load.

Ultimately, the test beam failed at the vertical interface between the UHPC-NC composite section
and the full NC section.
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Fig. 17 — Comparison of load-maximum crack width curves for regions [, I, Il and [/

From Figure 17(a), it is evident that as the load increases, the crack width in Region 1 of
beam B7 exhibits linear growth. Moreover, under the same load, the crack width in this region is
smaller than that of beam B8. This is because the UHPC underlay enhances the flexural stiffness of
the test beams, effectively suppressing crack development in Region I .When the load is less than
150 kN, the crack widths in Region [ of beams B2 and B8 are similar, both increasing with the rising
load. However, when the load exceeds 150 kN, the growth rate of crack width slows down. Under
the same load, the crack width of beam B2 is smaller than that of beam B8.

At the early stage of loading, the stiffness of the full NC section is relatively low, causing the
crack width in Region 1 to develop more rapidly. When the load surpasses 150 kN, as the crack
width in the UHPC-NC composite section increases, its sectional stiffness decreases. Coupled with
the larger bending moment in the UHPC-NC composite section, the crack widths in Regions III and
IV grow faster, resulting in a relatively slower growth rate of crack width in Region [ . The thickness
of the UHPC layer in beam B8 is greater than that in beam B2, providing a higher degree of steel
fiber bridging. Consequently, the stiffness of the UHPC-NC composite section in beam B8 decreases
more slowly, leading to smaller crack widths compared to beam B2. Furthermore, the decrease in
cross-sectional stiffness is slower, and the crack widths and number of cracks in Regions III and IV
grow at a slower rate than in beam B2. Therefore, under the same loading conditions, the crack
width in Region [ of beam B2 is smaller than that of beam B8.

From Figure 17(b), it can be observed that the crack width in Region Il of beam B7 increases
linearly with the rising load. Under the same load, the crack width of beam B7 is smaller than that of
beam B8 because the UHPC underlay enhances the flexural stiffness of the test beams, effectively
suppressing crack development in Region Il. When the load is less than 150 kN, the crack widths of
beams B2 and B8 increase with the load due to the larger bending moment at the vertical interface
between the UHPC-NC composite section and the full NC section compared to the full NC section
alone. Consequently, cracks in both Region II and Region [ appear earlier, and the crack widths
develop more rapidly.
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From Figure 17(c), it is apparent that as the load increases, the crack widths in Region Ill of
beams B7 and B8 are generally similar and both are smaller than that of beam B2 under the same
load. This is because with the increase in UHPC thickness, the degree of bridging provided by steel
fibers becomes greater, and its crack-arresting effect is more pronounced. From Figure 17(d), it can
be seen that when the load is less than 270 kN, the crack widths in Region IV of beams B7 and B8
are similar and both are smaller than that of beam B2 under the same load.

Analysis of Maximum Crack Width in Pure Bending Zone
Reinforcement Ratio

Beams B1, B2, and B3 were tested to compare the effects of different reinforcement rates—
0.36%, 0.43%, and 0.5%, respectively—on the flexural performance of a UHPC-strengthened
simply-supported-to-continuous concrete box beam in the negative moment region. As illustrated in
Figure 18, with an increase in the reinforcement rate, the cracking load of the UHPC-locally-
reinforced simply-supported-to-continuous concrete box beam increased by 11.8% and 17.6%, the
yield load rose by 17.4% and 47.8%, and the ultimate load increased by 14.8% and 28.5%. For the
same reinforcement rate, the cracking load, yield load, and ultimate load of beam B2 increased by
46%, 12.5%, and 25%, respectively, compared to those of beam BO. Moreover, when the crack width
in the purely curved section of beam BO reached 0.2 mm, the crack width in beam B2 was only 0.1
mm.

The analysis revealed that reinforcing the negative moment zone of simply-supported-to-
continuous concrete box beams with UHPC significantly enhanced the flexural performance of the
test beams. As the reinforcement rate increased, the load-carrying capacity, stiffness, and ductility
of the test beams improved markedly, and all test beams experienced damage at the intermediate
diaphragm section. Compared to beam B0, the cracking load, yield load, and ultimate load of beam
B6 increased by 38%, 4%, and 21%, respectively. When the maximum crack width in the purely
curved section of beam B0 reached 0.2 mm, the crack width in beam B6 was 0.15 mm, which was
closer to that of beam B2. This indicates that beam B2, which features UHPC reinforcement with a
length of 1600 mm and a thickness of 60 mm, demonstrates comparable load-carrying and crack-
limiting capabilities to a simply-supported-to-continuous prestressed concrete box beam reinforced
with two additional prestressing strands of diameter 15.2 mm (with a tensile stress of 1000 MPa).
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Fig. 18 — Different reinforcement rates, UHPC lengths, UHPC thicknesses
and support forms

UHPC Length

Beams B2, B4, and B5 were primarily tested to investigate the influence of varying UHPC
cover lengths on the bending performance of UHPC-strengthened simply-supported-to-continuous
concrete box beams in the negative moment zone. As depicted in Figure 18, when the UHPC cover
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lengths were 1600 mm, 800 mm, and 1200 mm, the cracking load of the UHPC-locally-strengthened
simply-supported-to-continuous concrete box beams increased by 46%, 7.7%, and 15%,
respectively, compared to the control beam. The yield load increased by 12.5%, 0%, and 4%, while
the ultimate load rose by 25%, 12.5%, and 21%, respectively. These results indicate that an
adequate UHPC cover length is crucial, as shorter cover lengths result in less pronounced
improvements in cracking load, yield load, and ultimate load.

When the crack width in the pure bending section of beam B0 reached 0.2 mm, the crack
widths in beams B2, B4, and B5 were 0.1 mm, 0 mm, and 0.08 mm, respectively. This discrepancy
can be attributed to the shorter cross-sectional lengths of the UHPC-NC combinations in beams B4
and B5, which caused a greater proportion of the external loads to be borne by the full NC section,
thereby reducing the crack width in the pure bending section.

UHPC Thickness and Form of Support

Beams B2, B7, and B8 were primarily examined to explore the impact of varying UHPC
thicknesses and bearing methods on the bending performance of UHPC-strengthened simply-
supported-to-continuous concrete box beams in the negative moment zone. As illustrated in Figure
18, the cracking loads of UHPC-locally-strengthened simply-supported-to-continuous concrete box
beams with UHPC thicknesses of 60 mm, 120 mm (with load bearing underneath the UHPC), and
120 mm (without specific load-bearing mention, assumed standard configuration) were 46%, 84.6%,
and 30% higher, respectively, than those of the comparison beams. The yield loads were 12.5%,
66.7%, and 20.8% higher, while the ultimate loads were 25%, 53.6%, and 32% higher, respectively,
compared to the comparison beams.

When the maximum crack width in the pure bending section of beam B0 reached 0.2 mm,
the crack widths in beams B2, B7, and B8 were 0.1 mm, 0 mm, and 0 mm, respectively. The analysis
revealed that UHPC with load bearing underneath significantly enhanced the stiffness, load-carrying
capacity, and crack-controlling ability of the test beams. However, under larger loads, the UHPC in
the tensile zone of beam B7 entered the stress-softening stage, and the steel fiber "bridging" effect
was not as pronounced as in beam B2 (assuming the comparison was intended to be with B2 or
another relevant beam; if not, please adjust accordingly).

CONCLUSION

1. When the crack width in the pure bending section of a plain reinforced concrete box beam
reaches 0.2 mm under the same reinforcement ratio, the crack width in a UHPC-reinforced beam is
only 0.1 mm. Reinforcing the negative moment zone of a simply-supported-to-continuous concrete
box beam with UHPC can significantly enhance the cracking performance of the test beam. When
the UHPC length is small, a greater portion of the external loads is borne by the full NC (normal
concrete) section, resulting in a smaller crack width in the pure bending section. Therefore, to
achieve optimal crack resistance, it is essential to ensure an adequate UHPC length.

2. The reinforced beams were categorized into four regions: the full NC section, the vertical
interface between the UHPC-NC combined section and the full NC section, the UHPC-NC combined
section, and the intermediate diaphragm section. The crack development patterns in each region of
the test beams were systematically analyzed under varying reinforcement rates, UHPC lengths, and
UHPC thicknesses. The analyses revealed the following:

(1) As the UHPC length increases, the maximum crack width at the vertical interface between
the full NC section and the UHPC-NC combined section, as well as within the full NC section itself,
decreases significantly. However, the crack width at the UHPC-NC combined section and the
intermediate diaphragm section increases slightly. When the UHPC length is relatively small, its
crack-limiting ability is not pronounced, showing performance similar to that of the comparison
beams.

(2) Increasing the thickness of the UHPC leads to a significant reduction in the maximum crack
width at the UHPC-NC combined section and the intermediate diaphragm section. Conversely, the
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crack width at the vertical interface between the UHPC-NC combined section and the full NC section
increases notably.

(3) When the reinforcement ratio of ordinary steel bars is the same, beam B2 demonstrates
superior crack-limiting ability compared to beam BO. Specifically, when the crack width in the pure
bending section of beam B0 reaches 0.2 mm, that of beam B2 is only 0.1 mm. Furthermore, the
crack width in the pure bending section of a simply-supported-to-continuous prestressed concrete
box beam reinforced with two additional 15.2-diameter prestressing strands is 0.15 mm, indicating
comparable performance between beams B2 and B6.
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ABSTRACT

The study evaluates the effectiveness of various ecological slope protection strategies for
riverbank stabilization by systematically analyzing several critical factors: slope coefficient,
durability, impact resistance to flow, biodiversity index, biochannel fluency, vegetation coverage,
construction and maintenance costs, landscape aesthetics, and recreational function. The Fuzzy
Set Pair Analysis Assessment Method was utilized to create a comprehensive evaluation model,
employing normalized benefit-type indices and incorporating the Analytic Hierarchy Process (AHP)
with an Accelerated Genetic Algorithm (AGA) to determine the weight of each evaluation index.
This model assesses the linkage degree of single indices and uses a confidence criterion to classify
evaluation samples across different risk tolerance levels. The results show that plant berms are
most effective at a confidence level of 0.50, while gabion revetments perform best at levels of 0.60
and 0.70. The findings suggest that plant berms are suitable for higher risk tolerance, while gabion
revetments are better for risk-averse decisions. This methodology offers a novel and robust tool for
scientifically assessing and selecting optimal river slope protection strategies.

KEYWORDS

Ecological slope protection, Scheme decision-making, accelerated genetic algorithm,
Hierarchical analysis, Fuzzy set-pair analysis

INTRODUCTION

The escalating impacts of climate change, characterized by frequent extreme hydrological
events, have intensified the global challenge of riverbank erosion and ecological degradation [1,2].
Traditional hard engineering revetments, such as riprap and concrete linings, while effective in flood
control, have been widely criticized for disrupting the fluvial continuum, fragmenting aquatic-
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terrestrial habitats, and diminishing the self-purification capacity of rivers [3-5]. Consequently, there
is a global consensus on the urgent need to transition towards ecological slope protection (ESP)
that harmonizes flood defence with ecosystem conservation [6].

To address this challenge, extensive research has been conducted worldwide on the
evaluation and selection of optimal ESP schemes. In Europe and North America, multi-criteria
decision-making (MCDM) methods have been increasingly applied to prioritize river restoration and
river-floodplain conservation by jointly considering hydromorphological, ecological, and socio-
economic criteria [7-9]. In parallel, soil and water bioengineering has been widely recognized as a
nature-based strategy capable of reconciling natural hazard control with ecological restoration in
riverbank protection [10]. Similarly, in Japan, the “nature-oriented river works” approach has long
emphasized the integration of ecological indices into engineering practice and river management
standards [11].

China, with its massive scale of water conservancy construction and rapid urbanization, faces
analogous challenges. Existing studies have evaluated ESP schemes under Chinese conditions
from the perspectives of comprehensive performance comparison, ecological revetment
assessment, and project-level effect verification [12-17]. However, much of the existing literature
remains case-specific, and the applicability of these methods is still constrained by methodological
limitations in weight consistency, uncertainty propagation, and fuzzy grade transitions.

Among these, AHP is the most widely adopted due to its simplicity and systematic structure.
However, as Jin et al. [18] critically noted, the conventional AHP treats weight calculation and
consistency verification as separate steps. Once the judgment matrix is established, the
consistency index is fixed, leaving no room for optimization, which can compromise the accuracy
of derived weights [19]. Furthermore, other methods present their own drawbacks: PCA often leads
to information loss during dimensionality reduction [20], and traditional set pair analysis (SPA)
assumes rigid boundaries for grading criteria and equal weights for all indicators, which fails to
capture the fuzzy and uncertain nature of ecological systems [21].

To overcome these deficiencies, this study proposes an integrated evaluation model that
couples an Accelerated Genetic Algorithm-optimized Analytic Hierarchy Process (AGA-AHP) with
a Fuzzy Set Pair Analysis (FSPAAM) . The AGA addresses the consistency optimization problem
in AHP, enhancing the objectivity of weight determination, while the FSPAAM effectively handles
the uncertainty and fuzziness inherent in ecological grading criteria. This hybrid approach not only
refines the evaluation of ESP schemes for Chinese rivers but also offers a robust decision-making
framework applicable to similar contexts worldwide, providing both theoretical contributions and
practical guidance for sustainable river management [22,23].

RESEARCH METHODS

A scientific and robust evaluation framework is essential for assessing river slope protection
schemes. Based on the analytic hierarchy process optimized by an accelerated genetic algorithm
(AGA-AHP) and fuzzy set pair analysis (FSPA), this study develops an integrated evaluation model
for ecological riverbank protection risk assessment [22,24-27]. The procedure is summarized as
follows.

First, an evaluation index system was established to comprehensively characterize the
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ecological shore protection scheme. Let the selected indicators be denoted as xy, x2, ..., Xm, where
m is the total number of indicators. A three-level hierarchical structure was then constructed,
consisting of the objective layer (A), subsystem layer (B), and indicator layer (C).

Second, AGA-AHP was used to determine indicator weights. Pairwise comparison matrices
were constructed for elements in each layer with respect to their upper-level criterion. Using the
conventional 1-9 scale and its reciprocal, the judgment matrix for layer B relative to the objective
layer A is expressed as A = {a;}, and the matrices for layer C relative to each subsystem Bk are
denoted as B« = {bjk}. The relative weights of indicators were obtained through hierarchical single
ranking and total ranking, while matrix consistency was optimized and tested using the AGA-based
consistency index function:

a;j = wi/w;

(1)
min - CIF(ny) = (1/np) - 242, - 1+ 202, - —< .| (2)

subject to:wy, > 0,andZ, 2, w;, -=-1

where wi denotes the ranking weight of each element and CIF(nb) is the consistency index
function. The final total ranking weights of layer C with respect to layer A were taken as the
comprehensive weights of the evaluation indicators.

Third, FSPA was employed to evaluate the relationship between the observed indicator values
and the predefined risk grading criteria. For the I-th indicator, let Al denote the observed value set
and Bk the k-th evaluation grade criterion. The K-element linkage degree of the set pair H(Al, Bk)
is expressed as:

Baj—p, = Q + byily + byoly ++ - byg_olg_ 5+ ¢f (3)
where al, by, ..., bik2, and cl represent the identity, discrepancy, and opposition degrees,
respectively, between the indicator value and the grading standard.

After determining the weight wl of each indicator, the overall linkage degree of the evaluation
sample is calculated as:

m
Ha-p = z Wy - Ua;-B, (4)
1=1

Let
m m m
fr= Z wiay, fr = z Wlbl,l' e fx = Z wiG ()
1=1 1=1 =1

then Equation (7) can be rewritten as:
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bap =fi+foli + falo + -+ fy_1lk_2 + fx] (6)

where f1, f5, ..., fx indicate the likelihood that the evaluation sample belongs to each risk level.

For positive indicators, the fuzzy linkage degree was calculated according to the corresponding
grading intervals. When K > 2, the K-element linkage degree was determined using the piecewise
formulation in Eq. (8), and when K = 2, the binary linkage degree was calculated using Equation
(9).

Finally, the confidence criterion was adopted to determine the risk level of the evaluation
sample:

hy=fi+fH++f>Lk=12..,K (7)

where A is the confidence level. Following previous studies, A was selected within the range of
0.50-0.70 [28]. Based on this criterion, the final risk grade of the ecological riverbank protection
scheme was identified.

EXAMPLE ANALYSIS
Determination of evaluation index system and evaluation criteria

This study exemplifies the evaluation of ecological shore protection and further elaborates on
the application process of evaluation based on the AGA-AHP fuzzy set approach. This paper
references the evaluation index system for assessing the effectiveness of ecological slope
protection as established in the existing literature[29]. The impact of ecological slope protection is
comprehensively analysed from three perspectives: structural stability, ecological functionality, and
socio-economic factors. To establish a comprehensive, objective, and rational evaluation index
system for ecological shore protection, the following factors are considered: slope coefficient,
durability, impact resistance flow rate, biodiversity index, biological channel patency, vegetation
coverage, construction and maintenance costs, landscape aesthetics, and recreational value. The
final risk evaluation index system is illustrated in Figure 1.

[ Ecological berm effect(A) J

[ Structural stability(B.) J

Ecological functionality(Bz) ] Socio-economic factors(B:) ’

Impact
TE i Biodiversit
Durability(C. resistance Y
urability(Cia) flow index(Cz1)
rate(Cis)

Biological
channel
patency(Cz2)

Slope
coefficient(Ci1)

Vegetation maintenance Landscape Recreational
coverage(Caz) costs(Ca) aesthetics(Caz) value(Csz)

Fig. 1 - Evaluation system of ecological riparian effect
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Referencing both domestic and international research standards and literature on ecological
shore protection, this study adopts a four-level evaluation criteria system[30-33]. These levels,
ranging from the strongest to the weakest, are denoted as Level 1 through Level 4 (see Table 1).

Tab.1 - Evaluation criteria for each index of ecological shore protection measures

Criterion Index Level 1 Level 2 Level 3 Level 4
Slope coefficient 23.5 2~3.5 1~2 <1
Structural Durability (year) =50 10~50 1~10 <1
stability Impact resistance flow rate
>4 3~4 2~3 <2
(m/s)
] Biodiversity index 21.5 0.8~1.5 0.2~0.8 <0.2
Ecological - -
functionalit Biological channel patency 230% 10%~30% 5%~10% <5%
unctionali
y Vegetation coverage (%) 250% 20%~50% 10%~20% <10%
Construction and maintenance
Socio- costs 21 0.5~1 0.3~0.5 <0.3
economic (Yuan /m?)
factors Landscape aesthetics 0.5~0.7 0.3~0.5 <0.3
Recreational value > 0.5~0.7 0.3~0.5 <0.3

Determining the weights of indicators

Based on the referenced literature, ten experts specializing in ecological bank design,
construction, maintenance, economy, and environmental protection were invited to evaluate the
importance of each factor at all levels of the evaluation through pairwise comparisons. The survey
results were organized to form the A-B, B1-C, B2-C, and B3-C judgment matrices (Tables 2 to 5).
In this paper, we utilize Matlab software and employ the AGA-AHP method to efficiently verify the
consistency of the judgment matrix and calculate the weights of each indicator layer. The results
are presented in Table 6.

Tab.2 - A-B judgment matrix and weights of each criterion

Structural stability(B1) | Ecological functionality(B2) | Slope coefficient(C11)
Structural stability(B1) 1 1 3

Ecological functionality(B2) 1 1 3

0.33 0.33 1

Socio-economic factors(Bs)

Tab.3 - Bs-C judgment matrix and weights of each criterion

Slope . Impact resistance flow
. Durability(C12)
coefficient(C11) rate(C13)
Slope coefficient(C11) 1 2 0.33
Durability(C12) 0.5 0.33
Impact resistance flow
3 3 1
rate(C13)
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Tab.4 - B»>-C judgment matrix and weights of each criterion
Biodiversity Biological channel Vegetation
index(Cz21) patency(C22) coverage(Cas)
Biodiversity index(Cz21) 1 0.5 0.33
Biological channel
2 1 0.5
patency(C22)
Vegetation coverage(Cz3) 3 2 1

Tab.5 - B3-C judgment matrix and weights for each criterion

maintenance Landscape Recreational
costs(Cs1) aesthetics(Ca2) value(Csa)
maintenance costs(Cs1) 1 2 3
Landscape aesthetics(Cs2) 0.5 1 2
Recreational value(Cs3) 0.33 0.5 1
Tab.6 - Results of AGA-AHP and AHP method for calculating the ranking weights of judgment
matrices
Sorting weight Coherence
Methodology Judgm.ent indicator
matrix w1 w2 w3 ,
function value
AHP[29] A 0.429 0.429 0.143 0
AGA-AHP A 0.429 0.429 0.143 0
AHP[29] B 0.249 0.157 0.594 0.027
AGA-AHP B1 0.200 0.200 0.600 0.033
AHP B2 0.163 0.297 0.594 0.005
AGA-AHP B2 0.182 0.272 0.546 0.015
AHP[29] Bs 0.163 0.297 0.594 0.005
AGA-AHP Bs 0.546 0.273 0.182 0.015

Calculation of Contact Degree

The index data for six types of bank protection measures for a riverbank, obtained through
investigation and data review, are presented in Table 7. All the type of indicator in Table 7 is
efficiency-oriented. This paper utilizes the weights calculated by the AGA-AHP method combined
with the fuzzy set-pair evaluation method to explore the effectiveness of ecological slope protection.
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Tab..7 - Results of the survey on indicators of ecological riparian measures
- Ecological Socio-economic
Structural stability(B1) , .
functionality(B2) factors(B3)
Impact | Bio | Biolo Constru | Lan
Dur . . . ] Rec
.| resista | div | gical | Vegeta ction dsc )
No. Scheme Slope | abil ) ) reati
o nce ersi | chan tion and ape
coeffici | ity( , onal
flow ty nel | covera | mainten | aes
ent yea . valu
) rate(m/ | ind | pate ge ance thet
r e
s) ex ncy costs ic
vegetated
1 slope 1.5 5 1 5 40% 80% 26/26 06 | 0.6
protection
Reynolds
2 Shore 1.5 30 2 6 30% 80% 26/77 06 | 0.6
Protection
Gabion
3 shore 1 30 3 10 | 30% 60% 26/257 | 0.6 | 0.8
protection
Ecological
4 concrete 1 20 25 13 | 25% 60% 26/180 | 0.8 | 0.4
berms
Self-
embedded
5 o 0.5 20 25 11 | 20% 60% 26/470 | 0.8 | 0.6
retaining
wall
dry-stone
6 2 15 1.5 9 30% 50% 26/214 1 0.6
revetment
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Representative examples of the ecological slope protection schemes considered in this study
are shown in Figure 2, which helps visualize the engineering forms corresponding to the
alternatives listed in Table 7.

v
vegetated slope protection Reynolds shore protection

7 ': TR
A, i .' 2 '&

ecological concrete berms self-embedded retaining wall dry-stone revetment

Fig. 2 - Representative examples of ecological slope protection schemes considered in this study:
(a) vegetated slope protection; (b) Reynolds shore protection; (c) gabion shore protection; (d)
ecological concrete berms; (e) self-embedded retaining wall; (f) dry-stone revetment.

From Tables 1 through 6, we determine that the evaluation level is K=4, with nine indicators
(m=9). The weights of C1-Cs3 are 0.086, 0.086, 0.257, 0.078, 0.117, 0.234, 0.078, 0.039, and
0.026.Using plant bank protection as an example, define the I-th indicator xi (I = 1, 2,..., 9) as the
set A, and the corresponding level 1 evaluation criteria as the set B1. Construct the set pair H(A;,B1)
for (I= 1, 2,..., 9).In this example, all indicators are positive. Therefore, formula (8) is used to
calculate the 4-element linkage pars1=ar+bi 111+ bi2l2+cd for each set pair H(Ai, B1)(1=1,2,...,9). The
results are presented in Table 8. The nine index values of plant berms constitute the set A, while
the level 1 grade standards of the nine indexes constitute the set B. The linkage degree of the set
pair H(A,B) is calculated using Egs. (10) and (11) as
Ma~g=f1+f2l1+f3lo+f3J=0.507+0.06511+0.162I,+0.267J. Similarly, the linkage degree of each set pair
for Reynolds mats, geobringer banks, eco-concrete, self-embedded retaining walls, and dry
masonry slopes can be calculated. The results are shown in Table 9.
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Tab.8 - Calculation of the linkage of each set to H(A,B1)
degree ua
HA4~B | MA5S~ | HA6~B HAs~B
Scheme of HAa1~B1 | HA2~B1 | MA3~B1 HA7~B1 9~B
contact 1 g 1 1 1
ai 0 0 0 1 1 1 1 0 0
vegetated
bi,1l1 0 0 0 0 0 0 0 1 1
bank
) bi2l2 1 0.889 0 0 0 0 0 0 0
protection
Ci 0 0.111 1 0 0 0 0 0 0
Reynolds ai 0 0 0 1 1 1 0 0 0
Shore bi1l4 0 1 0 0 0 0 0 1 1
Protectio bi2l2 1 0 0 0 0 0 0.052 0 0
n Ci 0 0 1 0 0 0 0.948 0 0
a 0 0 0 1 1 1 0 0 1
Gabion
bi,1l4 0 1 0.5 0 0 0 0 1 0
shore
) bi2l2 0 0 0.5 0 0 0 0 0 0
protection
Ci 1 0 0 0 0 0 1 0 0
a 0 0 0 1 0.5 1 0 1 0
Ecologica
bi,1l4 0 0.592 0 0 0.5 0 0 0 0
| concrete
bi2l2 0 0.409 1 0 0 0 0 0 1
berms
cl 1 0 0 0 0 0 1 0 0
Self- ai 0 1 0 1 0 1 0 1 0
embedde bl,111 0 0.592 0 0 1 0 0 0 1
d bi2l2 0 0.408 1 0 0 0 0 0 0
retaining
Ci 1 0 0 0 0 0 1 0 0
wall
ai 0 0 0 1 1 1 0 1 0
dry-stone
bi114 0.4 0.388 0 0 0 0 0 0 1
revetmen
¢ bi2l2 0.6 0.612 0 0 0 0 0 0 0
Ci 0 0 1 0 0 0 1 0 0

Tab.9 - Calculation results of the linkage degree of H(A,B) for each program set

Scheme ) )
vegetated Reynolds Gabion Ecological
degree of Self-embedded | dry-stone
bank Shore shore concrete o
contact . . . retaining wall revetment
protection Protection protection berms
MA~B
f1 0.507 0.429 0.455 0.91 0.351 0.468
fa 0.065 0.151 0.353 0.109 0.194 0.094
fa 0.162 0.089 0.129 0.318 0.292 0.104
fa 0.267 0.331 0.164 0.164 0.164 0.335
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RESULTS AND DISCUSSION

Taking A = 0.5 for plant revetment, h1=f;=0.507>A, thus the ecological effect of plant revetment
is judged to be level 1 according to the confidence criterion. Similarly, the ecological effect
evaluation grade for Reynolds mat, gabion bank protection, ecological concrete, self-embedded
retaining wall, and dry masonry slope protection is determined. The evaluation results using the
original AHP-TOPSIS method and various A values are presented in Table 10.

Tab.10 - Comparison of evaluation results of different methods

AGA-AHP Fuzzy Set Pairs
Scheme AHP-TOPSIS[29]
A=0.5 A=0.6 A=0.7

vegetated bank protection 4 1 3 3
Reynolds Shore Protection 2 3 4 4
Gabion shore protection 1 2 1 1
Ecological concrete berms 3 6 2 2
Self-embedded retaining wall 5 5 2 2
dry-stone revetment 6 4 5 4

Table 6 shows that the weights of the indicators calculated by the AHP and AGA-AHP methods
differ between B1 and Ci4, B1 and Ci2, and B1 and C+3.The results calculated by AGA-AHP are
0.200, 0.200, and 0.600, while those calculated by AHP are 0.2493, 0.1571, and 0.5936. AGA-
AHP indicates that the weights of C11 and C12 are the same, whereas AHP shows that the weight
of C14 is greater than that of C+,. Furthermore, AGA-AHP ranks the weights of Cs, Cs, and Css
from largest to smallest, while AHP ranks them from smallest to largest. The main reason for this
discrepancy is that the AHP method calculates weights independently of the consistency test of the
judgment matrix, leading to potential inaccuracies in the final weights. In contrast, the AGA-AHP
method overcomes this limitation, resulting in more efficient and accurate weight calculations.
Therefore, the original literature lacks sufficient accuracy in evaluating the effectiveness of slope
protection, leading to discrepancies with the results of this study. The evaluation method applied in
this paper is more efficient and yields more accurate evaluation results.

Table 10 shows that three different confidence values have been chosen in this paper, allowing
experts with different risk preferences and in various geographic environments to select the
appropriate confidence value. When A is set to 0.5, it is suitable for experts with a higher risk
tolerance, who prioritize ecological functionality indicators such as biodiversity index, biological
channel patency, and vegetation cover. This paper finds that plant revetment scores higher on
these ecological functionality indicators compared to the other five types of revetment. Therefore,
at A = 0.5, plant revetment is the most effective option and aligns with the preferences of experts
who are more risk-tolerant and emphasize ecological functionality. In addition, when A is set to 0.6
or 0.7, the effects of the six bank protection methods are largely similar, with gabion bank protection
proving to be the most effective. Under these conditions, the evaluation results are more reliable
and stable, making them well-suited for conservative experts. These experts not only consider
ecological functionality but also incorporate structural aspects such as durability, impact resistance,
and flow velocity. The integration of these multiple factors enhances the accuracy and realism of
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the evaluation results.

The existing AHP method calculates weights without considering the consistency of the
judgment matrix. The weights are calculated independently of the consistency test, and once the
judgment matrix is determined, the weights and consistency metrics are fixed and cannot be
improved. In this paper, AGA-AHP is utilized to overcome these shortcomings. By integrating the
weight calculation into the process, the final evaluation results are more stable and reliable. In
addition, AGA-AHP is combined with the fuzzy set-pair evaluation method and employs a
confidence criterion to determine the rank of the sample. This approach avoids the subjectivity
typically involved in determining the uncertainty component coefficients of the linkage difference.

The methodology of this study scientifically and effectively evaluated the effectiveness of six
types of ecological slope protection; however, there were some shortcomings. The AGA-AHP
method overcomes the defects of the traditional AHP method in weight calculation, but it is still
influenced by subjective factors to a certain extent. To mitigate these subjective influences,
objective weighting methods such as entropy weighting, CRITIC weighting, and informativeness
weighting can be used. In addition, the selection of slope protection schemes in this study is not
exhaustive. Further exploration of various slope protection schemes is needed to make the
evaluation results more comprehensive, applicable, and integrated.

Limitations and Future Work

Several limitations should be noted. First, although AGA-AHP improves the consistency of
weight calculation, the judgment matrix still depends on expert pairwise comparisons, meaning the
final weights remain sensitive to expert selection and subjective preferences. Future work should
compare the present weighting strategy with more objective or hybrid methods, such as Entropy,
CRITIC, or combined subjective-objective weighting approaches. Second, the current indicator
system is static and case-specific. It does not explicitly represent non-linear interactions or time-
varying drivers such as extreme rainfall, climate-change-induced hydrological shifts, vegetation
succession, or long-term deterioration of protection materials. Extending FSPAAM to incorporate
dynamic criteria, multi-period monitoring data, and larger datasets would improve its scalability and
engineering realism. Third, while the current verification relies on surveyed engineering schemes
and their known performance characteristics, it lacks long-term empirical validation from active
construction sites. Therefore, our immediate future research will focus on practical field
implementation. We plan to apply this framework to ongoing ecological slope projects in diverse
geological regions and conduct long-term field monitoring to track post-construction performance
(e.g., vegetation survival rates, structural displacement, and erosion control efficiency). By
comparing model predictions with real-world observational data, we aim to calibrate the model
parameters and rigorously validate its robustness under varying environmental conditions. This
transition from theoretical evaluation to practice-oriented validation will be crucial for bridging the
gap between decision-making models and engineering applications.

CONCLUSION

This study evaluated six representative ecological slope protection schemes using the
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proposed AGA-AHP-FSPAAM framework and obtained differentiated decisions under different
confidence levels.

(1) The principal finding is that the preferred scheme changes with risk preference. Plant
revetment is the preferred option at A = 0.5, indicating better suitability for restoration-oriented and
higher-risk-tolerance scenarios, whereas gabion revetment is preferred at A = 0.6 and 0.7,
indicating stronger suitability for conservative decisions requiring higher structural reliability.

(2) Compared with the reference AHP-TOPSIS approach, the proposed framework better
captures the joint influence of weight consistency and decision uncertainty. Its main advantage is
that it can translate the same dataset into transparent scheme rankings for different confidence
levels, which is valuable for multi-objective ecological slope protection planning.

(3) For engineering implementation, plant-based schemes are recommended where
ecological recovery, landscape quality, and habitat connectivity are primary targets and hydraulic
conditions are relatively moderate. Gabion revetment is recommended for reaches with stronger
flow action or stricter safety requirements. In practice, the framework can be used as a screening
tool at the planning and preliminary design stages, and should be combined with site-specific
hydraulic, geotechnical, and long-term maintenance assessments before final selection.
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ABSTRACT

This paper introduces a set of new criteria for assessing the energy-efficiency potential of
multilayered building envelopes, focusing on physically measurable aspects of dynamic thermal per-
formance and LCA parameters. Based on EN ISO 13786:2023, the study considers thermal trans-
mittance (U-value), internal areal heat capacity (k1), and decrement factor (f) as thermal performance
parameters, along with assembly mass (m) and embodied energy (EE) as additional LCA objective
indicators. Five wall assemblies common in the Ukrainian market - hempcrete, AAC + Rockwool,
Porotherm brickwork + Rockwool, wood-chip cement-bonded blocks (Woodcrete) and ICF systems
were evaluated through numerical modelling and comparative analysis. To eliminate subjectivity in
criteria weighting, three new interconnected criteria were proposed: Dynamic Thermal Performance
Efficiency per mass (DTPEn), per embodied energy (DTPEge), and per both (DTPEmsee). Results
indicate that AAC + Rockwool (Wall B) consistently ranks as the most efficient assembly according
to the DTPE¢ec criteria. At the same time, Wall E (ICF) aligns with the recommended thermal inertia
ranges but exhibits the highest embodied energy, resulting in the lowest DTPEn¢ee. The study high-
lights the complexity of MCDA in envelope design and provides physically grounded criteria that can
support more objective predesign decision-making.

KEYWORDS

Dynamic thermal performance efficiency, Multilayered assembly, Envelopes, Energy effi-
ciency, Physical parameters

INTRODUCTION

The diverse range of building materials and construction techniques in modern practice has
drawn significant attention from multicriteria decision analysis (MCDA) methods [1], particularly for

@ DOI 10.14311/CEJ.2026.01.0004 48



Article no. 4
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2026
JOURNAL

determining building energy efficiency, as evidenced in papers [1], [2], [3], [4]. From a practical per-
spective, such research aims to identify criteria for energy efficiency that are both interpretable and
adjustable [5]. Such criteria are results of complex interconnection of thermal and physical behaviour
parameters of the multilayered envelope itself (e.g. U-value [5], [6], [7] thermal inertia [4], [8], [9],
internal area heat capacity [5], [10] decrement factor [5], [9]), climate influence (e.g. hot degree days
HDD, cool degree days CDD), building orientation towards the sun (e.g. Trombe wall in the south
fagcade, opaque north-oriented wall [11]), etc. All of the studies mentioned above demonstrate that
efforts to establish comprehensive criteria for evaluating envelope energy efficiency remain relevant
[8]. Meanwhile, one of the major, if not the most crucial, ongoing predesign stage challenges for
developers is selecting the “best” option from the vast array of available building envelopes. How-
ever, comparisons between alternatives typically involve trade-offs, making the selection of the op-
timal or “best” solution inherently complex. The term “best” is used here with caution, as a multicrite-
ria assessment of real-life alternatives often suggests that only options within the Pareto set can be
deemed the “best” or optimal alternatives [2], [3], [4], [5], [12], [13]. In practice, new criteria could
allow the decision-maker to pick the better Pareto-set solution that dominates others by this addi-
tional criterion, and provides the most advantageous overall compromise [13].

To facilitate the decision-making process during the early stages of building design, easily
calculable physical criteria were chosen, including thermal transmittance (U-value), W/m?K, mass
(m, kg/m?), decrement factor (f) and internal area heat capacity (k1), kd/m?K, based on dynamic
thermal performance standards outlined in Ukraine National Standard DSTU EN ISO 13786 [6] and
embodied energy or primary energy of the wall component MJ/m?, as the objective LCA marker [14],
[15].

LITERARY ANALYSIS AND PROBLEM STATEMENT

In recent decades, the performance assessment of building envelopes has shifted gradually
from simple one-dimensional thermal resistance comparisons to integrative frameworks that include
dynamic, environmental, and lifecycle-aware indicators [2], [4], [7], [8]. Traditionally, steady-state
criteria, such as the thermal transmittance coefficient (U-value), have served as the primary deter-
minant of envelope efficiency. However, as numerous authors have pointed out [8], [15], [16], [17],
this parameter alone fails to accurately reflect the dynamic thermal behaviour of constructions and
their inertia-related performance, especially under real-time climatic fluctuations [15], [16]. In cli-
mates with sharp day-night cycles or seasonally variable thermal loads, parameters such as thermal
mass, decrement factor, and phase shift have emerged as crucial in describing a wall’s ability to
modulate indoor comfort and energy demand [15], [17].

At the same time, material-related physical and mechanical properties, including density,
specific heat capacity, and moisture behaviour, influence not only dynamic heat flow but also struc-
tural performance and lifecycle impacts. This intersection of thermal behaviour and material ecology
has prompted scholars to develop composite indicators aligned with Life Cycle Assessment (LCA)
methodologies [5], [18], [19]. Several studies suggest that the embodied energy of materials, coupled
with their service life, should be internalised in envelope selection, particularly when aiming to bal-
ance operational and embodied performance [15].

However, a comparative deficiency remains in the literature regarding integral metrics that
connect physical, mechanical, and lifecycle properties as an actionable selection tool for design op-
timisation. While LCA tools provide environmental insights, U-value (W/m?K), internal area heat ca-
pacity (k1), kdJ/m?K, and the decrement factor (f) reflect thermal parameters that are primary influenc-
ers of envelope winter and summer behaviour [8], there is limited methodological convergence be-
tween them. Some attempts to bridge this include thermal mass assessments [20], [21] or dynamic-
to-static performance coefficients [15]; however, such indicators have yet to be standardised or val-
idated across material groups.
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Thus, the current research aims to critically explore new criteria, grounded in physical and
mechanical properties, such as internal area heat capacity and decrement factor, as dynamic ther-
mal inertia indices, in conjunction with environmental durability parameters, including Life Cycle As-
sessment (LCA).

PURPOSE AND TASKS OF RESEARCH

The current research aims to formulate additional criteria for early-stage multilayered assem-
bly design assessment of envelope energy-efficiency potential, based exclusively on physical pa-
rameters of envelope materials and taking into account dynamic thermal characteristics as well as
embodied energy as the LCA component, which can provide a more objective comparison of differ-
ent envelope types in terms of their thermophysical and physical-mechanical parameters. This di-
rection is particularly relevant given the rising need for buildings that harmonise material rationality,
climate adaptability, and lifecycle sustainability.

To achieve this goal, the following tasks should be solved:

a) a list of envelope types for the medium cost segment of residential buildings, based on the
conducted data review, should be revealed.

b) the most significant physical and thermophysical parameters for the complex multi-criteria
should be chosen;

c) a complex multi-criteria parameter should be proposed, and the benchmarking of the pro-
posed envelope types should be calculated.

MATERIALS AND METHODS

The physical criteria that could easily be calculated in the early-stage multi-layered assembly
design of the construction, such as thermal transmittance (U-value), W/m?K, mass (m, kg/m?), and
internal area heat capacity (k+), kd/m2K, as a dynamic thermal performance parameter under EN ISO
13786 [1] for the wall assembly, were taken.

For the calculation of the EE (research LCA framework is limited to the material production
stages A1-A3 values only), the MJ/m? of relevant assembly materials was mainly determined using
the Baubook Eco2soft online tool [22] and data from the research papers.

The numerical assessment of dynamic thermal performance efficiency parameters, such as
thermal transmittance (U-value), W/m2K, the decrement factor (f), and internal area heat capacity
(k1), kd/m?K, was performed using the HTflux [23] freely downloadable Excel-based calculator
spreadsheets.

For numerical simulation setup of the dynamic thermal performance efficiency parameters,
as well of EE parameter, five types of multilayered wall assemblies, were chosen as popular assem-
blies in the Ukrainian construction market, namely: Wall A (Hempcrete) as energy efficient and eco-
friendly type, Wall B (Aerated autoclaved concrete (AAC) D300 + Rockwool as insulation material)
as the affordable cost-efficient type of energy efficient solution; Wall C (Hollow brickwork masonry
(Porotherm 38) + Rockwool as insulation material) as traditional reliable ceramic brickwork masonry
with energy efficient porous brick, Wall D (Wood-chip cement bonded block) as energy efficient and
“retrofitted” technology and Wall E (wood-chip cement bonded block, as one of the promising type
of Insulated concrete formwork (ICF), which gained a significant traction in EU, North American and
Australian construction market and is commercially distributed under trademarks as ISOTEX [24],
[25], Fixolite [26], Isolabloc [27], Isospan [28], Fasswall [29], Nexcem [30], Durisol [31] etc.) as well-
known wall construction technology in European, North American and Australian construction mar-
kets and new construction technology competitor at the Ukrainian one. In Figures 1-5, there are
photos from real construction sites showing the investigated assemblies, and in Figure 6, a detailed
cross-section drawing.
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Fig. 4 — Layering of wood-chip cement-bonded blocks (Photo taken from [35][34])

@ DOI 10.14311/CEJ.2026.01.0004 51



Article no. 4

CIVIL
ENGINEERING
JOURNAL

THE CIVIL ENGINEERING JOURNAL 1-2026

Fig. 5 — Layering of ISOTEX - ICF wood-chip cement-bonded blocks (Photo taken from
[36][35][34])

The dynamic thermal characteristics of each multilayered assembly were determined below
under ISO 13786 [6] using the following sequence:

Definition of thermophysical properties (p, ¢, A) for each layer (see Tab.1);

2) Calculation of penetration depth;
3) Determination of dimensionless thickness;
4) Construction of layer transfer matrices;
5) Assembly of the global transmittance matrix;
6) Extraction of dynamic parameters: internal areal heat capacity (k;), decrement factor ().
Wall type "B" Wall type "C" Wall type "D” Wall type "E”
Wall typs "A" AAC+Roclkwool Hollow brickworl+ Wood-chip cement ICE block 6
2 Hempcrats insulator Rockwool insulator 6 bonded block 3
1 F. . F .31 3 4 F ; Z ¥ 3
N f s T 1 e . 7 ,-f
N ., e L i 5 @ '.7.‘.':_ L "-1- @ //
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Fig. 6 — Cross-sectional scheme of investigated wall assemblies: (1 - internal lime-sand plaster, 2 -
hemcrete, 3 - external lime-sand plaster, 4 - aerated autoclaved concrete (AAC), 5 - hollow brick-
work, 6 - wood-chip cement bonded block (woodcrete), 7 - reinforced concrete, 8 - BASF Neopor

insulator)

The calculations were implemented in a spreadsheet environment [23] and verified through
consistency checks and comparison with literature values (given below).

Thermal transmittance (U-value) under [37] of the aforementioned multilayered assemblies
is calculated as follows in Equation (1)

U — value =+, (1
Rsi+z7il=1l_: +Rse

where Rs=1/8.7- interior layer thermal resistance, m?K/W [38];

Rse=1/23 — exterior layer thermal resistance, m?K/W [38];
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di, Ai— the thickness and thermal conductivity coefficient of the i-th layer, respectively.
Penetration depth of the i-th layer under [6] is calculated according to the formula (2)

AiXT
6; = ’m, (2)

where T=24hours — oscillation time, considered for envelopes;
Pi, ¢i— the density and specific heat capacity of the i-th layer.
Dimensionless penetration depth under [6] is calculated as represented in the formula (3)
d;
=5 3)
Thermal transmittance matrix component of each i-th layer under [6] is calculated as follows
in formulae (4)-(6)

z11; = z22; = cos(é; x (1i — 1)), (4)

where 1i = v—1.
212i = — "L x (—1i = 1) X sin( & x 1i — §); (5)
2210 = —2— x (—=1i — 1) x sin(& x 1i — &). (6)

Thus, the transmittance matrix of the i-th layer is defined as [6] and is to be arranged as in
formula (7)
_ lei lei
Zi= [zZli z22;| (7)
In case we have a multilayered envelope, the total transmittance matrix will be the product of

the total transmittance matrix Z:: of each i-th layer, from the interior to exterior, in terms of envelope
cross-section, as it is represented in formula (8)

Ziot = H;‘=1Zia (8)

where k = 1,2,...,n — number of layers.
The boundary layer thermal transmittance matrix under [6] is calculated as follows in formula
(9)

_[1 R,

Za=|, ) (9)
1 —Rg

Ze=|, 1) (10)

Construction thermal transmittance matrix of multilayered envelope from environment to en-
vironment, according to [6], to be calculated as defined in formula (11)

Zee = Zsy X Ztor X Zgq (11)

Internal area heat capacity (k1) and decrement factor (f) under [6] are to be calculated as
defined in formulae (12)-(13)

_ |Peezat| T
ey = Zeey , X o (12)
Zeezlz_l T
Zeeq o Xoxw
f= (13)

U—-value

where Zee22, Zeet1 2—€lements of the second column of the second row and the second column
of the first row of the construction thermal transmittance matrix, respectively.
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The initial thermophysical parameters of the assembly materials used in the current numeri-
cal experiment (numerator), obtained from the referenced data range (denominator), are aggregated

in Table 1.

Tab. 1 - The initial thermophysical parameters of assembly materials

The thermophysical parameters of materials

Assembly material S%Z(;;];(éi{wyeat Degsﬂy Thermal conduc- | Data reference
¢ (J/kgK) (kg/m?d) tivity A, (W/m-K)
Lime-sand plaster 1000 1500 0.67 [39][39]
1200 0.08

Hemporete +50 [40], [41], [42], [43], [44]

1000 —1600 | 200 — 627 0.05—10.18
Aerated autoclaved concrete
(AAC) 100 275 0.09 [39]
Hollow brickwork masonry
(Porotherm 38 W) 1000 745 0.112 [39], [45], [46]
Wood-chip ~ cement-bonded 1400 475 0.12 [24], [25], [26], [27], [28],
block 1000 — 1700 | 475 — 587 0.1-0.12 [29], [30], [31]
Reinforced concrete 1000 2200 1.65 [22], [39]
BASF Neopor insulator 1450 16 0.031 [39][22], [39], [47]

1200 — 1600 15 =25 0.031 —0.032
Stone wool wall insulator 1030 70 0.034 [39]
(Rockwool®) 800—1030 |30-2001 0.033 —10.045

For the calculation of the EE (research focuses only on the material production stages A1-
A3 values of the LCA framework), the MJ/m? of each assembly was determined using the Baubook
Eco2soft online tool [22]. The output influence parameters for all the assemblies are calculated in
Table 2.

Tab. 2 - Calculated parameters for researched assemblies

Influence parameter Wall Wall Wall Wall Wall
type “A” type “B” type “C” type “D” type “E”

U-value, W/m2K 0.17* 0.15 0.15 0.22 0.17

m, kg/m? 262.50 149.50 350.10 335.00 540.39

k1, kJ/m2K 39.955 37.369 43.742 43.551 40.073

f 0.013 0.115 0.007 0.007 0.052

EE, MJ/m?2 833.55** 594 951 889 770

*For simplicity, the timber frame input is not taken into consideration;
**For Wall A, the EE value was calculated as:

3.5-045-450+2.08-2-0.02-1500 = 833.55 %,

where 3.5 — EE of hemp-lime composite, MJ/kg, taken from [44];
2.08 — EE for one-layer plastering mortar for external OC lime (1500 kg/m?3), MJ/kg, taken
from Eco2soft database [22][22];
0.45, 0.02 — hempcrete wall and external and internal plaster thicknesses, respectively, m;
450, 1500 — densities of the hempcrete wall and plaster, respectively, kg/m? (see Table 1).
From the analysis of Table 2, it can be seen that all the researched assemblies meet the
minimum permissible reduced heat transfer resistance for enclosing structures of residential and

public buildings, as required in Ukraine. Ry, = 4.0 mWZK [49][49], or by a more convenient unit U —
1 w
= 0.25

m2K

value = with significant energy efficiency potential (wall B and wall C, respectively,

qmin

with the same U — value = 0.15
w

value = 0.17 ——

D with U — value = 0.22

©

w
m2K
. The last preferable Wall type from the perspective of thermal transmittance is Wall
w
m2K’

. Wall A and Wall E also demonstrate a sufficient level of U —
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To ensure the reliability of the results, the calculated dynamic parameters were compared
with reference ranges reported in several relevant studies on the thermal inertia of building enve-
lopes [8], [15], [16], [50], [51], [52] The values of the decrement factor and internal specific heat
capacity fall within expected ranges for similar constructions, confirming the validity of the applied
methodology.

From the dynamic performance characteristics, such as (ki) and (f), together with the U-
value, which are considered significant influencers of summer and winter behaviour [8], the overall
picture of the preferred wall assembly becomes more complicated. The comparison of the (k1) versus
density shows that the massive wall assemblies will possess a higher value of internal area heat
capacity (k1), which is neither good nor bad. The higher (k1) value should provide more comfortable
interior temperatures on a hot summer day due to its greater heat-accumulation capacity.

Geographically, Vinnytsia city, a representative city of central Ukraine, was selected as an
example city. The construction of the aforementioned assemblies was numerically modelled on a
typical July day (to see the “true” picture without HVAC intervention) to provide a graphical repre-
sentation of temperature and heat-flow attenuation, as an additional aspect of wall dynamic behav-
iour. The climate of the aforementioned city can be described as follows:

¢ Humid continental climate - warm summer, no dry season (climate zone Dfb by Képpen—
Geiger Classification) [53]; Cold winters often below 0 °C, warm summers (average July = 19 - 21
°C [53][54]), precipitation fairly evenly distributed year-round [55]; Climate is heating-dominated.
Heating Degree Days for a typical year (HDD) = 3676 °C-days/year (base 20 °C, [55]); Indicates
high heating demand during a long heating season (roughly October—April);

¢ Reflects low cooling demand, with only short periods of summer overheating. Cooling Degree
Days (CDD) are not presented in the current version of Norm [55], but could be approximately eval-
uated for a typical year as D X (T, — Tpase) = 8 X (23.5 — 22) = 12 °C-days/year, where D — days
through the year with average diurnal temperature T, higher than the threshold Tpase = 22°C;

e Thermal design focus: insulation, thermal mass, and minimising heat losses; Summer over-
heating is moderate, but it can matter for lightweight buildings. Input data for HTflux modelling [23]
are presented in Table 3.

Tab. 3 - Initial data for dynamic simulation of the Wall A

Mean temperature side 1 (ext.): 25.5°C Mean temperature side 2 (int.): 25.0°C
Temp. Amplitude side 1 (ext.): 9.0°C Temp. Amplitude side 2 (int.): 1.5°C
Time of max. Temp side 1 (ext.): 15:00 Time of max. Temp side 2 (int.): 17:00

Figure 7 illustrates results from the dynamic heat-flow simulation on both the external and
internal sides of each wall, including heat flow and temperature fluctuations, as output from the
HTflux spreadsheet [23].

Temperature [°C]
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Fig. 7 — Diurnal heat flow simulation for walls in July

Analysis of Figure 7 tabled data and a quantitative picture of heat-flaw and temperature be-
haviour leads to such intermediate takeaways:
o Despite significant differences in material composition, all wall types demonstrate a compa-
rable internal thermal response. The interior surface temperature amplitudes remain within a narrow
range (2.2 - 2.5 °C), while the internal heat flux amplitudes are similarly limited (4 - 5 W/m?). This
indicates that all configurations provide an adequate level of indoor thermal stability under the con-

sidered climatic excitation.

e Substantial differences are observed at the external surface. The maximum external heat flux
varies significantly between wall types (=16-34 W/m?), indicating that the interaction between the
building envelope and the outdoor environment is highly dependent on the wall structure.
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The results confirm a clear functional separation of roles within multilayer assembilies:

o The external layer primarily governs the intensity of heat exchange with the environment, as
reflected by the external heat flux amplitude (gmax ext). This behaviour is strongly linked to the surface
layer's thermal effusivity.

¢ The internal mass distribution controls the attenuation of the thermal wave, quantified by the
decrement factor (f), and the heat storage capacity, expressed by (k1).

¢ Alow decrement factor does not necessarily imply a low external heat flux. In particular, the
wood-chip concrete wall (Type D) exhibits one of the lowest decrement factors while simultaneously
producing the highest external heat flux. This behaviour can be interpreted as a “high-intensity ther-
mal accumulator”, which efficiently absorbs heat but interacts strongly with the external environment.

¢ In contrast, configurations incorporating external insulation (notably wall Type C) effectively
decouple the external environment from the internal thermal mass. This leads to both reduced ex-
ternal heat flux and strong attenuation of the thermal wave. As a result, such assemblies achieve a
more balanced performance.

o The hempcrete wall (Type A) demonstrates a well-balanced behaviour, combining moderate
external heat flux with satisfactory attenuation and heat capacity. Conversely, the AAC-based wall
(Type B) shows limited thermal inertia despite low external fluxes. In contrast, the ICF-type wall
(Type E) minimises external heat exchange but utilises internal mass less effectively.

e The comparison between hempcrete and wood-chip cement-bonded concrete walls further
highlights that, when boundary layers are identical, differences in performance are primarily driven
by the internal core properties. In this case, variations in thermal effusivity of the core material have
only a secondary influence on the external/internal flux ratio. At the same time, the decrement factor
remains the dominant parameter governing internal heat flux.

¢ The study demonstrates that the dynamic thermal performance of building envelopes cannot
be fully characterised by traditional parameters such as thermal transmittance or decrement factor
alone. Instead, a multi-criteria perspective is required.

e An extended evaluation framework incorporating (k1), (f), and (gmax) provides a more com-
prehensive basis for optimising multilayer wall assemblies than existing standards. This approach
enables a more physically consistent interpretation of heat transfer processes and supports the de-
velopment of energy-efficient and thermally stable building envelopes.

All the aforementioned evidence demonstrates that thermal inertia plays a crucial role in dy-
namic simulation and can be incorporated into multi-criteria optimisation and the pre-design assess-
ment of building energy efficiency performance.

On the other hand, as stated in [40], in the case of countries with a hot summer climate, to
which, as we evident, Ukraine can also be enlisted, in retrospect of harsh climate changes, especially
in the recent few decades, the recommended range of dynamic thermal parameters, valid for energy

efficient envelopes with U —value < 0.3 WK are 0.04 < f <0.08 for decrement factor and
kJ

ki, =40 — K

for designers — a range of high thermal inertia levels k1 = 30

decrement factor value f~0.07 [8].

To determine which of the assemblies considered in current research meet the recommended
ranges for both dynamic characteristics, a scatterplot in Figure 8 shows the dependence of internal
area heat capacity (k1) on the decrement factor (f) for five assembilies.

m?2

for internal area heat capacity. This is also correlated with revealed recommendations

k]

—x for assemblies with no too low a
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Fig. 8 — Factual arrangement of researched assemblies in terms of recommended (ki) and
(f) values

From Figure 8, it can be seen that only Wall E (marked in green) of all the researched types
of assemblies falls within the recommended range of the (k1) and (f) values. Wall B has the highest
decrement factor (f) and the lowest (k1) value, indicating that it has the lowest damping effect on the
incoming heat flow, according to [2]. Walls A, C and D have a low decrement factor (f) with a good
(k1) value.

Thus, since this research involves more than one characteristic to compare (in the current
study, there are five physical parameters), multicriteria decision analysis (MCDA) is applicable.

In this regard, new physically based criteria for energy efficiency assessment are proposed,
which are aimed at eliminating the subjectivity of parameter weights, weighted sums, and other com-
monly used data manipulations that involve different units for calculating the goal function (e.g.
weighted aggregation), aimed at interconnecting physical parameters to obtain global super criteria,
which should be minimised or maximised.

For such a purpose, three criteria were proposed:

1) Dynamic thermal performance efficiency per mass m of the assembly, DTPE;,. This metric
demonstrates how good the considered assembily is if we need to assess how much heat a material
can store in terms of its mass, as shown in formula (14)

DTPE,, = % (14)

2) Dynamic thermal performance efficiency per (EE) of the assembly, DTPEge, criteria which
reflect how much thermal inertia of the assembly (k1) is represented in terms of assembly (EE), as

follows in formula (15)
DTPEg; == (15)

3) Dynamic thermal performance efficiency per mass (m) and (EE) of the assembly, DTPE sk,
criteria which reflect how much thermal inertia of the assembly (k1) is represented in terms of as-
sembly mass (m) and (EE), as follows in formula (16)

k
DTPEmgrr = o (16)

This formula provides a measure of how much heat a material can store relative to the energy
required to produce it (EE) and its mass (m). It helps choose materials that are both energy-efficient
and environmentally friendly - a higher value means the material is better at storing heat for less
environmental cost (lower embodied energy); a lower value means the material requires more en-
ergy to produce for the amount of heat it stores, indicating lower thermal efficiency in terms of its
environmental impact. As can be seen from the constituents of formulae (14)-(16), all the proposed
criteria should be maximised.
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Fig. 9 — Dynamic thermal performance efficiency per mass m of the assembly DTPE,
KJ/Kkg

From Figure 9, it can be seen that Wall B is the better alternative in terms of mass, as per
the proposed criteria. Walls A, D and C have the same level of dynamic thermal performance. The
Wall E can be considered the least preferable assembly in terms of the mass criteria. On the other
hand, if we consider the EE criteria, the overall picture of the wall’s preferences will change slightly
(see Figure 10).

8,00E-05

6,00E-05

4,00E-05
2,00E-05
0,00E+00

Wall A Wall B Wall C Wall D Wall E

1

DTPE,,, K

Fig. 10 — Dynamic thermal performance efficiency per embodied energy EE of the assem-
bly DTPEeg, 1/K

From Figure 10, it can be seen that Wall B remains the best alternative according to the
proposed criteria; the remaining assemblies, namely Walls A, C, D, and E, exhibit approximately
equal levels of (EE). Figure 11 illustrates the impact of both (m) and (EE) parameters on the pro-
posed criteria.
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Fig. 11 - Dynamic thermal performance efficiency per mass m and embodied energy EE of
the assembly DTPEmsee, m*/Kkg
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From Figure 11, which illustrates how the value preferences change due to the product of the
assembly mass (m) and embodied energy (EE), according to formula (16), been slightly changed
with domination of Wall B as the best assembly and Wall E as the worst one, meanwhile, the relative
values of the wall alternatives evaluations differences, given in Figure 9 and Figure 11, are non-
evident. It can be concluded that the preference tendency of wall assemblies, reflected in Figure 9
(mass (m) parameter) and Figure 11 (mass (m) and embodied energy (EE) parameters), follows a
similar pattern. This can be explained by minor differences in the (EE) parameter (Figure 10), which,
when multiplied by (m), directly influence the values illustrated in Figure 11.

To perform a comparative analysis of the obtained results, illustrated in Figures 9 - 11, the
ranking of the suggested criteria results, both with the factual criteria values, is aggregated in Table
5.

Tab. 5 - Factual arrangement of researched assemblies in terms of proposed criteria

Govern criteria Wall A Wall B Wall C Wall D Wall E
Absolute DTPEn, [kJ kg! K] 0.152 0.250 0.125 0.130 0.074
value DTPEeg, [K'] 4.79E-05 | 6.29E-05 | 4.60E-05 | 4.90E-05 5.20E-05
DTPEmsee, [m? kg K] 1.83E-07 | 4.21E-07 | 1.31E-07 | 1.46E-07 9.63E-08
DTPE,, 4 1 5 3 2
Results DTPEee 2 1 4 3 5
ranking DTPE, e 5 y p 3 s

*1- the best, 5 - the worst.

From Table 5, it can be seen that Wall B is the best alternative according to all three of the
proposed criteria. Wall D possess the third position. The rest of the assemblies, namely Wall A, C
and E, have different ranks according to the proposed criteria, and their preference are arguable.

DISCUSSION OF THE RESULTS OF THE RESEARCH

The comparative analysis of the investigated multilayer wall assemblies reveals several fun-
damental aspects of their dynamic thermal behaviour under periodic boundary conditions:

Assessing the typical wall assemblies in terms of the proposed dynamic thermal performance
inertia DTPE criteria has shown that Wall B is the “undisputable best” assembly, considering both
mass m and embodied energy EE parameter with rank 1 (Excellent); Wall D possesses the medium
position with rank 3 (Satisfactory); Wall A, C, and E have non-obvious and arguable preference
order, thus they can have unexpectedly competitive options. Meanwhile, the DTPEg: preference
order has the same pattern as well in DTPEsce case considerations, with rank 2 (Good) for Wall A,
rank 4 (Poor) for Wall C and rank 5 (Unsatisfactory) for Wall E. Dynamic thermal performance criteria
DTPE, slightly differs from the evaluations of embodied energy DTPEes and DTPE e considera-
tions given above with rank 4 (Poor) for Wall A, rank 5 (Unsatisfactory) for Wall C and rank 2 (Good)
for Wall E.

Notably, Wall E aligns with the recommendations of the (k1) and f values ranges, and thermo-
physically, but in terms of embodied energy, it occupies the last position.

It should be noted that the proposed criteria do not aim to replace traditional optimisation
methods but rather to complement them by providing physically interpretable indicators. The results
demonstrate that different criteria can yield conflicting rankings, highlighting the inherently multi-ob-
jective nature of envelope design, even when based solely on the physical properties of envelope
materials, while accounting for dynamic thermal characteristics and embodied energy as the LCA
component.
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CONCLUSION
Among the results of the research, the following can be considered the most valuable:

(1) Three new criteria for providing early-stage multilayered assembly design assessment of en-
velope energy-efficiency potential, based exclusively on physical parameters of envelope materials,
by considering dynamic thermal characteristics (decrement factor (f), internal area heat capacity (k1),
kJ/m?K as well as embodied energy (EE), MJ/m? as the LCA component, were proposed in current
research.

(2) The thermal transmittance coefficient (U-value) can be considered only in the early stages of
decision-making as the primary determinant of envelope efficiency; however, this parameter alone
fails to accurately reflect the dynamic thermal behaviour of constructions and their inertia-related
performance.

(3) Dynamic thermal performance parameters, such as, but not restricted to, decrement factor
(f) and internal area heat capacity (k1), are valuable parameters for effective assembly design in the

early multilayered design stage, by utilising the recommended ranges of both for different climate

zones, respectively, for energy-efficient envelopes with U — value < 0.3—, such as 0.04 < f<

m2K’
0.08and k; = 40 7:2]1< for internal area heat capacity for hot climates. In the current research, the Wall

E (ICF block) is the only one that met the recommended range of (f) and (k+) for the five assemblies
used in the research.

(4) The easily calculable physical dynamic thermal performance efficiency criteria DTPE can be
used as a predesign metric for both, based on inertia-related performance assembly performance,
outlined in EN ISO 13786 [1]. Consideration of the embodied energy (EE) or primary energy of the
wall component MJ/m?, as the objective LCA marker [14], [15] was proposed.

(5) Benchmarking of considered assemblies in terms of dynamic thermal performance efficiency
criteria based on assembly mass m (DTPEn), assembly embodied energy (EE) (DTPEege), and both
assembly mass (m) and (EE) (DTPEmsee) revealed that:

a) Wall A and C have a non-obvious and arguable preference order based on the proposed
criteria - rank 2 (Good) and rank 4(Poor) for Wall A, and rank 4(Poor) and rank 5 (Unsatis-
factory) for Wall C, respectively;

b) Wall B is the “undisputable best” assembly, considering both mass (m) and the embodied
energy (EE) parameter with rank 1 (Excellent). However, it is out of the recommended range
of decrement factor (f) that is shown in limited thermal inertia despite low external fluxes;

c¢) Wall D possesses the medium position with rank 3 (Satisfactory);

d) Wall E meets the recommended range of decrement factor f and internal area heat capacity
k1, but has the rank 2 (Good) only from the term of DTPE,, (mass (m) consideration). How-
ever, Wall-E shows the rank 5 (Unsatisfactory) in terms of assembly embodied energy (EE)
(DTPEEge) and both assembly mass (m) and (EE) (DTPEmzee).

It is essential to highlight that the assembly's ranking will vary depending on the alternatives
being compared. In one case, “the worst” can be the optimal given the available assemblies; in
another, “the best” can be the unsatisfactory rank, and the results may be contradictory, requiring
additional verification and analysis to confirm the “best” choice among the proposed alternatives.

Current research can be determined as the next step in the conceptual evaluation attitude,
exclusively based on measurable physical parameters with emphasise on the dynamic thermal char-
acteristics and embodied energy as the LCA component, which can provide a more objective com-
parison of different envelopes types in terms of their thermophysical and physical-mechanical pa-
rameters, by elimination of the subjectivity of any data manipulations, such as parameter weights,
weighted sums, and other commonly used methodologies that involve normalising the different pa-
rameter’s units for calculating the goal function (e.g. weighted aggregation).

@ DOI 10.14311/CEJ.2026.01.0004 61



Article no. 4

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2026
JOURNAL

LIST OF SYMBOLS

c Specific heat capacity [kJ kg™ K]

f Decrement factor

Ky Internal area heat capacity of assembly [kJ m? K]

Qmax, ext External heat flow intensity, [W m~]

T Oscillation period [h]

U-value Thermal transmittance coefficient of assembly [W m2 K]

Zee Thermal transmittance matrix of a multilayered assembly

Zi Thermal transmittance matrix of the i-th layer of assembly

Zs1 Boundary layer thermal transmittance matrix (exterior)

Zs2 Boundary layer thermal transmittance matrix (interior)

z11; Thermal transmittance matrix component of the i-th layer of assembly

z12 Thermal transmittance matrix component of the i-th layer of assembly [m? K W]
z21; Thermal transmittance matrix component of the i-th layer of assembly [W m™2 K]
z22 Thermal transmittance matrix component of the i-th layer of assembly

Abbreviations

DTPE, Dynamic thermal performance efficiency per mass of the assembly [kJ kg™ K]
DTPEee Dynamic thermal performance efficiency per embodied energy of the assembly [K™]
DTPEmsee Dynamic thermal performance efficiency per mass and embodied energy of the as-
sembly [m? kg™ K]

EE Embodied energy of assembly [MJ m™2]

Greek symbols

A Thermal conductivity coefficient [W m™ K]
9] Heat flux penetration depth [m]

o) Density [kg m™]

¢ Dimensionless heat flux penetration depth
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ABSTRACT

Cable-stayed bridges have become one of the fastest growing and most competitive bridge
types in modern bridge engineering due to their large spanning capacity and novel structure. Rapid
economic development has led to a gradual increase in the number of vehicles transporting
flammable and explosive products, as well as an increase in the incidence of bridge fires. Cable-
stayed cables are usually close to the carriageway, and a fire will inevitably cause varying degrees
of harm to the cable-stayed cables of a bridge in the event of a fire, leading to significant economic
losses. Dynamic performance of cable-stayed bridges after fire is investigated by different simulation
analyses of fire-induced damage to the tension cables. Results show that different tie damage has
different effects on the dynamic characteristics of the whole bridge, and the tie damage has the
greatest effect on the vertical symmetric bending formation, and almost no effect on the longitudinal
drift, transverse bending and torsion formations. Damage to the outer cables near the transition span
and side spans has a large effect on the low-order frequency variation of cable-stayed bridges,
especially when the damage to the outermost back cables of S13+N13 occurs, it has the largest
effect on the 2nd and 3rd order frequency variation, with a maximum value of 9.6%. Different levels
of damage to the tension cables affect the dynamic performance of the bridge in terms of quantitative
changes, with the frequency of a certain order formation increasing as the level of damage increases.
It is particularly important to quickly and accurately analyze and evaluate the mechanics of overfire
cable-stayed bridges to provide an accurate basis for decision-making.

KEYWORDS

Cable-stayed bridges, Cable-stayed cables, Sudden incidents, Fire, Fundamental frequency
variation
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INTRODUCTION

In recent years, with the increase in the number of automobiles and the acceleration of bridge
construction, the probability of fire in the process of bridge construction and operation has increased,
and the hazards of fire for bridges have received more and more attention. Fires caused by vehicles
account for the majority of bridge fires [1-4]. Cable-stayed cables are usually in close proximity to
the travel lanes, and fires, when they occur, will inevitably cause varying degrees of harm to the
cable-stayed cables of a bridge [5-8].

Vehicle fire is a fortuitous event, due to the type of vehicle at the time of the incident is different,
so that when the fire occurs cable-stayed cables in the fire at different temperatures, resulting in
cable-stayed cables with varying degrees of damage, mild impact to the cable-stayed cables outside
the HDPE sheath, so that the sheath charred and melted, and the serious can lead to the entire
cable-stayed cables fracture [9-12]. In recent years, scholars at home and abroad have carried out
more researches on the fire resistance of prestressed concrete structures, but there are fewer
researches on the damage of cable-stayed bridges under fire, among which there are even fewer
analyses on the force effects of cable-stayed bridges after damage of the cables [13-15].

In August 2011, a tanker loaded with 24 tons of gasoline had a rear-end collision with another
coal hauling truck at Caogou Bridge in Yulin City's YuYang District, severely damaging the tank,
leaking a large amount of gasoline, and starting a fire [16]. In January 2013, an oil truck in the Angiu
section of National Highway 206, Qingyunhu Lake bridge accidentally hit the bridge abutment,
resulting in the rupture of the tank, the tank 30 tons of 93 gasoline leakage, the formation of a fire,
gasoline plus the wind, the fire burned for a whole day, causing serious damage to the bridge [17].

At present, there is a lack of research on cable damage, especially in the case of cable fire
damage, the overall performance of the bridge is more prominent impact and evaluation. This paper
takes the bridge fire accident as the engineering background, and it is especially important to study
the dynamic performance of cable-stayed bridges after the fire through different simulation analyses
of fire-induced damages of tie cables by using the damage theory and finite element theory, which
provides an accurate basis for decision makers to make decisions.

ENGINEERING BACKGROUND

In 2011 the bridge had a traffic accident, the car on fire near the cable-stayed cables burned,
the accident damaged cable-stayed cables a total of two, respectively, for the north bank upstream
of the N13, upstream of the N12 two back of the cable-stayed cables, two cable-stayed cables PE
protective materials partially burned, cable-stayed cables there are obvious traces of damage by the
fire, the two cable-stayed cables all appear to be exposed steel wire, cable-stayed cables of high-
strength steel wire did not find the protruding deformation, wire breakage phenomenon. Upstream
N12 cable-stayed cables PE protective material burned length of 16.5 m, upstream N13 cable-stayed
cables PE protective material burned length of 5 m, set aside the burnt material, revealing the cable-
stayed cables steel wire, steel wire surface color has a certain degree of discoloration. The damage
to the cable is shown in Figure 1.
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Fig.1 - Fire diagram of two back cables on the downstream side of the north bank

Main bridge adopts double-tower and double-surface semi-floating system combined with cable-
stayed bridges, and approach bridge adopts prestressed concrete continuous box girder structure
length of the bridge is 1268.86 m, the main bridge is 696 m long, the approach bridge is 572.86 m
long, the main bridge adopts the form of 44 m (transition span)+136 m (side span)+336 m (main
span)+136 m (side span)+44 m (transition span) bridge span arrangement, the design load:
automobile-super 20 level, trailer-120, four lanes in both directions. Four lanes in both directions.
The overall arrangement of the whole bridge and the panoramic arrangement of the whole bridge,
as shown in Figure 2.

44 136 336 44

North

136
South
coast = A ‘“k = coast
@

L u s ﬂ u >
W)
@ Flow North North  gouthern
Southern Sou‘{h Soul‘rh direction main grossing  pier
e e tower o e

Fig.2 - Overall layout of the main bridge (unit: m)
(1) Bridge tower

Cable tower is a portal tower, set up the upper and lower beams. There is a lower crossbeam
below the bridge deck and an upper crossheam above the bridge deck, and the 2 crossbeams divide
the bridge tower into three parts: the upper, middle and lower pylons. South tower is 110.80 m high,
north tower is 106.10 m high, and the crossbeam of the tower is hollow box girder. Cross-sections
of beams and tower columns are enlarged and strengthened with chamfers. A stiffening skeleton is
provided in the wall of the tower. Inside the tower, there is a pedestrian ladder leading to the top of
the tower. Pedestrian entrances are located at the top of the lower beam and the tower wall at the
bridge deck.

(2) Main girder of the main bridge

Main girder section with two I-beam side beam ribs, cross girder and small longitudinal girder in
the middle, combined with concrete deck slabs to form a combined section. Rib spacing of the two
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I-beam side girders is 29.2 m. The girder height at the Bussel Road is 2.2 m, and the girder height
at the centerline of the bridge is 2.47 m. The ratio of the girder height to the main span is 1/136, and
the height-to-width ratio of the cross-section is 1/13.4.

(3) Cable-stayed cables

This bridge adopts hot-extruded polyethylene semi-parallel cable-stayed cables, and the cable-
stayed cables are made of @7 low relaxation prestressed galvanized high strength steel wire.
Concentric and concentric twisting 2°~4°, outsourcing PE protective material. The total number of
52 pairs of cables in the bridge is 163~367 wires. The design cable strength is 3940 kN~8870 kN,
and the layout of the cables on the north and south banks is shown in Figure 3.
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Fig.3 - Layout of cable on the north and south banks

DAMAGE MECHANISM of CABLE-STAYED CABLES

To study damage in structures, it is first necessary to choose the appropriate state parameter,
damage variable, that characterizes the damage. Damage varies due to the diversity of substances.

Differences in damage exogenous factors lead to different damage for the same substance [18-22].

Cable-stayed cables subjected to fire damage, according to the previous description of the
damage mechanism of the cable-stayed cables for simulation, for the fire caused by high-strength
steel wire bundle strand fracture, fracture of the steel wire part of the complete withdrawal from the
work, for the fire did not melt off the steel wire, according to the occurrence of the temperature of the
member of the overfire when the modulus of elasticity, ultimate strength calculations, the calculation
of the specific method of calculation in combination with the previous high-temperature after the
material characteristics of the steel for the calculations. Load carrying capacity of a cable is only

related to the effective load bearing area of the cable 4, and the study of cable damage is based on
statistical theory. Take the entire high-strength steel wire bundle strand of the cable-stayed cables

as a continuous medium, the ratio of the area of the fractured high-strength steel wire (41— A4) to

the area of the original high-strength steel wire of the cable-stayed cables is defined as the damage
rate, as the damage variable D in the damage mechanism of the cable-stayed cables, then:

{=(4-4)/a=1-4/4 (1)
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After the damage to the material is assumed to break part of the steel wire for the second group
of composite materials, according to the “law of mixing” of composite materials, after the damage to
the cable-stayed cables of the modulus of elasticity, the ultimate strength of the cable-stayed cables
for:

E.=E(1-{)+E

o, =0(1-{)+0,¢ (2)

Among them: ¢ —Proportion of voids to the whole wire rope;
E —Modulus of elasticity of the non-destructive high-tensile steel wire;

Ex —Elastic modulus of the cavity;

o, —Limiting strength of the cavity.
Due to the elastic modulus of the cavity E, =0, the ultimate strengtho, =0 then:
E.=E(1-7)

o, =E(1-¢) 3)

For partially ablated cable-stayed cables the modulus of elasticity and ultimate strength shall be
discounted in accordance with the above formula, and for cable-stayed cables affected by overfire
the modulus of elasticity and ultimate strength of the steel wire after high temperatures shall be
discounted in accordance with the degradation law of elasticity and ultimate strength of the steel wire
after high temperatures as described in the preceding paragraphs.

Take a cable-stayed cables as an example, assuming that the cable-stayed cables are multiple
parallel steel wire cable-stayed cables, and some of the steel wires are melted after the fire, and
assuming that the cable-stayed cables have a damage rate ¢ of 30%, then according to equation

(B) E.=E(1-{)=E(1-30%)=70%E ;0. =0(1-¢)=0(1-30%)=70%0 .

Assuming that the temperature of the high-tensile steel wire in the cable-stayed cables under
the action of fire is 900 °C, and then according to the degradation model of elastic modulus and
ultimate strength of the high-tensile steel wire after the fire, the modulus of elasticity and the ultimate
strength of the cable-stayed cables after the fire will be reduced to 80.5% and 17.12% respectively
of the original one, then the modulus of elasticity of the cable-stayed cables will be equivalent to
E" =70%FE80.5%=1.0988x10° MPa , the limiting strength equivalentis & =70%c80.5% = 884MPa

Therefore, the modulus of elasticity and ultimate strength of the cable-stayed cables after
overfire are calculated as:

E. =(1-0)E,

o, =(1-¢)o, (4)
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Among them: E. —Modulus of elasticity of the whole cable after overfiring;

o —Ultimate strength of the whole cable after overfiring;
¢ —Proportion of fused wire to the entire wire rope;
E, —Modulus of elasticity of the unfused high-tensile steel wire in the cross-

section of the cable after overheating at high temperature;

o, —Ultimate strength of the high-tensile steel wire after high temperature without

fusing in the cross section of the cable after overheating.

FINITE ELEMENT ANALYSIS

Modeling

Finite element model of cable-stayed bridges was established by Midas/Civil. Main girder, small
longitudinal beams, crossbeam: Both sides of the steel main girder ribs, small longitudinal beams
and crossbeams are simulated by beam units, the steel main girder ribs are the main load-bearing
members, which are connected with the middle small longitudinal beams through steel crossbheams
to form a space girder lattice structure, the steel crossbeams are connected with the main girder and
the small longitudinal beams through the common nodes. Concrete bridge deck slabs are simulated
by means of a uniform force form, which is loaded on the main girder ribs, small longitudinal girders
and cross girders connected to them. Bridge towers are modeled using beam units. Top and bottom
beams are connected to the portal tower columns by shared nodes. The simulation of cable-stayed
cables is carried out by using truss unit, the upper end of the cable establishes a node at the outer
edge of the bridge tower, the lower end establishes a node at the outer edge of the steel main girder,
and the two ends of the cable are connected with the bridge tower and the main girder by stiffening
arms. A total of 1,933 nodes and 2,272 units are established for the whole bridge. A total of 104
cable-stayed cables are simulated by truss units, and the main tower and main girder, which are
subject to bending pressure, are simulated by beam units. The damage to the cables in the text is
achieved by reducing the elastic modulus of the stay cables. By adjusting the elastic modulus of the
stay cables, the mechanical performance changes of the cables under different degrees of damage
can be equivalently simulated. Structural finite element discretization diagram is shown in Figure 4.

Fig.4 - Structural finite element discretization
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DYNAMIC PERFORMANCE of CABLE-STAYED BRIDGES UNDER DAMAGE to
CABLES

Analysis of Structural Dynamics Under Symmetric Fire-Induced Meltdown of Cables

S1+N1, S3+N3 are selected as two working conditions for the fused damage of cables at the
tower root, S6+N6, S8+N8 are two working conditions for the fused damage of cables at the middle
of the span, and S11+N11, S13+N13 are two working conditions for the fused damage of cables at
the outer back cables, and in total, six conditions are selected for the comparative analysis of the
impacts of the auxiliary spans and side spans of the cable power. Table 1 shows the frequency and
formation results of different symmetrical fusion damage of cables in the main span. SC1+NC1 and
SC3+NC3 are selected as two working conditions for the fusion damage of cables at the tower root
of the main span, SC6+NC6 and SC8+NC8 are selected as two working conditions for the fusion
damage of cables at the 1/4L of the main span, SC11+NC11 and SC13+NC13 are selected as two
working conditions for the fusion damage of cables at the middle of the span, which is a total of 6
working conditions for the comparative analysis of the impact of main span cable dynamics.
conditions for the comparative analysis of the dynamic impact of the main span cables.
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Tab. 1 - Structural intrinsic frequencies and formations for different cable symmetric fire-induced
fusion cases in the main span

Non Non
Ordinal | destructiv . Ordinal | destructiv .
Formation Formation
number e model number e model
frequency frequency
Beam positive symmetrical
1 0.127 Drifting vertically 11 1.133 vertical bending + tower
positive symmetrical smooth
bending
First-order symmetrical Beam antisymmetric vertical
2 0.363 vertical bending of 12 1.219 bending + tower antisymmetric
beams smooth bending
First-order Beam positive symmetrical
3 0.460 antisymmetric vertical 13 1.244 postt y
: vertical bend
bending of beams
4 0.472 South towerfirst-order 14 1364 Beam opposes symmetrical
lateral bend vertical bend
, Beam symmetric torsion +
5 0.488 North tower first-order 15 1.447 tower symmetric lateral
lateral bend ;
bending

Beam positive symmetrical
vertical bending + tower
positive symmetrical smooth
bending

First-order symmetric
6 0.651 transverse bending of 16 1.531
beams

Second-order symmetric
vertical bending of beam
+ symmetric smooth
bending of tower
Second-order
antisymmetric vertical
8 0.839 bending of beam + 18 1.606
antisymmetric smooth

Beam symmetric transverse
17 1.566 bending + tower positive
symmetric downward bending

7 0.733

Beam positive symmetrical
vertical bending + tower
positive symmetrical smooth

bending of tower bending
Positive symmetric Beam antisymmetric torsion +
9 0.890 vertical bending at beam 19 1.649 tower antisymmetric side
height order bending
Beam high-order
antisymmetric vertical Beam antisymmetric
10 1.003 bending + tower 20 1.687 transverse bending + tower
antisymmetric smooth antisymmetric smooth bending
bending

Figures 5 and 6 show the frequency-order plots and frequency-variation-order plots for the first
20 orders of various operating conditions for different cables fused at the transition span and side
spans. It can be seen that the amount of change in frequency is very small, with the largest variation
in the S13+N13 condition, where the maximum frequency variation is only 9.6%.

In order to facilitate the analysis of the frequency variation-order diagrams for different working
conditions are listed separately, and Figures 7 to 9 show the frequency comparison diagrams for the
transition span and inside side span, mid-span and outside working conditions, respectively.
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Fig.5 - Frequency-order variation under Fig.6 - Frequency variation-order variation
fire-induced meltdown of different cables in  plots under fire-induced fusing of different
transition span and side spans cables for transition and side spans

From Figures 7 to 9, it can be concluded that the transition span and side span cable damage
has an effect on the vertical bending formation of the whole bridge and has the greatest effect on
the vertical symmetric bending formation, and the damage of the cable near the outer side has the
greatest frequency on the formation.

Damage to the outer cables near the transition span and side spans has a large effect on the
low-order frequency variation of cable-stayed bridges, especially when the damage to the outermost
back cables of S13+N13 occurs, it has the largest effect on the 2nd and 3rd order frequency variation,
with a maximum value of 9.6%. Transition span and side span cable damage has almost no effect
on the longitudinal drift, transverse bending and torsional formations of the cable-stayed bridges.
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Fig.7 - Frequency amplitude order diagram  Fig.8 - Frequency amplitude order diagram
of transition span and inner side span of transition span and edge span
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Fig.9 - Transition span and side span outer frequency variation-order plot

Figures 10 and 11 show the frequency-order and frequency variation-order plots for the first 20
orders of various working conditions for different cables fused on the main span. It can be seen that
the amount of frequency change is very small, the SC13+NC13 condition has the largest variation,
and the maximum frequency variation is only 11.1%.
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Fig.10 - Frequency-order variation under
different cable fusing in main span

15%
—— SC1+NC1
—— SC3+NC3
10% 4 ——S8C6+NC6
——SC8+NCE8
ao ——S8C11+NC11
—+—S8C13+NC13

0% —

-50%

Frequency amplitude

-10% —

B L —
0 2 4 & 8 10 12 14 16 18 20
Order number

Fig.11 - Plot of frequency variation-order
change under fire-induced fusing of
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In order to facilitate the analysis of the frequency amplitude-order plots for different conditions
are listed separately. Figures 12 to 14 show the comparison of the frequency amplitude for the main
span near the bridge tower, 1/4L and mid-span damage conditions, respectively.
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Fig.12 - Frequency variation-order plot of
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Fig.14 - Main span mid-span frequency variation-order plot

From Figures 12 to 14, it can be seen that the main span cable damage has an effect on all
vertical bending formations of the whole bridge, with the greatest effect on the vertical symmetric
bending formations, and the damage close to the outer cables has the greatest effect on the
frequency of the formations. The mid-span cable has a large effect on the low-order frequency, and
near the bridge tower has a large effect on the high-order frequency.

Damage to the cable near the mid-span of the main span has a large effect on the lower order
frequencies of the cable-stayed bridges, especially when the damage to the outermost back cables
of SC13+NC13 occurs, it has the largest effect on the 7th order frequencies, with a maximum value
of 11.1%. Transition span and side span cable damage has almost no effect on the transverse
bending and torsional formations of the cable-stayed bridges structure.

Structural Dynamic Analysis of The Whole Bridge Under Different Cable Fire Damage

Analysis of Structural Dynamics Under Asymmetric Fire-Induced Fusing of Cables
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Fig.15 - Frequency-order diagram under Fig.16 - Frequency variation-order plot
asymmetric damage of transition span and side under asymmetric damage of transition
span span and side span
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From the previous section, it is concluded that the long cable fusion has the greatest effect on
the lower order frequencies, so the transition span and side span outermost back cables are used
to represent the auxiliary and side span cable asymmetric damage, and the main span outermost
back cable is used to represent the main span cable asymmetric damage. Table 3-13 shows the first
20 orders of frequency values for the transition span, side span cable asymmetry and main span
cable asymmetry damage cases, which are analyzed by taking four working conditions (both
asymmetric span and asymmetric axis, symmetric longitudinal axis but asymmetric span, symmetric
span but asymmetric longitudinal axis, and both symmetric span and symmetric longitudinal axis),
respectively.

Figures 15 and 16 show the frequency-order and frequency-variation-order plots under
asymmetric fusing damage in the transition span and side spans, as shown in the two figures:

Transition span and side span asymmetric damage had a large effect on the frequency of 2nd
and 3rd order vertical bending formations (first order vertical symmetric and antisymmetric
formations), and on the frequency of 15th and 19th order torsional formations (positive symmetric
torsion and antisymmetric torsion), which increased with the increase in the number of fused cables,
and had almost no effect on the frequency of the other side bending formations.

Figures 17 and 18 show the frequency-order and frequency-variation-order plots under the
main-span asymmetric fusion damage. It can be seen from the two plots that the main-span
asymmetric damage has a greater effect on the frequency of the vertical bending formations, with
the maximum effect being on the 2nd and 7th orders, and has a greater effect on the frequency of
the 19th-order torsional formations (antisymmetric torsion), and with the increase in the extent of the
damage, the formation frequency variation increases, and has almost no effect on the frequency of
other lateral bending

Structural Dynamic Analysis of The Whole Bridge with Different Degrees of Fire
Damage to The Cables

In order to analyze the structural dynamic characteristics of the whole bridge under different
degrees of fire damage, two pairs of back cables and their adjacent cables are selected for the
analysis of the dynamic characteristics under different degrees of damage, S13 and S12 are taken
to represent different degrees of damage in the transition span and side spans at the same time,
and SC13 and SC12 are taken to represent different degrees of damage in the main span at the
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same time. Table 3-14 shows the values of the first 20 orders of formation frequency for the whole
bridge structure at different damage levels of auxiliary and side spans and different damage levels

of main spans.

Figures 19 and 20 show the frequency-order and frequency-variation-order plots of the structural
formations at different levels of damage in the transition span and side spans.
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Fig.19 - Frequency-order diagrams for
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transition span and side spans

15%

——S13+812-25%

10% ——813+512-50%
—— §13+5812-75%
——S813+812-

% - Circuit breaker

%%
0f =t W

5%

Frequency amplitude

-10% o

-15%

T T T T T T
0 2 4 6 8 10 12 14 16 18 20

Order number

Fig.20 - Frequency variation-order plots for
different degrees of damage in the
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As can be seen from Figures 19 and 20, the effect on the frequency of the longitudinal floating
formation (1st order) is larger for different damage levels of the transition span and side spans, and
the effect on the bending formation of the antisymmetric vertical bending (2nd and 14th order) is
larger, and the change in the frequency of the formations is larger with the increase of the damage
level. There is almost no effect on the transverse bending and twisting formations.

Figures 21 and 22 show the frequency-order and frequency-variation-order plots for structural
formations with different degrees of damage to the main span.
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From Figures 21 and 22, it can be seen that different degrees of damage to the main span
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cables have a greater effect on the vertical antisymmetric bending formations (2nd and 7th order) of
the structure, and the change in the frequency of the structural formations increases with the
increase in the degree of damage. There is almost no effect on the longitudinal drift, transverse
bending and torsion formations.

CONCLUSION

In this paper, the dynamic characteristics of the entire bridge under different cable fires and
different degrees of cable fire damage were analyzed. The research results can provide references
for the assessment of cable-stayed bridge damage, and also offer valuable insights for design. The
main conclusions are as follows:

1. Fire-induced damage to the cables has an effect on the vertical bending formation of the whole
bridge, with the greatest effect on the vertical symmetrical bending formation. Fire-induced damage
to the whole bridge cables had little effect on the longitudinal drift, transverse bending and torsional
formations of the cable-stayed bridges structure. Effects of different levels of damage to the cables
on the dynamic performance of the bridge are reflected in quantitative changes, with the frequency
of a certain order formation increasing as the level of damage increases.

2. At different levels of damage in the transition and side spans, the effect on the frequency of the
longitudinal drift formation (1st order) is greater, and on the antisymmetric vertical bending (2nd and
14th order) bending formations, and the change in the frequency of the formations is greater with
the increase in the level of damage. There is almost no effect on the transverse bending and twisting
formations.

3. Damage to the outer cables near the transition span and side spans has a large effect on the low-
order frequency variation of cable-stayed bridges, especially when the damage to the outermost
back cables of S13+N13 occurs, it has the largest effect on the 2nd and 3rd order frequency variation,
with a maximum value of 9.6%

4. The amplitude of frequency variation under the damage of the middle span cable is very small,
while in the case of SC13 + NC13, the variation amplitude is the largest, with the maximum frequency
variation being only 11.1%.
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ABSTRACT

In the context of modern architecture, glass is widely regarded as a fundamental design
element, representing a material of increasing interest to architects and engineers. The fundamental
challenge in using glass is to design convenient connections. Adhesive joints are more convenient
connections compared to mechanical fixings due to ensuring uniform stress distribution. This study
focuses on small glass-to-glass specimens: (i) bonding of the specimens, (ii) artificial ageing, and
(i) shear tests. Two different transparent adhesives were tested, 2-component epoxy and UV-cured
acrylate.

Proper specimen bonding is essential. Two-component epoxy required careful sealing during
curing to prevent leakage. The UV-cured acrylate adhesive needed a careful curing process to avoid
bubble formation due to shrinkage of the adhesive. To determine resistance to environmental effects,
a combination of DVS 1618 procedure and UV radiation was used for artificial ageing of specimens.
Shear tests on the reference set showed excellent results for the acrylate adhesive, which achieved
an average shear strength of 10.17 MPa. Problems with adhesion appeared after artificial ageing.
Epoxy adhesive achieved an average shear strength of 4.55 MPa in the reference set. Two
specimens had problems with adhesion to glass. After ageing, the specimens achieved a higher
average shear strength (4.86 MPa) than in the reference set. The aged specimens failed only by
glass breakage. Both adhesives showed high potential for use in glass construction joints.

KEYWORDS

Transparent adhesives, Glass, Bonded joints, Artificial ageing, Double-lap shear joint, Epoxy
adhesive, Acrylate adhesive

INTRODUCTION

Structural glass has gained significance in contemporary architecture due to the continuous
demand for transparency and the aesthetic lightness of structures. Given the limited dimensions of
glass panes and transportation of them, it is often necessary to join individual components into larger,
load-bearing units. Traditional mechanical joints, such as bolted or clamped connections, have
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a major disadvantage as drilling holes weakens the glass panes and indicate local stress
concentrations [1, 2].

Adhesive bonds (or joints) represent a promising alternative to mechanical connections. They
enable a more uniform transfer of forces distributed across the entire bonded area, thereby
minimizing stress peaks. This feature is critical for brittle glass, which is unable to plastically
redistribute stresses [1, 2]. Bonded joints are used in a wide range of applications, including facades
made of solid glass blocks (e.g., the Crystal Houses fagade, constructed from glass masonry bonded
with UV-curing adhesive) [3, 4] or in creating structural glass components where they ensure
composite behaviour as fully glazed enclosure in Dresden [5], glass-timber structure [6], tensegrity
floor [7] etc.

A critical aspect for the reliable use of adhesives in construction is their long-term durability,
as they are exposed to external environmental factors. Factors that can significantly affect the
strength, stiffness, and optical properties of adhesives include humidity (or moisture), temperature,
and UV radiation. For transparent adhesives, UV radiation, in particular, can lead to unfavourable
changes in material properties and discoloration. Therefore, ageing evaluation is critical for lifespan
prediction.

This work focuses on the experimental analysis of adhesively bonded small glass-to-glass
specimens, which is key to obtaining fundamental information on the mechanical characteristics of
the adhesives and the adhesive joint. For bonded joints, shear behaviour is particularly important,
as it is critical for transferring loads in composite and fagade systems. The shear strength of the joint
is highly dependent on the adhesion of the adhesive to the substrate, the cohesion of the adhesive,
joint geometry, and the bond line thickness.

The aim of this article is to examine in detail:

1. The bonding process and the preparation of small glass-to-glass specimens with particular
attention to the use of two distinct adhesives.

2. The determination of the shear strength of bonded joints.

3. The influence of artificial ageing on the mechanical properties of the adhesives.

Problem of artificial ageing

The long-term service life, or durability, of adhesive joints in constructions, is a critical aspect,
as they are exposed to complex and interactive environmental factors such as moisture,
temperature, and UV radiation [8, 9]. Any property of the joint can deteriorate, but changes of
mechanical properties and failure behaviour are essential from the engineering point of view.
Material constants and strength values obtained only from short-term tests are insufficient for the
reliable design of bonded constructions [10, 11], which often require a service life of 20 to 25 years
[12] (though civil engineering applications may require service lives above 50 years [13]).

To determine the effects of these influences in a relatively short time, methods of artificial
(accelerated) ageing are therefore used. These procedures are typically based on guidelines or
standards such as ETAG 002 (for structural sealant glazing systems (SSGS)) [14], which describes
procedure involving immersion in water. Other relevant standards include EN ISO 9142 [15], which
guides the selection of standard atmospheric laboratory conditions for cyclic ageing. Other general
tests and standards that are applied include: EN ISO 9227 [16] (often used for salt spray/corrosion
tests), EN ISO 4892 [17] (commonly used for radiation exposure), ASTM D904 [18] or ASTM D1828
[19] (Atmospheric exposure). Tests are also often developed based on individual assessment by
engineers [11] or developed internally by manufacturers [12].

Test scenarios include exposure to high relative humidity (such as 90 % R.H. or 100 % R.H.),
immersion in water, thermal cycling, or exposure to corrosive atmospheres, such as SO, (sulphur
dioxide atmosphere) [8, 11, 20]. UV radiation is particularly critical for transparent adhesives, where
the absorption of high-energy, short-wavelength photons can trigger photochemical ageing
processes. This subsequently leads to changes in both mechanical and optical properties. [9, 21]

However, conversion to actual years of natural ageing is very difficult and is not typically
declared as a simple coefficient. There is no universal artificial test plan nor a precise method for
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predicting the lifespan of adhesive joints, because every adhesive-substrate interface is unique [12].
The extrapolation of mechanical properties over a longer period than tested is not obvious [11].
Sometimes, it is even shown that the applied artificial ageing protocols can "completely overstate"
the long-term behaviour. [8, 12]

Overall, it is often concluded that accelerated tests tend to overestimate the reduction in joint
strength compared to natural ageing [9, 10].
Research objective

The objective of the research was to find an adhesive or adhesives suitable for bonding load-
bearing glass structures, especially for the purpose of bonding the glass frame corner, as illustrated
in Figure 1. As mentioned above, in order to ensure the successful bonded joint, it is necessary to
meet a number of requirements which are described in detail below.

_7 polymer interlayer
S

'&A\\“—\.

.

Fig. 1 - Glass frame corner (purple colour - polymer interlayer, orange colour - adhesive)

A fundamental requirement is that adhesives must be transparent. The adhesive is not visible
in the glass, and the joint must appear as though it is non-existent, with the glass itself being the only
visible component. Critical requirement is that adhesives must demonstrate resistance to the effects
of environment. This includes exposure to elevated and low temperatures (ranging from -20 °C to
80 °C), humidity, and UV radiation.

The thickness of the adhesive layer and size of bonded area are other criteria of the selection.
The thickness of the adhesive layer depends on the geometry of the glass joint. It has been
determined that the double-lap shear joint will be realised. The thickness of the adhesive is thus
given by the thickness of the polymer interlayer in laminated glass used in the joined construction,
see Figure 1. It is expected that three PVB layers will be used (each 0.38 mm thick), which would
result in a bonded layer thickness of approximately 1 mm. Because of the joint geometry, adhesives
suitable for bonding medium to large bonded areas (for joints with an area of 10,000 - 90,000 mm?)
were selected.

The final requirements relate to the technology for manufacturing the bonded joint. The
following parameters are to be considered: the viscosity of the adhesive, and the open time (time
from application of the adhesive to its solidifying). The bonded joint is created by the pouring of
adhesive into the gap between the glass panes. The application method requires an adhesive with
a low viscosity, thereby ensuring its flow into the comparatively narrow space between the glass
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panes. Furthermore, a sufficiently prolonged open time is required to prevent the adhesive from
hardening during its flowing into the gap. An open time at least 20 minutes is suitable.

Adhesives that met the above-mentioned requirements for use in load-bearing glass
structures in civil engineering were selected. In the initial phase of the research, the behaviour of the
selected adhesives was verified through experimental testing of small specimens. The aim of this
article is to present data of two selected rigid adhesives.

MATERIALS AND METHODS

Two rigid adhesives were subjected to experimental testing on two sets of specimens. Firstly,
a reference set of specimens was prepared. Subsequently, a second set of specimens was
subjected to artificial ageing. Technical parameters of each tested adhesive are stated in Table 1.

Tab. 1 - Technical parameters of adhesives in technical data sheets [22, 23]

Adhesive Araldite 2020 Loctite AA 3491
Company Huntsman Henkel
Technology Epoxy Acrylic
Components 2 components 1 component
Curing Chemical reaction | UV light
Viscosity Ca 150 mPas 750-1500 mPas
Open time/curing time 40-50 min seconds

Glass transition temperature | App. 39,5 °C Not written

For the purpose of the experiment, float glass, characterised by a nominal thickness of 19 mm
and dimensions 50 x 50 mm, was used for the bonding of the small specimens. Mechanical
properties of the float glass are stated in Table 2. Thick glass panes were cut by water jet. The using
of a water jet technique during the manufacturing process of the glass panes ensures that the glass
panes does not crack.

Tab. 2: Mechanical properties of float glass [24, 25]

Soda lime glass
Density 2500 kg/m3
Hardness (Knoop) |6 GPa

Bending strength 45 MPa
Modulus of elasticity | 70 000 MPa
Thermal expansion |9-10-6 K-1

Poisson's ratio 0.23

Specimens were prepared as double-lap shear joints, see Figure 2. Each specimen was
prepared using 3 glass panes. Middle glass pane was bonded 10 mm above outer glass panes. This
geometry ensures possibility of punch test which leads in shear stress in adhesive layers.
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adhesive

Fig. 2 - Geometry of small specimens

Number of bonded specimens for each adhesive is listed in Table 3.

Tab. 3: Number of bonded specimens

Adhesive Epoxy adhesive | Acrylate adhesive
Reference set 5 4
Set exposed to artificial ageing 5 3

Bonding specimens

Nitrile gloves were used during both cleaning and bonding to prevent contamination of the
bonded surface. Surface of glass panes was cleaned with lint-free wipes soaked in isopropyl alcohol;
Figure 3 left. Following the cleaning of the surface, the bonding process was completed within
approximately 30 minutes. This duration was sufficient for the isopropyl alcohol to evaporate from
the bonded surface. Geometry of specimens was given by plastic device which was made on 3D
printer. Gap between glasses was ensured with 1 mm plastic inserts. The assembled specimen was
secured with clamps.

In the case of the two-component adhesive, the individual components had to be weighed
out and subsequently mixed. The mixture was stirred with a wooden spatula for approximately 1
minute. The process of mixing resulted in the generation of air bubbles within the mixture. In order
to remove the bubbles, the mixture was filtered through a nano-mesh sieve, which effectively
captured the bubbles.

Whole specimen had to be sealed around bond line. This ensured no adhesive flown out of
the specimen. Proper sealing of the specimens was very important due to low viscosity of adhesives.
It was especially important for Araldite adhesive, which has longer open time. The adhesive has
therefore more time to find any small aperture in sealing. Firstly, it was attempted to seal the
specimen with tape only, but this proved insufficient. The adhesive was able to flow out of the
specimen through the folds. Due to the thin gap, even a small amount of adhesive leaking out
resulted in the gap being filled only halfway, for example. The use of silicone for sealing was not
possible due to the possibility of adhesive contamination and thus the invalidation of the results. At
last, using plastic material similar to modelling clay proved to be the most suitable method of sealing.
Specimen prepared for bonding is shown in Figure 3 right.
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Fig. 3 - Cleaning of the glass panes (left), specimen prepared for bonding (right)

Using UV adhesive showed different problems and that was curing. Specimens with UV
adhesive were cured using handheld UV-light source. In this case LOCTITE CL32 LED Spot with
wavelength 405 nm was used, see Figure 4. During bonding, two problems occurred. Ensuring
geometry by clamps showed problem, how to lighten and thereby cure the adhesive. The problem
was solved by using tape instead of clamps. Tape was used from sides with small overlap on front
and back side of the specimen, see Figure 4. The second problem was shrinkage of adhesive during
curing. Curing had to be carried out carefully from bottom part of the specimen. After curing small
area on the bottom of the specimen can be cured area above. This specific procedure eliminated
bubbles caused by shrinkage in the adhesive layer (Figure 5) and make addition adhesive into the
bonding gap possible.

Specimens with two-component adhesive were cured at room temperature for 24 hours. For
specimens with UV adhesive, the complete curing of the entire bonded surface was achieved within
approximately 10 minutes.

Fig. 4 - Set-up for bonding specimen with UV adhesive - from left: specimen secured by
tape, UV protecting glasses, UV adhesive with dispenser gun and application needle, LED spot
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Fig. 5 - Bonded specimen with bubbles caused by shrinkage (left), better bonded specimen
with less bubbles (right)

Artificial ageing

It was necessary to select or develop artificial ageing method capable of simulating natural
ageing. In this research, technical guideline DVS 1618 [25] and UV radiation was combined.
Technical guideline DVS 1618 was designed for elastic thick layer adhesives used in rail vehicle
applications. It contains procedure of artificial ageing which is described in Table 4.
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Tab. 4 - Accelerated ageing according to DVS 1618
Part Processing Duration
1 Conditioning at temperature 23 °C and 50 % RH 7 days
2 Immersion in distilled water at temperature 20 °C 7 days
Conditioning at temperature 23 °C and 50 % RH 2 hours
3 Exposure to temperature 80 °C 1 day
Conditioning at temperature 23 °C and 50 % RH 2 hours
Cataplasm test (exposure to the temperature 70 °C and 100 % RH) | 7 days
Conditioning at temperature 23 °C and 50 % RH 2 hours
Extension | Shock cooling at -30 °C 1 day

This procedure was further extended by 500 h of UV radiation exposure, following Method
E3 of the CSN EN ISO 9142 standard. The whole artificial ageing method lasted app. 6 weeks, see
Figure 6.

extended method DVS 1618 UV radiation

week

Fig. 6 - Ageing method based on DVS 1618

Combination of these two approaches ensures that the specimens were exposed to all
related external effects including elevated and sub-zero temperatures, high humidity, and UV
radiation.

Experimental set-up

The specimens were subjected to the punch test. In this experiment, a compressive load was
applied on the central glass pane, thereby inducing shear stress in the adhesive. Glass is a brittle
material and has never been in direct contact with hard materials such as steel due to stress
concentrations. The specimen was equipped with elastic pads on both the inferior and superior
surfaces. The elastic pads ensure uniform stress distribution and thereby eliminate stress peaks in
the glass; see Figure 7.

] 11
linear potentiometer elastic pad
{displacement of the / ‘
Y,

middle glass) " glass
. r’//% .

. linear w / linear _
potentiometer potentiometer
(compression L d (compression
of the pad) of the pad)

Y Y
elastic pad adhesive

Fig. 7 - Schema of the experiment (left), photo of the experiment (right)

@ DOI 10.14311/CEJ.2026.01.0006 88



Article no. 6
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2026
JOURNAL

The experiment was conducted under displacement control, with displacement applied
continuously until specimen failure. Crosshead speed was 0.05 mm/min. The slow crosshead speed
of the test is intended to represent static or quasi-static load. Adhesives are viscoelastic materials,
and the duration of the applied load is a critical factor in determining their load-bearing capacity.

The displacement of the glass panes was measured by four linear potentiometers. Two
potentiometers measured displacement of the middle glass and two potentiometers measured
compression of the glass panes to the pad. Used measurement equipment is written in Table 5.

Tab. 5: Details of the experiment equipment

Test machine Shimadzu AGS-X

Linear potentiometers | Megatron MMR-1011 (measurement range 11 mm)
Test controlled by displacement

Crosshead speed 0.05 mm/min

Measurement device |SPIDER 8, software CATMAN32
Sampling frequency |5 Hz

RESULTS

Reference set

The reference set of specimens demonstrated significant variations in shear strength among
the adhesives. The epoxy adhesive achieved an average shear strength of 4.53 MPa (44.8 % of
acrylic shear strength); see Table 6. A significant difference in shear strength is evident with epoxy
adhesive, as illustrated in Figure 8. One specimen achieved a shear strength of less than 2 MPa.
This specimen failed as a result of loss of adhesion; see Figure 9. In one specimen, failure occurred
in a combined failure mode with dominant substrate failure; however, loss of adhesion was a
contributing factor to the overall failure. This specimen also exhibited reduced shear strength. Other
specimens failed due to glass breakage (Figure 10), and their shear strength was found to be similar
at approximately 5.7 MPa.

Tab. 6 - Reference set

Adhesive Average shear | Standard Dominant TifTi,max [%]

strength 1 [MPa] | deviation [MPa] | failure mode ’ °
Epoxy 4.55 1.80 S* 44.8 %
Acrylate 10.17 0.52 S* 100.0 %

S* - substrate failure mode
Maximal shear stress t,,,,, [MPa]
0 1 2 3 4 5 6 7 8 9 10 11 12
Epoxy - ref

Acrylate - ref
1 m2m3 4 m5

Fig. 8 - Shear strength of individual specimens in the reference set
The shear strength 1 was calculated using Equation 1.
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=, (1)

where F is the force at breakage [N], and A is the bonded area [mm2] (the measured bonded
area of both shear planes, excluding the area of the inserts).

In comparison, the acrylic adhesive achieved an average shear strength of 10.17 MPa. All
specimens that were bonded with acrylate adhesive exhibited failure due to glass breakage
(Figure 8, Figure 9, Figure 11). The standard deviation of these specimens is low, at only 0.52 MPa
(Table 6).

Failure mode

Epoxy - ref

Acrylate - ref

0 1 2 3 4

[%a]

HAA-S BASS mS

Fig. 9 - Failure mode of specimens in reference set (AA-S - combined failure mode with
dominant adhesion failure, A-SS - combined failure mode with dominant substrate failure, S -
Substrate failure)

Fig. 11 - Specimen with acrylic adhesive in reference set after shear test - substrate failure
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Artificial ageing

The importance of artificial ageing is not only in its role in determining mechanical properties,
but also in its ability to influence visual properties. Visual properties cover especially colour changes
and cracks or bubbles occurrence.

Specimens before and after artificial ageing are shown in Figure 12 and Figure 13. Both
adhesives achieved excellent visual properties. Adhesives stayed transparent and no additional
cracks or bubbles appeared. Delamination proved to be problematic, as is shown especially in
Figure 13 right. It is important to note that delamination is only visible from a specific angle.
Delamination was more visible in specimens with acrylate adhesive, where delamination occurred
on approximately 25 — 75 % of the bonded surface. In the case of the epoxy adhesive, delamination
was observed on no more than 10 % of the bonded surface.

’l 'A‘W.
Fig. 12 - Specimen with epoxy adhesive before artificial ageing (left), after artificial ageing

Fig. 13 - Specimen with acrylate adhesive before artificial ageing (left), after artificial ageing
(middle), detail of the specimen after artificial ageing (right)

Epoxy adhesive also achieved excellent ageing resistance in terms of mechanical properties.
Average shear strength after artificial ageing increased to 106.6 % of average shear strength of the
reference set; see Table 7. Specimens failed by rupture of glass. A combined failure mode was
observed in only two specimens, characterised by dominant substrate failure; see Figure 14.
However, the shear strength of these two specimens was similar as specimens which failed only due
to rupture of glass; see Figure 15. The standard deviation for epoxy adhesive after artificial ageing
is only 0.40 MPa which is much lower according to the reference set; see Table 7 and Figure 16.
Specimen after the shear test failed by rupture of glass is in the Figure 17.
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Tab. 7 - Reference set and set of specimens exposed to artificial ageing

AA-S

Adhesive g::%?ﬁ ; r[]l\?na;ra] Serintion [MPa] e mode | Tt %]

Epoxy - ref 455 1.80 S* 100.0 %
Epoxy - DVS 4.86 0.40 S* 106.6 %
Acrylate - ref 10.17 0.52 S* 100.0 %
Acrylate - DVS 5.09 4.94 AA-S* 50.1 %

S* - substrate failure mode, A-SS* - combined failure mode with dominant substrate failure

Failure mode

Acrylate - DVS

o

1 2 3 4

w

HA WAA-S HASS mS

Fig. 14 - Failure mode of specimens in set exposed to artificial ageing (A - adhesion failure,

- combined failure mode with dominant adhesion failure, A-SS - combined failure mode with

dominant substrate failure, S - substrate failure)
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Fig. 15 - Shear strength of individual specimens in the reference set and set exposed to
artificial ageing

Specimens with acrylate adhesive showed very different results; see Figure 15 and Table 7.

One specimen achieved extremely high shear strength, more than 10 MPa which is similar to shear
strength in reference set. One specimen showed extremely low shear strength, less than 0.5 MPa.
This specimen failed due to loss of adhesion; see Figure 14. And the third specimen failed at shear
stress 4.6 MPa which is app. average of shear strength of specimens in the set exposed to artificial
ageing. High differences in shear strength with acrylate adhesive are also evident in Figure 16.
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Specimens with higher shear strength failed in combined failure mode with dominant adhesion
failure; see Figure 14 and Figure 18.

12

o -

"] Epoxy - ref
M Epoxy- DVS

[ Acrylate - ref
[ Acrylate - DVS

Maximal shear stress tmax [MPa]

0

Fig. 16 - Shear strength of individual specimens in the reference set and set exposed to
artificial ageing

Fig. 17 - Specimen with epoxy adhesive exposed to artificial ageing after shear test -
substrate failure

Fig. 18 - Specimen with acrylate adhesive exposed to artificial ageing after shear test -
combined failure mode with dominant adhesion failure
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During the testing, the deformation and subsequent displacement of the centre glass were
measured. Average displacement of the center glass was calculated using Equation 2.

Uc = Ug — Uy, (2)

where U, is average displacement of the central glass pane [mm], U; is average
displacement of the specimen [mm], and 1, is average compression of the pad [mm].

Subsequently, the shear strain was determined from Equation 3.

y="¢, (3)
where vy is shear strain [-], and t is the average thickness of the adhesive layer [mm].

It was not possible to compile a relevant stress-strain diagram for epoxy adhesive due to the
very low deformation and the influence of the elastic pads. The stress-strain diagram for acrylic
adhesive is illustrated in Figure 19. In this instance, the curve exhibits a wavy pattern; however, the
trend is evident in the graph. The shear modulus of the aged specimens was found to be lower than
that of the specimens in the reference set.

. / UV-R-0
UV-R-1

——UV-R-2

-12
-11

|
=
o

—UV-R-3

UV-DVS-1

Shear stress T [MPa]

UV-DVS-2
—UV-DVS5-3

R VUR SR - T

-0,1 0 0,1 0,2 03 0,4 0,5 0,6
Shear strain ¥ [-]
Fig. 19 - Stress-strain diagram of UV acrylate adhesive

Table 8 summarizes the experimental observations and key performance parameters for both
adhesives. It highlights the differences in workability, visual appearance after ageing, resulting shear
strength, and observed failure modes across the tested specimens.
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Tab. 8 - Experimental observations and comparative assessment of adhesives
Adhesive Epoxy Acrylate
. Proper sealing of the specimens due to | Lighting/curing of the bonding area,
Bonding challenges low viscosity of the adhesive shrinkage of the adhesive
Average shear strength 4.55 MPa 10.17 MPa
(reference set)
Typical failure - mode Substrate failure Substrate failure
(reference set)
Ageing trend Stability over time Highly variable ageing resistance
Visual stability Excellent Stable colour, frequent delamination
Average shear strength | 4 g6 \py 5.09 MPa
(artificial ageing)
Typical failure mode Substrate failure Combined adhesive-substrate failure
(artificial ageing) with dominant adhesive failure

DISCUSSION

Similar geometry, and mechanical test was performed in different researches [26, 27]. The
punch test is convenient due to low tensile strength of glass. Substrate failure is not an appropriate
mode of failure during the testing of bonded specimens. The substrate failure mode does not reveal
the actual strength of the adhesive itself; rather, it provides an indication of the strength of the
substrate. The testing of glass specimens is an issue that is complicated by the material's inherent
brittleness and its sensitivity to stress peaks. In the majority of cases, the glass failed; thus, the
ultimate strength of the adhesive could not be fully determined, but the results established the
minimum stress level the bond can withstand without failure.

Specimens with epoxy adhesive

In the reference set, the epoxy adhesive showed a high standard deviation. This was caused
by the low shear strength of specimens that failed due to loss of adhesion. The weaker was the
adhesion, the lower was the resulting shear strength. However, this premature loss of adhesion
occurred in only two out of five specimens. Therefore, it cannot be generally concluded that the
Araldite adhesive has insufficient adhesion to glass. Nevertheless, there are studies indicating that
epoxies may have issues with adhesion to glass [28]. For a more reliable assessment, higher number
of shear tests should be performed.

Specimens with epoxy adhesive after artificial ageing failed due to breakage of glass or in
combined failure mode but with dominant substrate failure. According to the literature [8, 9], artificial
ageing, especially effect of water, may lead to a loss of adhesion. Thus, another possible reason for
the insufficient adhesion to glass may be related to limited experience with the bonding process.
This interpretation is supported by the fact that the specimens bonded in the reference set belonged
to the first specimens prepared, where insufficient adhesion was also most pronounced.

Epoxy adhesive after artificial ageing achieved higher average shear strength compered to
reference set (106.6 %). But, reduction of shear strength was expected. If specimens with lower
adhesion are removed from the reference set, then there was a slight decrease in strength after
laboratory ageing. However, there are studies where shear strength increased after laboratory
ageing [12, 13]. The authors attributed this to the post-cure process or to water adsorption due to
high temperatures during ageing, i.e., partial restoration of properties (recovery).

Specimens with acrylate adhesive

Acrylate adhesive achieved excellent results in the reference set accompanied by a low
standard deviation. The low standard deviation may be related to the good quality of bonding,
characterized by a minimal presence of air bubbles. During bonding, adhesive shrinkage was
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observed, which is a common issue associated with UV-cured adhesives [5, 11]. In this study, an
adhesive with very low shrinkage was selected. Owing to the relatively thick bond line (1 mm),
compared to the more commonly used thinner joints of only a few tenths of a millimetres, the effect
of shrinkage was more pronounced. Nevertheless, the specimens were bonded with only a minimal
occurrence of bubbles and cracks.

The laboratory ageing results proved to be more problematic than expected. Only three
specimens were tested, and each specimen exhibited different behaviour, which significantly
complicates the evaluation. The observed failure modes included loss of adhesion or a combined
failure mode with dominant adhesion loss. Compared to the epoxy adhesive, specimens with the
acrylate adhesive for laboratory ageing were bonded first. This bonding and curing approach differs
substantially from that of two-component epoxy adhesives and may require a certain level of
experience and skill. The durability of the joint may therefore have been influenced by the quality of
the bonding process; however, further tests would be required to verify this assumption. The present
results are consistent with observations reported in the literature, indicating that adhesion may be
weakened during ageing, particularly under water exposure [8, 9, 29]. It should also be noted that
one specimen after artificial ageing achieved approximately the same shear strength as the
specimens in the reference set. Given that only three specimens were subjected to laboratory ageing
and their results exhibited considerable variability, any conclusions drawn from these tests must be
interpreted with caution.

CONCLUSION

This paper focused on all process of experimental testing bonded specimens - bonding of
the specimens, artificial ageing and shear test.

Although scientific articles typically do not provide a detailed description of the bonding
process, the present study has shown that the quality and consistency of specimen bonding play a
critical role in the reliability of the obtained results. Consequently, the present work has highlighted
specific challenges encountered during bonding with both two-component epoxy and UV-cured
acrylate adhesives. In particular, adequate sealing of the bond line proved to be necessary to prevent
leakage of the highly fluid adhesive prior to curing, a requirement typical for low-viscosity adhesive
systems. The acrylate adhesive required careful bottom-up curing to prevent the formation of
bubbles and to maintain the integrity of the bonded layer, taking into account adhesive shrinkage
during the curing process.

The selection of an appropriate ageing method represents a major challenge. In this study,
laboratory ageing according to DVS 1618 was applied, followed by additional UV radiation exposure,
in order to simulate a range of external environmental influences relevant to real construction
applications. The selected laboratory ageing procedure is considered to have a significant degrading
effect on the specimens. The epoxy adhesive demonstrated a high resistance to the applied
laboratory ageing procedure. The average shear strength obtained after laboratory ageing was
slightly higher than that of the reference set (106.6 %). However, this result may have been
influenced by the presence of low adhesion in two specimens in the reference set.

In contrast, specimens bonded with the acrylate adhesive exhibited, on average, significantly
lower shear strength after ageing compared to the reference set, which was primarily associated
with complete or partial loss of adhesion. While only three acrylate specimens were subjected to
laboratory ageing, their behaviour varied considerably, reflecting varying extents of adhesion loss
and delamination. These adhesion-related defects were subsequently manifested in the shear test
results.

After the ageing process, both adhesives demonstrated excellent visual stability, with no
signs of yellowing. Nevertheless, several specimens exhibited indications of delamination. This loss
of adhesion was subsequently reflected in the results of shear tests. Further investigation would be
necessary to confirm assumptions regarding adhesion failure in relation to bonding quality. Despite
these limitations, both adhesives demonstrate a high potential for application in structural glass
assemblies.
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ABSTRACT

In many studies on the compressive properties of engineering cement-based composites
(ECC), there are relatively few mesoscopic studies on the dosage and length of PVA fibers. To
explore the influence of internal fibers of ECC on its compressive performance, this paper
established a two-dimensional distribution model of PVA fibers in the matrix through random
placement and generation algorithms. Firstly, an overview of previous experiments was provided.
The ECC finite element (FE) model was developed using ABAQUS, and the simulation outcomes
were contrasted with the experimental stress-strain curves to validate the model's viability. On this
basis, parameter analysis was carried out to study the impact of different PVA fiber content and
length in ECC on its compressive characteristics under vertical axial compression, and the
characteristic values of the stress-strain curves of ECC with differing PVA fiber content and length
under vertical axial compression were analyzed. The findings indicate that the ECC containing 2%
PVA fiber with a length of 12 mm exhibits optimal compressive strength, and the yield stress and
peak stress can reach 47.25 MPa and 54.96 MPa, respectively. When the fiber content is below 2%
and the length ranges from 10 mm to 12 mm, the yield stress and peak stress of ECC
progressively rise with increasing fiber content and length. Conversely, when the fiber content
exceeds 2% within the same length range, the yield stress and peak stress of ECC exhibit a
declining trend as fiber content increases. This research offers a reference for the judicious choice
of fiber content and length to enhance the compressive capabilities of ECC.

KEYWORDS
ECC; FE model, PVA fiber, Uniaxial compression, Stress-strain curve

INTRODUCTION
Concrete is now recognised as the most widely utilised man-made material globally due to
its superior physical and mechanical characteristics, easy access to materials and low cost.
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However, because to its inadequate crack resistance and ductility, reinforced concrete (RC)
structures will develop microcracks under large compressive stress, causing serious durability
problems [1]. In the 1990s, Victor Li developed a high-ductility concrete called engineered cement
composite (ECC) [2,3]. With the help of internal fibers, this material can improve the toughness and
ductility of concrete and show good material properties. Among them, PVA fiber possesses
approximately 1/8 the strength of high modulus PE fiber, while exhibiting superior tensile strength
and elastic modulus compared to polypropylene (PP) fiber [4]. It has excellent mechanical
properties [5], durability [6] and crack resistance [7], and has been widely used in various fiber
reinforcement technologies. ECC is mainly used in bridge deck paving, RC beams and columns,
dam repair and other projects [8]. The application scenario is shown in Figure 1. Its excellent
compressive performance can effectively improve the compressive bearing capacity of the
structure.

Nuclear engineering //ﬁam restoration .
containmcnt//
Q‘l\

RC column Deck paving layer

Fig. 1 — Application scenarios of ECC

In previous studies, scholars have conducted extensive research and discussions on the
compression performance of ECC. Zhou et al. [9] performed an experimental investigation on the
compression properties of ECC and revealed that the compressive strength of ECC is 20 to 80
MPa. Fischer et al. [10] found through uniaxial compression tests that the strength of ECC
materials approaches that of high-strength concrete. In addition, the distribution of fibers has
affected the ultimate compressive strain of ECC. Hu et al. [11] made uniaxial compression
evaluation on ECC. The outcome showed that including fibers can improve the toughness of the
matrix, altering its failure mode from brittle to ductile. The axial compressive stress-strain curve of
ECC after peak load is gentler than that of ordinary concrete, and the ultimate compressive strain
is considerably greater than that of conventional concrete. Singh [12] showed through experimental
research that within a certain range, as the fiber length and fiber diameter increase, the flexural
strength and final tensile strength of ECC increase accordingly. However, these studies are limited
to experiments, which require a lot of time and effort, are costly, and cannot accurately observe the
internal compression of ECC. Therefore, it is necessary to adopt a new method to study the
compressive performance of ECC.

Finite element (FE) model can be used as an effective method to study the stress condition
of materials [13-15]. At present, a large number of scholars have established numerical models
from macroscopic and microscopic perspectives to study the compressive performance of ECC.
Hung et al. [16] established a three-dimensional FE model of ECC and embedded the constitutive
model material subroutine UMAT into LS-DYNA to describe the mechanical behavior of ECC. At
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the same time, a three-dimensional FE model of ECC plate and two-span continuous beam was
established for numerical calculation. Gencturk et al. [17] applied a macroscopic humerical model
that simulated the stress performance of ECC under cyclic load and contrasted it to experimental
findings. The simulation results were consistent with the experimental results, proving the
correctness of the model. Li et al. [18] used ABAQUS to numerically simulate the ECC frame node
under low-cycle reciprocating load. The results showed that the axial compression ratio
significantly influenced the compressive performance of the ECC frame node. On the other hand,
the microscopic scale can study ECC materials at a deeper level, and many scholars have
undertaken research related to the microscopic numerical simulation of concrete and fiber concrete.
Ren [19] implemented a random placement algorithm for concrete aggregates through MATLAB
and established a microscopic geometric model of fiber concrete, laying the foundation to support
the subsequent research of the mechanical properties of concrete through microscopic FE
methods. Liang et al. [19] successfully established a three-dimensional microscopic model of steel
fiber concrete based on Delaunay triangulation and verified it.

Compared with the microscopic numerical simulation of traditional fiber concrete, the small
diameter and large number of PVA fibers in ECC materials will bring certain challenges to the
random placement of fibers in the matrix. In addition, the connection between PVA fibers and the
matrix is crucial and it is necessary to reflect it in the numerical simulation. However, in many
studies on the compressive performance of ECC, there are relatively few mesoscopic studies on
the dosage and length of PVA fibers. Therefore, this paper conducts an in-depth study on the
compressive properties of ECC with varying PVA fiber content and fiber length. First, ECC is
simplified into a two-phase composite material of cement mortar matrix and fiber, and a fiber
random generation algorithm is developed using Python software. The FE model constructed with
ABAQUS is applied to analyze the mechanical properties of ECC under uniaxial compression, and
is likened with existing data from experiments to validate the model's accuracy. Further simulations
of different PVA fiber content and length in ECC are performed, and the mechanical properties of
ECC under uniaxial compression are evaluated by yield stress, peak stress, EAC and Poisson's
ratio.

Experimental Overview

According to the "Standard Test Method for Fiber Concrete”, in this test, standard-sized
cubic test blocks (100 mm x 100 mm x 100 mm) were used to study the compressive mechanical
properties of ECC. The mechanical properties of ECC under compression were studied. The
uniaxial compression test was conducted on a universal testing machine (200 t) in accordance with
ASTM C469(ASTM 2002) standard. Transverse and longitudinal strain gauges were affixed to the
symmetrical midpoints of the specimen to measure the axial and radial strains. At the same time,
two LVDT-50 displacement gauges were symmetrically positioned on the specimen's side to detect
axial strain. When loading, the specimen was first loaded continuously and uniformly at an average
speed of 1 mm/min to 10 kN. In this process, the specimen was aligned and the effect of the gap
between the pressure surface of the specimen and the pad on the test results was eliminated.
During the formal loading, the displacement control approach was utilised with an average speed
0.2 mm/min. The specific experimental device can be seen in Figure 2. For detailed material
properties and loading information, please refer to reference [20].
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Fig. 2— ECC compression test device
FE model

To examine and evaluate the failure mode of ECC and PVA fibers in ECC under uniaxial
compression, a two-dimensional uniaxial compression model of the central section was established
using ABAQUS to analyze the compression behavior of ECC. This section gives the two-
dimensional modeling method of ECC, the fiber random placement algorithm, and the material
constitutive law.

(1) Model establishment

To more realistically reflect the ECC compression test, the FE model size is set to 100 mm
x 100 mm. A fixed constraint is set on the bottom surface of the FE model, and a coupling is set
between the center point of the top surface and the top surface. A downward displacement load is
set at the center point of the top surface, and the load size is 10 mm. In order to make the FE
model converge better and be analyzed, the ECC matrix is divided into square grids with a grid
size of 2 mm; the fiber is divided into a grid size of 1 mm, as illustrated in Figure 3.

Displacement loading

Matrix

PVA-Fibre
i _Embedment

-------------

“\Pin (x,y,2z=0)
Fig. 3 — Finite element model

(2) Fiber placement algorithm

In order to avoid fiber agglomeration and uneven dispersion and give full play to the role of
PVA fibers in ECC materials, PVA fibers should be evenly distributed in the ECC matrix during the
ECC casting process. Unlike steel fibers, PVA fibers have a smaller cross-sectional diameter.
When establishing a FE model, a large number of fibers in ECC materials often bring certain
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difficulties to numerical simulation and model establishment. Therefore, this paper uses the
algorithm proposed by Yam [19] to simplify the fibers into straight lines. The calculation formula for
the fiber number N is shown in Equation (1):

AXWXHXV
N = round (—f) (1)
100X7TXd2 XL

Where W is the width of the sample, H is the height of the sample, L is the fiber length, d is
the fiber diameter, the fiber volume fraction is V; , and round () is the rounding function.

The fiber random placement geometric model studied by Wu [21] , the coordinates (x; , y;)
of the center point O of the AB fiber are first determined, and the coordinates of the two end points
A and B of the fiber are determined according to the fiber length and the fiber inclination angle, as
shown in Figure 4.

D
A \
c

Fig. 4 — Graphic representation of random fiber dispersion

The specific coordinates of the endpoints can be calculated using Equations (2) to (5):

xA=xi—é><cos,8 (2)
Ya=Y;—xsinp (3)
xB=xl-+%><cos[>’ 4)
y3=yi+§><sinﬁ )

Where | is the fiber length, and B is the angle between the fiber and the horizontal line.

After randomly generating the endpoint coordinates of all fibers, the “Line()” geometric
modeling method provided by the ABAQUS secondary development interface is used to connect
the two endpoint coordinates of all fibers into a straight line, thereby obtaining a geometric model
of random fiber placement.

(3) Material constitutive

In the FE method, the PVA fiber is considered to be a linear elastic material, and the
specific values are provided in Table 1. Due to the random distribution characteristics of the fiber, a
beam element is used for modeling, and its diameter is 0.1 mm. The fiber and the matrix are
connected in an internal manner, that is, all the nodes of the fiber are connected to the ECC matrix.

Tab. 1 - Fiber parameters

Fiber Density (g/mm?) Tensile strength Modulus of elasticity Fiber diameter
name vy {9 (MPa) (MPa) (um)
PVA 1.3 1620 43 12
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The concrete plastic damage model may properly explain the damage variation law of
materials based on cement. Therefore, this research utilizes the elastic-plastic damage model in
the constitutive model of the ECC matrix. For the constitutive model of the matrix, the literature
[22,23] demonstrates that the mechanical characteristics of concrete are comparable to those of
cement mortar, thus the concrete plastic damage model is employed to simulate the matrix.

The matrix strength in the FE simulation adopts the measured compressive capacity of the
cubic specimen, which is 50 MPa, elastic modulus is 31 GPa, Poisson's ratio is 0.2, and density is
2.5 g/mm?3. In ABAQUS, several essential values in the plastic damage model need to be specified
to specify the yield and failure criteria of the matrix. The particular parameter values are presented
in Table 2.

Tab. 2 - Some special values in plastic damage model

Angle of - Viscosity
expansion Eccentricity Foolfec K coefficient
38 0.1 1.16 0.6666667 1E-5

Results and discussion

The FE model was examined and the outcomes of the simulation were compared with the
experimental findings of Xu [20] to verify the reliability of the FE model. Based on the model
verification, a detailed parameter study was carried out. By analyzing different PVA fiber dosages
and lengths, the stress-strain curves, yield stress, peak stress, EAC and Poisson's ratio of the
specimens under different parameters were obtained to explore the mechanical properties of ECC
under uniaxial compression.

(1) Stress-strain curve

The full stress-strain curves of ECC obtained by the FE model and the test are shown in
Figure 5. It can be seen from the figure that both sets of stress-strain curves show a trend of
increasing first and then decreasing. The yield stress and peak stress in the model analysis are
47.25 MPa and 54.96 MPa, respectively, which are 3.5% and 8.2% higher than the yield stress and
peak stress obtained in the test. This is because the PVA fibers in the FE model are evenly
distributed in the ECC, so that the load can be evenly stressed when bearing the load, resulting in
a larger result. In addition, the FE model is simplified into a two-dimensional model to simulate the
compression of the central section of the simulated specimen, which is larger than the test result.
On the other hand , the peak strain in the FE analysis is 0.00339, which is slightly different from the
peak strain of ordinary mortar and is also close to the peak strain of 0.004 in the test. It may also
be determined by the study findings of the FE model that ECC can continue to bear a certain load
after the peak stress, which is consistent with the results in the test and the law obtained by Li et
al. [24].
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Fig. 5 — FE model analysis results and experimental stress-strain curve
(2) Destruction status

Figure 6 (a), the experimental phenomenon shows that the failed mode of ECC is different
from the failure mode of the four-cornered pyramid surface of ordinary concrete. Through the
bridging effect of the fiber at the break, the lateral expansion of the middle part of the cube
becomes smaller, and the external bulging phenomenon of the fiber concrete in the middle part
does not occur. At the same time, the strength of the test sample has been enhanced to a certain
level. After reaching the peak load, ordinary concrete breaks rapidly and shows brittle failure. In the
final failure stage of the ECC specimen, the hissing sounds of fiber splitting and pulling out can be
distinctly heard. The specimen does not show brittle failure, and the specimen has good integrity,
reflecting that ECC has good toughness.

Figure 6 (b) shows the compressive damage cloud map of the ECC compressive specimen.
It can be seen that when the peak stress is reached, obvious damage occurs in the 45° direction
inside the ECC compressive specimen, and the cracks in the middle area of the specimen continue
to expand along the 45° direction until they are connected, resulting in X-shaped damage, which is
consistent with the experimental results. Due to the existence of fibers between the connected
fissures, when the stress continues to rise, the bridging effect of the fibers allows the ECC
compressive specimen to continue to withstand larger loads, but at this time the internal damage of
the ECC compressive specimen is already quite serious, and the cracks will continue to expand.
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Fig. 6 — Comparison of FE model failure and experimental phenomena

In summary, by comparing the stress-strain curves and failure modes in the FE model and
the experiment, it is shown that the FE model can better reflect the mechanical properties of ECC
under compression.

Parameter study

Based on the model verification, the FE model was used to conduct parameter research.
The mechanical features of ECC under compression were examined by varying the dosage and
length of PVA fibers in the ECC mixture. The specific research variables are shown in Table 3.

Tab. 3 - Details of parametric analysis

Serial No. Fiber ratio(%) Fiber length(mm)
ECS-1 04 12
ECS-2 0.8 12
ECS-3 1.2 12
ECS-4 1.6 12
ECS-5 2 12
ECS-6 24 12
ECS-7 2.8 12
ECS-8 3.2 12
ECS-9 3.6 12

ECS-10 2 10
ECS-11 2 11
ECS-12 2 13
ECS-13 2 14
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(1) Fiber content

The stress-strain relationship under uniaxial compression contains important mechanical
performance indicators, which can fully reflect the deformation characteristics and the whole
process of destruction of the material at each stress stage. It is a material physical condition
necessary for structure and component design and nonlinear analysis. To investigate the influence
of the fiber quantity on the compressive performance of ECC, the fiber content was incrementally
raised by 0.4% for the parameter study. The ECC compressive stress-strain curve obtained by FE
model analysis is shown in Figure 7.

0.002 0.003 0.004 0.005 0.002 0.003 0.004 0.005
6OA 60A
50 50
s s
& 30 ~ 30
w2 w2
= =
n 90 20

0 “ 1 1 1 1 » 0 " 1 1 1
5_1,7 0.005 0010 0015 0.020 ECs-6 7/ \  0.005 0.010 0.015 0.020
ECS-2” ECS-3 ECS-4 Strain ECS-8 ECS-6 Strain
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Fig. 7 — Stress-strain curves of different fiber content

As illustrated in Figure 7, the shape of the stress-strain curve of ECC is similar to the
compressive curve of ordinary concrete, which is a skewed single-peak curve. In the initial stage,
the slope of the stress-strain curve of ECC is close to a straight line. As the load gradually
increases, some fibers are broken, and the curve's slope alters markedly upon attaining the yield
stress. When the fiber content is 0.4%~2%, as the fiber content increases, the yield strain
increases from 0.0013 to 0.002, which is 1.5 times higher. The addition of fiber enhances the
compressive capacity of ECC. When the fiber content is 2% to 3.6%, as the fiber content increases,
the yield strain decreases from 0.002 to 0.0011, which is a decrease of 45%. After the curve enters
the strengthening stage, the peak strains of ECS-1 to ECS-9 are between 0.0025 and 0.0035, and
the change is not obvious. Overall, when the fiber length is 2%, the yield stress and peak stress of
ECC reach the maximum value, and it has good compressive bearing capacity.
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Fig. 8 — Yield and peak stress of different fiber contents

Figure 8 lists the yield stress and peak stress of ECC with different fiber content. As shown
in Figure 8 (a), when the fiber content is 0.4% to 2%, the yield stress and peak stress of ECC
gradually increase with the increase of fiber content. Compared with ECS-1, the yield stress and
peak stress of ECS-5 are 47.25 MPa and 54.96 MPa, respectively, which are increased by 28.1%
and 6.2%, respectively. This can be explained that the addition of fiber can enhance the ductility
and toughness of ECC, improve the compressive strength of the material, and enable ECC to
withstand greater stress. As illustrated in Figure 8 (b), when the fiber content is 2% to 3.6%, the
yield stress and peak stress of ECC progressively diminish as fiber content increases. Compared
with ECS-5, the yield stress of ECS-8 is 33.83 MPa, which is a decrease of 28.4%. Compared with
ECS-5, the peak stress of ECS-9 decreases from 54.96 MPa to 51.11 MPa, which is a decrease of
7.0%. This result occurs because too many fibers are unevenly distributed inside the concrete,
which causes the surrounding fibers to gather together, resulting in fiber bundling, which causes
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the ECC's compressive performance to decrease. Nonetheless, owing to the bridging action of the
fibers, the ECC can persist in withstanding the pressure.

Tab. 4 - EAC and Poisson's ratio of different fiber content

Test block ECS-1 ECS-2 ECS-3 ECS4 ECS-5 ECS-6 ECS-7 ECS-8 ECS-9
EAC (J/m 2) 0.439 0446 0449 0485 0.476 0.459 0.452 0.447 0.456
Poisson's ratio 2.63 2.71 2.89 2.96 2.98 3.00 2.93 2.91 2.90

The energy absorption capacity (EAC) of a material refers to the amount of energy it can
absorb when subjected to external force or energy impact [25]. Table 4 illustrates that the EAC
progressively rises from ECS-1 to ECS-4 as fiber concentration increases. The energy absorption
of ECS-4 is 0.485 J/m?, which is 10.5% higher than that of ECS-1. As the fiber content increases
further, the energy absorption shows a decreasing trend. Compared with ECS-4, the energy
absorption values of ECS-5 and ECS-8 are 0.476 J/m? and 0.447 J/m?, respectively, which are 1.8%
and 8.5% lower. The energy absorption of ECS-9 is 0.456 J/m?, which is 2% higher than that of
ECS-8, but the increase is small.

Table 4 gives the Poisson's ratio values of ECC with different fiber content. With an
increase in fiber content, the Poisson's ratio initially rises and subsequently declines. Compared
with ECS-1, the Poisson's ratio of ECS-6 is 3, an increase of 14.1%. Compared with ECS-6, the
Poisson's ratio of ECS-9 is 2.9, a decrease of 3.3%. Simultaneously, it is evident that when fiber
content increases, the magnitude of the Poisson's ratio tends to stabilize. The content of PVA fiber
influences its interaction with the ECC matrix and the mechanical characteristics of ECC, resulting
in a variation of the Poisson's ratio. In fiber-reinforced concrete, the fiber will support a portion of
the load when the specimen is subjected to stress. The low elastic modulus of the fiber results in
minimal impact on the Poisson's ratio of ECC from the surplus fiber.

(2) Fiber content

In order to study the impact of fiber length on the compressive performance of ECC, the
fiber length was gradually increased with 1 mm as the benchmark for parameter study, and the
compressive behavior of ECC was analyzed through 5 sets of simulation results. When ECC is
subjected to force, relative slippage between fibers will occur, resulting in the fiber being broken.
Under uniaxial compression, the strain of ECC changes with the increase of PVA length, as
illustrated in Figure 9. As the fiber grows in length, the yield strain and peak strain of ECC initially
rise and thereafter decline. Among them, the yield strain and peak strain of ECS-5 reach the
maximum, which are 0.002 and 0.0034 respectively.

0.0015 0.0030 0.0045

604 57

Stress (MPa)
s

o
(=]
T

10 (]

(]

:l :I ECS-5

IRl

oL . . "
ECS-1 17 /. 0.005 0.010 0.015 0.020
ECS-12"ECS-13 ECS-10 Strain

Fig. 9 — Stress-strain curves of different fiber lengths
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Figure 10 (a) lists the yield stress values of different fiber lengths. Compared with ECS-10,
the yield stress of ECS-11 is 32.81 MPa, which is 26.2% lower. Compared with ECS-11, the yield
stress of ECS-5 reaches a maximum value of 47.25 MPa, which is 44.1% higher. The yield
strength of ECS-12 is 32.81 MPa, which is 30.5% lower than that of ECS-5 and the same as the
yield stress of ECS-11. The vyield strength of ECS-13 is 44.60 MPa, which is 35.9% higher than
that of ECS-12. The reason for the above pattern is that longer fibers sometimes produce problems
such as agglomeration and entanglement in ECC, which in turn affects the uniformity and
consistency of the ECC compressive properties, resulting in a decline in the ECC compressive
performances.

The peak stress values of different fiber lengths are shown in Figure 10 (b). As the fiber
length increases, the peak stress of ECS-5 reaches a maximum value of 54.96 MPa. Compared to
ECS-5, the peak stresses of ECS-11 and ECS-12 are 51.57 MPa and 51.26 MPa, respectively,
reduced by 6.5% and 7.2%. The peak stresses of ECS-10 and ECS-13 were 53.82MPa and
53.30MPa, respectively, which were reduced by 2.1% and 3.1%. The statistics indicate that a fiber
length of 12 mm yields optimal compressive performance for ECC.

Tab. 5 - EAC and Poisson's ratio of different fiber content

Test block ECS-10 ECS-11 ECS-5 ECS-12 ECS-13
EAC (J/im 2) 0.446 0.454 0.476 0.467 0.457
Poisson's ratio 2.92 3.07 2.98 2.89 2.94
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Fig. 10 - Yield and peak stress values at different fiber lengths

Table 5 illustrates that with an increase in fiber length, both the EAC and Poisson's ratio
initially rise and thereafter decline. The energy absorption values of ECS-10 and ECS-11 are 0.446
J/im? and 0.454 J/m?, respectively, with a small difference. Compared with ECS-10, the energy
absorption of EB-5 reaches a maximum value of 0.476 J/m?, an increase of about 6.7%. As the
fiber length increases further, the energy absorption shows a decreasing trend. Compared with
ECS-5, the energy absorption values of ECS-12 and ECS-13 are 0.467 J/m? and 0.457 J/m?,
respectively, a decrease of about 1.8% and 3.6%. This shows that the EAC of ECS-5 is
significantly improved compared with other test groups.

Compared with ECS-10, the Poisson's ratio of ECS-11 is 3.07, an increase of 5.13%.
Compared with ECS-11, the Poisson's ratio of EB-12 is 2.89, a decrease of 5.8%. Simultaneously,
it is evident that when the fiber length ranges from 10 mm to 14 mm, the augmentation of fiber
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length little influences the Poisson's ratio of ECC and has a negligible impact on the overall
stiffness of ECC.

CONCLUSIONS

This research studies the impact of PVA fiber content and fiber length on the compressive
performance of ECC by numerical simulation method. The numerical model was first validated
against experimental data to ensure its accuracy and practical applicability, and the following
conclusions are drawn:

(1) The FE methods can be employed to model the uniaxial compression test of ECC. The
derived stress-strain curve and damage occurrence closely align with the experimental findings.

(2) The stress-strain curve of ECC resembles the complete compressive strength curve of
conventional concrete, characterized by a skewed single-peak shape.

(3) The optimal compressive performance of ECC occurs with a PVA fiber content of 2% and a
fiber length of 12 mm. Within the PVA fiber content range of 0.4% to 2%, an increase in fiber
content enhances the compressive performance of ECC. The yield stress and peak stress of ECS-
5 attain maximum values of 47.25 MPa and 54.96 MPa, respectively. As fiber level exceeds 2%,
the compressive performance of ECC diminishes with increasing fiber content.

(4) Augmenting the fiber length can significantly enhance the compressive characteristics of
ECC. The yield stress and peak stress attain their greatest values with a fiber length of 12 mm.
When the fiber length is greater than 12 mm, the yield stress, peak stress, and EAC will decrease
as the fiber length increases.

(5) In future research, the authors will further precisely determine the dosage and length of
PVA fibers to provide the optimal mechanical properties and offer reliable reference for engineering
applications and designs.
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ABSTRACT

The article focuses on the possibilities of modifying the window assemblies of apartment
buildings from the 19th and early 20th centuries. The issue is illustrated through a case study of a
building constructed in 1873, located in Prague in the heart of Zizkov and protected as a cultural
monument. It examines restoration, renovation, and maintenance strategies for historic window
assemblies, addressing the methods of their repair as well as current technical and material
possibilities for their renewal. The study concentrates on options for improving the technical
performance of existing window structures, their comparison, and their adaptation to present-day
standards required of modern window assemblies. The issue is evaluated from technical, economic,
thermal, and hygrothermal perspectives.

KEYWORDS

Window renovation, Window heat resistance, Box-type windows, Window replacement, Historic
apartment buildings

INTRODUCTION

The renovation of historic window assemblies from the 19th and early 20th centuries has
become an important issue in both heritage conservation and energy efficiency. Original historic
double and box-type windows are typically at the end of their service life after approximately 100—
150 years and therefore require professional intervention. In many cases, this intervention leads to
their replacement; however, from the perspective of heritage conservation, their preservation is
generally preferable. Current trends and legislation often favour replacement with high-performance
products, although renovation and technical upgrading remain viable alternatives.

If the designer decides to retain the existing windows, it is necessary to select an
appropriate renovation strategy depending on their condition, heritage requirements, and desired
building-physics performance. Despite its importance, comparative data on these approaches
remain limited. The aim of this paper is to quantitatively compare renovation and replacement
strategies for historic box-type windows in terms of thermal performance, condensation behaviour,
and economic efficiency.
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A brief literature review

At present, this issue is addressed primarily by joiners, who are required to declare the
performance of refurbished window assemblies, and by designers responsible for their specification.
Although some measurements have been carried out, publicly available and clearly documented
research data remain limited, particularly with respect to comprehensive and comparable
evaluations.

In the Czech Republic, the topic is discussed in the publication Obnova okennich vypini a
vykladct (“Restoration of Window Infill Elements and Shopfronts”) [1], in which Zbynék Svoboda
analyses four window assembly variants with different configurations of insulated glazing units using
an atypical five-sash window as a reference case. Another relevant publication is Repliky oken v
pamatkovych zénach (“Window Replicas in Heritage Conservation Areas”) [2], which marginally
addresses condensation-related issues. Further works focusing on renovation methods include Vady
pfi obnoveé vyplni otvort u budov v pamatkovych zonach (“Defects in the Restoration of Opening
Elements in Buildings Located in Conservation Areas”) [3] and Postupy pfi volbé oprav nebo zvoleni
vymény oken, dveri a dalSich prosklenych konstrukci (“Guidelines for Choosing Between Repair and
Replacement of Windows, Doors, and Other Glazed Structures”) [4]. These publications provide
valuable practical insights but address building-physics aspects only to a limited extent. The
production of window replicas is also briefly discussed in a conference contribution presented at the
Faculty of Architecture of CTU in Prague in 2005 [5].

Thermal performance improvement is only marginally reflected in standards such as CSN
EN ISO 12567-1 (730579), CSN 74 6101 and CSN 73 0540-2. In popular literature, Jan Hollan
addresses window renovation in Co s okny? Upravena stara okna lepsi neZ nova (“What to Do with
Windows? Refurbished Original Windows Are Better Than New Ones”) [6]; however, this work does
not provide quantified results. One of the co-authors of this paper previously contributed to the study
Stavebni a architektonické detaily ¢inZzovnich domu postavenych na prelomu 19. a 20. stoleti ve
stfedoevropském regionu — hygrotermaini analyza (“Building and Architectural Details of Tenement
Houses Built at the Turn of the 19th and 20th Centuries in the Central European Region—
Hygrothermal Analysis”) [7], which focuses on thermal performance and adaptation of envelope
structures.

In the international context, thermal performance of historic windows has been investigated,
for example, by studies conducted at the Berlin University [8] and the Vienna University [9], both
presenting extensive experimental measurements. The influence of window installation within the
building envelope is analysed in detail in Documentation and assessment of conventional and
innovative solutions for conservation and thermal enhancement of window systems in historic
buildings [10]. A key reference is also Energetische Sanierung historisch wertvoller Fenster issued
by Bern University of Applied Sciences [11], although it focuses on window types less typical for
19th-century urban apartment buildings in the Czech context.

An overview of typical defects of historic windows

The preservation of historic window and door assemblies is one of the most demanding tasks
in heritage conservation. In practice, both their heritage value and craftsmanship are often
overlooked, and high-quality joinery elements are frequently replaced. This is often justified by claims
of extensive damage, although such defects can often be repaired. In many cases, the current
condition of windows results from a series of partial interventions, such as inserting new sashes into
original frames. In these situations, expert assessment is essential, with emphasis on preserving as
much original material as possible and replacing only later additions.

The most common defects include degradation of surface coatings and minor deterioration
of timber, which can usually be prevented by regular maintenance. More serious problems include
sagging of sashes, air leakage, warping of profiles, malfunctioning hardware, and biological
degradation caused by rot, fungi, or insects. Weather-exposed elements are particularly vulnerable.
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Each defect requires individual assessment to determine whether repair, partial replacement, or
complete replacement is appropriate.

Sagging of window sashes is typically caused by loosened or displaced hinges. It can be
addressed by re-fixing or repositioning the hinges. Corner braces are also commonly used; ideally,
they should be inserted into prepared recesses. In practice, however, they are often only screwed
on and covered with paint, which reduces their durability.

A discussion of possible intervension approaches

In the case of degraded timber in external window elements, it is first necessary to assess
whether the defect is purely aesthetic. Irregularities such as nail holes or traces of previous repairs,
which do not affect function, should generally be preserved. Minor losses of material can be repaired
using wooden inserts or suitable repair compounds.

Air leakage between the sash and frame may result from settlement, timber shrinkage, or
excessive paint layers. These defects can usually be remedied by sanding, local repairs, and
renewal of the surface coating. Sealing profiles should be used only where sufficient airtightness
cannot be achieved otherwise, as increased airtightness requires alternative ventilation. While metal
profiles were used historically, rubber seals and bonded or milled-in profiles are now more common.

Timber decay caused by rot or fungi is often considered a reason for full replacement.
However, local damage can usually be addressed by partial replacement, typically in the lower parts
of sashes or frames. Extensive damage may require replacement of larger sections, which is
technically demanding and may make full replacement economically preferable.

Replacing single glazing with insulated glazing units is one of the simplest ways to improve
thermal and acoustic performance. However, the load-bearing capacity of existing frames and hinges
must be verified. Thermal performance can also be improved by applying low-emissivity (Low-E)
films. From a technical perspective, installing insulated glazing in the outer sashes, combined with
improved airtightness, is generally preferable, as it reduces condensation risk and improves thermal
performance.

From a heritage perspective, however, installing insulated glazing in the inner sash is often
preferred because it preserves the external appearance. Two main approaches are used:

1. Installation into the existing rebate with additional glazing beads, which alters the external
appearance.
2. Deepening of the rebate and bonding of the glazing, which is more demanding but visually

more appropriate.

Decisions on window replacement require a sensitive approach, especially in heritage-
protected buildings. The aim is to preserve original materials, opening mechanisms, and hardware.
In buildings outside protected areas, economic considerations play a greater role, and repair and
replacement should be evaluated in relation to energy savings and costs.

Inappropriate replacement can significantly damage the architectural character of a building.
Typical examples include oversized timber profiles or plastic windows, which disrupt facade
proportions and may negatively affect the thermal behaviour of adjacent structures. Changes in
appearance may also result from the use of modern float glass with different optical properties
compared to original glass.

CASE STUDY: SCHOOL AT STITNEHO 520/5

For this study, a specific type of inward-opening historic box-type window with a casement
vent, operable transom, and subdivided sash was analysed. The windows are located in a Neo-
Renaissance building in the Zizkov district of Prague, built in 1873. Although the building originally
served as a school, the window design corresponds to common practice in 19th- and early 20th-
century urban apartment buildings. Due to limited maintenance and economical operation, the
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original windows have been preserved in largely intact condition. The building has been listed as a

cultural monument since 2003.

POSSIBILITIES FOR WINDOW IMPROVEMENT

Six variants were analysed, combining heritage requirements,
energy performance, condensation behaviour, and cost. All
variants represent solutions commonly used in practice.

Variant 1 — Basic renovation

This approach consists of careful repair of the existing
windows, including cleaning, local replacement of damaged
timber, surface treatment, and adjustment of hardware.
Airtightness is improved by installing silicone sealing profiles.
This intervention significantly improves airtightness (Figure 1)
and reduces air exchange by up to approximately 70%.
However, it increases the risk of condensation, particularly on
the inner surface of the outer sash. Therefore, it is
recommended to include drainage grooves and to consider
alternative ventilation strategies.

Variant 2 — Renovation with Low-E film

A low-emissivity film is applied to both panes, reducing
emissivity from 0.84 to 0.20 while maintaining high light
transmittance. The intervention includes sealing of the outer
sash and foaming of the window-to-wall joint. Although thermal
performance improves, condensation on the inner surface of the
outer sash persists and must be addressed similarly to Variant
1.

Variant 3 — Insulated glazing in outer sashes

Insulated glazing units (4-8—4 mm, krypton-filled) are
installed into newly milled rebates in the outer sashes. The
glazing is mechanically fixed and sealed, and structural
reinforcement of the sashes is required. Sealing is applied to
both sashes. This variant significantly improves thermal
performance and reduces condensation risk. However, it

[

T
Fig. 1 - Schematic
representation of airflow and
distribution in the cavity
between the outer and inner
window.

requires modification of original elements and is not always feasible for larger windows.

Variant 4 — Insulated glazing in inner sashes

Insulated glazing is installed in the inner sashes, preserving the external appearance of the
window. The intervention includes sealing and foaming of the reveals. This solution is less favourable
from a building-physics perspective and, in this case, was not preferred due to the fagade orientation.

The final two variants involve complete replacement with new window products, which
excludes the preservation of the original historic fabric of the window assemblies.

Variant 5 — Replacement with a box-type replica

The original windows are replaced by new box-type windows made of laminated timber with
modern sealing systems. These meet current technical requirements but differ in profile dimensions
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and detailing. From a heritage perspective, this solution is controversial and generally acceptable
only outside strictly protected buildings.

Variant 6 — Replacement with a plastic window

This variant involves replacement with a standard plastic window. Although it offers a low
initial cost, it significantly alters the appearance of the fagade and results in the loss of historic value.
For heritage-listed buildings, this solution is unacceptable.

THERMAL AND MOISTURE PERFORMANCE PARAMETERS

The assessment was not limited to the determination of the window thermal transmittance
coefficient Uw as defined by the standard. However, the calculations were based on
methodologies commonly used for evaluating window thermal performance. The assessed domain
was extended to include 300 mm of adjacent brick masonry with internal and external plaster
finishes surrounding the window opening. This made it possible to account for the influence of
window installation on the overall heat losses of the building.

Particular emphasis was placed on evaluating the adverse impact of replacing box-type
windows with single windows, especially in terms of increased heat transfer through the
surrounding masonry, as addressed in Variant 6. The calculated values are therefore not directly
comparable with catalogue data. However, they provide a more realistic basis for comparing the
individual variants.

The window thermal transmittance coefficient Uw was calculated in accordance with EN
ISO 10077-1 [12], which defines the total heat transfer as a combination of surface-related and
linear components (Fig. 2). The calculation was performed using Equation 1:

" AyUg +Af-Uf+Lg-1]Jg + 2Ly, + Linse Wiqp 1
w 1 (1)
Uw — thermal transmittance of the window [W/m?K] according to EN 673,
Uy — thermal transmittance of glazing [W/m3K],
Ur — thermal transmittance of frame [W/m2K],
Aq — area of glazing [m?],
Ar — area of frame [m?],
Wy — linear thermal transmittance at the glass edge [W/mK],
Wk — linear thermal transmittance of muntins [W/mK],
Winst — linear thermal transmittance of the window-to-wall junction [W/mK],
Lg, Lk, Linst — corresponding lengths of thermal bridges [m],
A — total area of the window [m?].

Due to the atypical geometry of the assessed frames, all input values were determined using
two-dimensional numerical simulation in THERM 7.8 (Lawrence Berkeley National Laboratory), in
accordance with EN ISO 10077-2 and EN ISO 10211 [13]. Standard surface resistance conditions
were applied (Rsi = 0.13 m?K/W and Rse = 0.04 m2K/W).

The model included individual material layers of the frame, glazing, and installation gaps. The
temperature field was evaluated for a unit temperature difference of 1 K. Airflow within the window
assembly was also considered, using boundary conditions corresponding to Prague (Ti = 20°C, Te
=-12°C).

In parallel, air permeability was assessed in accordance with CSN 73 0540-3 [14]. This was
necessary due to the significant air leakage of the existing windows, which is not captured by EN
ISO 10077-1 [12]. Although not included in the standard Uw calculation, air leakage represents an
additional heat loss. Based on the volumetric airflow rate at reference pressure, the natural infiltration
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rate qv,nat was determined using a power-law relationship (n = 0.67). The corresponding ventilation

heat loss was calculated as Hinf = 0.34 W/K.

For comparison purposes, this component was
expressed as an “effective” thermal transmittance value
that includes the effect of air leakage (Equation 2). This
parameter is not normative under EN ISO 10077-1 [12],
but it allows a more comprehensive evaluation of the
individual variants.

H.
UI/V, eff = Uw+ Alnf

()

w

Uw, ot — “effective” thermal transmittance of the window
[W/mK],

Uy — thermal transmittance of the window [W/m2K]
according to EN 673,

Hins— ventilation heat loss due to air infiltration [W/K],

Ay — window area [m?].

WINDOWS OF THE BUILDING AT STITNEHO
520/5

A total of 16 similar windowss are located on the
north-facing facade, four of which are tilt-opening. For
their period, the windows are relatively large, with
dimensions of 1200 x 2630 mm. Each window is divided
into six panes with a thickness of 2.5-3.0 mm.

The frame includes an upper compartment for an
inter-window blind or louvre. The hardware consists of
espagnolette locking systems with decorative detailing.
Hinges and fittings reflect classicistic design, and sash
stays for the inner sashes are located at the lower part of
the frame. The casement vent features a characteristic
double ogee profile (Figures 3, 4).

Based on the original hardware, profile geometry,
and preserved thin glass panes with optical imperfections
typical of cylinder-blown glass, the windows can be
reliably dated to the year of construction, i.e. 1873.

At present, the technical condition of the windows
is unsatisfactory for school use. Sagging of the sashes
limits operation, condensation has caused local timber
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Fig. 2 - Schematic representation of
the calculation procedure for the
thermal transmittance of a box-type
window.

decay, corner joints are loosened, frames are partially warped, and surface coatings are deteriorated

on exposed sides.

According to heritage conservation requirements, it is necessary to preserve as much original
material as possible while ensuring full functionality through renovation. The installation of insulated
glazing and other modern elements is permitted, provided that the original geometry and

architectural expression of the windows are maintained.
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Fig. 3 - Analysed window at ZUS Stitného — drawing documentation.
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Fig. 4 - Analysed window at ZUS Stitného — photographic documentation a) front view of the
window from the interior, b,c) detail of the profile, d,e,f) window ironmongery details.
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The calculation considers two operating pressure differences representing different climatic

situations: Q10 (10 Pa), corresponding to calm weather conditions, and Q50 (50 Pa), corresponding
to windy conditions. The assessed window is exposed to strong north-western winds, further
intensified by the morphology of the adjacent Vitkov Hill in the Zizkov district.

Due to the variable airflow within the window assembly, the thermal resistance of the internal

cavity varies with surface temperatures. When evaluating results over a full model year, the
contribution of airflow would be lower than under the presented design conditions. The results and
comparisons of the individual variants are summarised in Tables 1 and 2.

1)

2)
3)

4)
5)

6)

©

Renovation of the existing window

From the condensation perspective, the introduction of sealing into the outer frame
represents a deterioration of conditions, as ventilation is reduced compared to the original
state. This effect can be mitigated by incorporating drainage grooves directing condensate
towards the exterior and by protecting the structure against long-term moisture exposure.
The measure reduces air infiltration during cold and windy conditions and contributes to
extending the service life of the windows. The calculations indicate condensation within the
window frame, which may migrate into the adjacent masonry and gradually evaporate
towards the exterior (Figure 5).

Renovation with a Low-E film

Improving the radiative properties of the glazing increases the surface temperatures of both
panes and shifts the condensation zone away from the critical threshold, particularly on the
inner pane. On the outer pane, when sealing is applied only to the outer sash, condensation
persists and must be addressed similarly to Variant 1. The results also indicate that foaming
of the reveal reduces thermal bridging and lowers condensation risk (Figure 6).

Renovation with insulated glazing installed in the outer sashes

This variant provides a favourable temperature field distribution, with the main temperature
gradients located in the outer sash. The transition from the colder masonry is moderated by
the thermal properties of the box-type frame. The risk of condensation, associated with
vapour penetration into the zone defined by the 12 °C isotherm, is reduced by internal sealing,
which improves airtightness (Figure 7).

Renovation with insulated glazing installed in the inner sashes

Ventilation of the inter-window cavity and the shift of the thermal barrier towards the interior
extend the colder zone into the window reveal. This may lead to condensation and freezing
of adjacent masonry. The outer window is also exposed to freeze—thaw effects at sensitive
locations. Effective drainage of condensate and meltwater is therefore essential (Figure 8).

Replacement with a modern replica of a box-type window

With proper installation, this solution provides favourable condensation behaviour and a
smooth temperature transition. The critical point at the window-to-wall junction lies outside
the condensation zone. However, increased airtightness reduces natural ventilation, which
may be problematic, particularly in educational spaces (Figure 9).

Replacement with a modern plastic window

When installed in a conventional manner without specific treatment of the internal reveal,
plastic windows show a lower degree of condensation on the masonry under standard indoor
conditions. At the same time, a zone of increased heat loss occurs in the window reveal
despite appropriate installation. The resulting thermal transmittance, including installation
effects, is therefore less favourable than that of box-type windows in both renovated and new
configurations (Figure 10).
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20C°

20C°
Fig. 6 - Distribution of temperature and

Fig. 5 - Distribution of temperature and ; in the wi fi ith a Low-E fil
moisture in the renovated window (WUFI 2D, Ot ’{’Vﬁui,wggd‘;zﬁa{ﬁ?h%gﬁ Be)

Fraunhofer IBP)

20C°

Fig. 7 - Distribution of temperature and Fig. 8- Distribution of temperature and
moisture in a window with insulated glazing moisture in a window with insulated glazing
installed in the outer sashes (WUFI 2D, installed in the inner sashes (WUFI 2D,
Fraunhofer IBP) Fraunhofer IBP)

@ DOI 10.14311/CEJ.2026.01.0008 122



Article no. 8
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2026
JOURNAL

20C° 20C°
Fig. 9- Distribution of temperature and Fig. 10 - Distribution of temperature and
moisture in a new box-type window (WUFI 2D, moisture in a new plastic window (WUFI 2D,
Fraunhofer IBP) Fraunhofer IBP)

Tab. 1 - Calculation of thermal transmittance and air permeability of the existing windows

Thermal
Variant transmittance Uw Air Air Resulting Uw incl. Q50 +
according to EN permeability | permeability 300 mm masonry
ISO 10077-1 Q50 (m3h) Q10 (m3/h) (WIm?K)
(WIm2K)
Existing condition 1.897 0.837 0.284 2.734
Window repair 1.897 0.36 0.122 2.258
Low E film 1.732 0.36 1.22 2.092
Insulated glazing in 1.399 0.11 0.071 1.760
outer sashes
Insulated glazing in 1.399 0.392 0.133 1,792
inner sashes

Tab. 2 - Calculation of thermal transmittance including installation effects for new windows

Variant Thermal transmittance Uw | + 300 mm masonry Resulting Uw incl. Q50 +
according to effect 300 mm masonry
EN ISO 10077-1
New box-type window 1.26 -0.07 119
New single plastic 0.78 0.35 113
window '
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FINANCIAL COSTS AND INTERVENTION COMPLEXITY

To ensure a comprehensive assessment of the investigated issue, the financial costs
associated with the individual interventions were quantified. All reported costs are expressed per
single window and represent proportional shares of the total expenditure for the renovation of all 27
windows located on the courtyard fagade. For most cost items, unit prices per window could be
directly identified. For secondary budget items and costs related to waste disposal and material
handling, proportional shares of either 1/27 or 1/20 (for renovated windows only) of the total costs
were applied. The resulting values therefore include not only the direct costs of a new product or
window renovation, but also all associated ancillary costs. This allows for an objective comparison
of the individual variants.

The cost estimates were prepared on the basis of the URS pricing system (an integrated
system of information, methodological guidance, and procedures for pricing construction works in
the Czech Republic), using the KROS software (Kros a.s., Czech Republic). They are based on
three quotations for window renovation for the analysed project, two quotations for replacement
with plastic windows, and two quotations for replacement with box-type windows manufactured
from laminated timber profiles. All prices are stated as of November 2025.

The overall comparison indicates that window renovation is fully cost-competitive with
replacement. Interventions involving the installation of insulated glazing units approach the cost
level of new products, while offering a substantial improvement in thermal performance and
allowing the preservation of a significant portion of the original structure. In the case of new
windows, the higher price of box-type window replicas is accompanied by additional costs related
to demolition, waste disposal, material handling, site accessibility, and reinstatement of plaster
finishes. These costs may be even higher in heritage-protected buildings.

A comparison of the individual variants in terms of financial costs is presented in Tables 3
and 4.

Tab. 3 - Cost analysis of the renovation of box-type windows

Partial costs of renovation
Vari ] . Total cost
ariant Joinery Low-E Insulated | Foaming of | Condensate CZK (EUR)
works film glazing reveals drainage
Window repair
P 33288 3761 y ey R)
Low E film
33288 5400 830 3761 (20%3;228@
Insulated glazing 48521
in outer sashes 33688 12043 830 (2000 EUR)
Insulated glazing 51882
in inner sashes 33288 12043 830 3761 (2138 EUR)
Tab. -: Cost analysis of window replacement options
Partial costs of renovation Total )
Variant — - otal cos
Demolition and General site
Product cost waste disposal costs CZK(EUR)
New box-type 52900 15902 7060 76121
window (3137 EUR)
New single plastic 17760 19661 7060 44481
window (1833 EUR)
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Replacement with plastic windows represents the lowest initial investment cost. However,
this option is unacceptable in heritage-listed buildings and may have adverse effects on both the
architectural appearance and the thermal stability of the masonry window reveal in the long term.

Considering the cost structure of the individual interventions, joinery works represent the
largest investment component in renovation variants. For new window products, the dominant cost
components are the price of the window itself, and demolition works, which are often underestimated
or overlooked in comparative assessments.

An overall comparison of all variants is summarised in Table 5.

Tab. 5 - Comparison of renovation and replacement options for box-type windows
(costs as of November 2025, excluding VAT)

Total cost .
. Uw(Q50) Uw (Q10) . Heritage
Variant (CZK excl. (WIm2K) (W/meK) Condensation compatibility
VAT)
Existing condition - 2.734 2.182 Severe problem -
. : 37049 On inner and Maximum
Window repair (1527 EUR) 2258 2.020 outer glazing preservation
43979 New glazing,
Low E film 2.092 1.855 On outer glazing change in
(2031 EUR) ;
reflection
L - New glazing,
Insulated glazing in 48521 Minimal, near )
outer sashes (2000 EUR) 1.510 1.466 sealing changg N
reflection
Insulated glazing in 51882 1792 1533 Occasional on | Preserved external
inner sashes (2138 EUR) ' ' outer glazing appearance
New box-type 76121 Profile not
window 1.19 1.19 None acceptable for
(3137 EUR) ; o
listed buildings
New 3&?ng(;(e)vrjlastlc 44481 113 113 Occasional on Unacceptable for
(1833 EUR) ’ ' masonry heritage buildings

RESULTS AND DISCUSSION

The main objective of this study was to compare the effectiveness of renovation and
replacement strategies for historic box-type windows in terms of thermal performance, condensation
behaviour, and economic aspects.

When interpreting the results, it should be noted that the calculations are based on
conservative boundary conditions and therefore represent the upper limit of heat losses. Under more
favourable conditions, particularly due to reduced internal airflow, the values can be expected to
improve. In addition, due to the north-facing orientation of the model window, potential solar gains
were not considered. As indicated by previous studies [6], such gains may further improve the
performance of renovated windows.

The results show that even basic renovation can significantly improve thermal performance.
In the analysed case, repair combined with sealing reduced the effective thermal transmittance from
2.734 to 2.258 W/mZK, i.e. by approximately 17%. The application of a low-emissivity film further
reduced this value to 2.092 W/m3K.

More advanced renovation strategies achieved substantially better results. Installing
insulated glazing in the outer sashes reduced the effective thermal transmittance to 1.760 W/m3K,
corresponding to an improvement of approximately 36% compared to the original condition. A similar
solution with glazing installed in the inner sashes resulted in a value of 1.792 W/m?K. These results

©
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confirm that significant improvements can be achieved without complete replacement of historic
windows.

An important finding is the strong influence of installation effects on the performance of new
window products. Although catalogue values suggest a clear advantage of plastic windows (typically
0.7-1.2 W/m?K), their performance in historic masonry is significantly less favourable. When
installation effects are included, the effective thermal transmittance reaches 1.13 W/m2K for plastic
windows and 1.19 W/m2K for new box-type windows. The difference between these solutions is
therefore minimal. This indicates that the apparent advantage of plastic windows is largely reduced
in real conditions, while their use leads to the loss of historic fabric and may negatively affect the
hygrothermal behaviour of the structure.

In addition to thermal performance, condensation behaviour is a critical parameter. Increased
airtightness reduces heat losses but also increases the risk of condensation, particularly within the
inter-window cavity and at the window-to-wall junction. Variants with insulated glazing in the outer
sashes showed the most favourable behaviour. In contrast, glazing installed in the inner sashes may
increase moisture load in the window reveal and adjacent structures.

The results also highlight the importance of air permeability. Original windows allow natural
ventilation with airflow rates of approximately 1.5—-8 m3h, which contributes to indoor air quality. New
windows significantly reduce infiltration and therefore require additional ventilation measures, such
as mechanical ventilation.

From a broader perspective, the results demonstrate that window performance is not
determined solely by glazing type. The window-to-wall junction, airtightness, and behaviour of the
inter-window cavity play a decisive role in the overall thermal and hygrothermal performance.

From the perspective of heritage conservation, the variants can be evaluated as follows:
Variant 1 (window repair) represents the most conservative approach, preserving the maximum
extent of original material and being the most acceptable solution.

Variant 2 (Low-E film) retains the original window but alters optical properties, which may be
problematic on prominent fagades.

Variant 3 (insulated glazing in the outer sashes) significantly improves performance and
minimises condensation but alters the external appearance.

Variant 4 (insulated glazing in the inner sashes) is less favourable from a building-physics
perspective but allows preservation of original outer sashes in specific cases.

Variant 5 (new box-type window) provides high technical performance but is less suitable
from a heritage perspective.

Variant 6 (plastic window) is unacceptable, as it fundamentally alters the appearance and
reduces heritage value.

Overall, the results confirm that the choice of intervention is not purely technical. It requires
a balanced assessment of building physics, heritage value, operational requirements, and economic
factors. In many cases, high-quality renovation is not only cost-competitive but may also provide
more appropriate long-term performance while preserving cultural value.

CONCLUSION

Key findings

The results demonstrate that renovation of historic box-type windows represents a
technically and economically viable alternative to full replacement. Depending on the selected
intervention, renovation can reduce the effective thermal transmittance by up to approximately 35%
while preserving a substantial portion of the original structure.

The most effective solution was the installation of insulated glazing units in the outer sashes,
achieving values of 1.760 W/m?K, which are close to those of new window products. Simpler
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interventions, such as repair combined with sealing or the application of low-emissivity films, also
resulted in measurable improvements (up to approximately 17—-24%).

A key finding is the strong influence of installation effects. When these are considered, the
difference between new plastic windows (1.13 W/m?K) and new box-type windows (1.19 W/m3K)
becomes minimal. This indicates that the apparent advantage of modern products is significantly
reduced under real conditions.

Practical implications

The results confirm that the selection of an appropriate intervention strategy should not be
based solely on catalogue thermal parameters. Instead, it must consider the interaction between the
window, the surrounding masonry, and air permeability.

From a practical perspective, high-quality renovation is often a suitable and cost-competitive
solution. It can provide substantial thermal improvement while preserving historic material and
architectural value. In contrast, replacement—particularly with plastic windows—may lead to the loss
of cultural value and negatively affect the hygrothermal behaviour of the structure.

At the same time, the reduced airtightness of historic windows can represent an advantage,
as it supports natural ventilation and contributes to indoor air quality. This aspect is particularly
relevant in buildings without mechanical ventilation systems. The results therefore provide a useful
basis for decision-making by designers, conservation authorities, and building owners.

Limitations and future research

The study is limited by the use of numerical simulations under steady-state conditions and
by the analysis of a single case study. The results therefore represent a specific but typical example
of historic box-type windows.

Future research should focus on in-situ measurements, long-term monitoring of renovated
windows, and dynamic simulations that better capture real operating conditions. Further work should
also address the performance of exact replicas of historic windows, which are commonly used in
practice but were not included in this study.
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ABSTRACT

The disposal of bottom ash from municipal solid waste incineration (MSWI) in landfills may
lead to ecological contamination and inefficient land resources utilization. The investigation
assessed whether MSWI bottom ash could serve as a substitute for sand and supplementary binder
components in concrete production. Multiple analytical techniques were employed to characterize
the MSWI bottom ash and its recycled powder. X-ray fluorescence (XRF) and laser particle size
analysis were used to determine chemical composition and particle size distribution, respectively.
Microscopic morphology and pore structure were examined with scanning electron microscopy
(SEM) and nitrogen adsorption analysis. Phase composition was identified by X-ray diffraction
(XRD), complemented with simultaneous thermal analysis (TG/DTG) and Fourier transform infrared
(FTIR) spectroscopy. Results show that incineration bottom ash is coarse-grained and even exceeds
the gradation range of Zone I sand stipulated by the Chinese standard. Soaking and sieving
treatment yields coarse bottom ash particles with clean surfaces, while fine bottom ash particles
contain organic contaminants that are difficult to treat. The soaked bottom ash showed low Cl and
SOs; content, containing mainly quartz, calcite, gypsum, and hematite. The particles of bottom ash-
derived powder are gravel-shaped, with pore sizes ranging from 1 nm to 70 nm and a high specific
surface area. The pores are mainly mesopores, accounting for 73.83% of the total pore volume. BET
measurements revealed a specific surface area six times greater than that of cement. Except for Cr,
all heavy metal leaching levels comply with Chinese regulatory limits. MSWI bottom ash shows
potential for partial replacement of natural sand or cement in construction applications.

KEYWORDS

Incineration bottom ash, Particle characteristics, Chemical components, Mineral composition,
Pore structure

INTRODUCTION

The rapid growth of consumerism and industrial activities has significantly increased
municipal solid waste generation. During the 2011-2023 period, medium-sized and large cities in
China experienced consistent growth in municipal solid waste collection volumes, with the annual
quantity peaking at 242.06 million tons in 2019 [1]. Current municipal solid waste management
primarily utilizes three approaches: thermal treatment, land disposal, and biological decomposition.
However, landfills have issues such as occupation of land resources and environmental pollution [2-
4]. Incineration can achieve waste reduction and harmlessness, and the waste heat can be used for
power generation [5, 6]. Therefore, large waste incineration plants have been built in many cities in
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China. Moreover, the volume of waste incineration has increased rapidly annually, while landfill
volume has decreased significantly.

Through incineration, the mass of domestic waste drops by roughly 70%, and simultaneously,
a 90% reduction in volume is achieved. After the incineration process, two main types of residues
are produced. Bottom ash, coming from the incinerator, and fly ash, obtained from the flue gas
cleaning mechanism, together form these two main residues of incineration. Specifically, bottom ash
accounts for about 80% of the total residue weight [7]. Bottom ash comprises an assortment of solid
particles with disparate sizes, and these sizes range from fine particles to coarse fractions that
exceed the gradation of Zone | sand specified in the national standard for construction sand of China
(GB/T 14684), which corresponds to coarse-grained sand with a relatively large particle size
distribution. Among its components are glassy substances, ceramic elements, mineral components,
along with unburned materials, giving rise to a heterogeneous composition. Since bottom ash
contains a certain amount of metals, electromagnetic and eddy-current separation is utilized to
recover these valuable resources and further process the bottom ash. As a result, this separation
technique effectively extracts specific metals from bottom ash.

Recent investigations have explored MSWI bottom ash as partial replacements for
conventional aggregates in various construction applications, including cementitious composites,
bituminous mixtures, and pavement foundations [8-11]. However, aggregates must comply with
industry standards governing their structural, material, and functional characteristics [12, 13]. MSWI
bottom ash-derived powder can also be used in concrete as a substitute for cement [14-16],
overcoming the limitations in particle shape and gradation associated with its direct application as
fine aggregate. While these studies confirm MSWI bottom ash application potential, most focus on
feasibility rather than systematic characterization of key properties. This gap makes it difficult to
guide targeted utilization of MSWI bottom ash.

The development of sustainable construction materials has driven growing interest in the
utilization of industrial by-products. Notable examples include micro silica and fly ash, which are
highly effective pozzolanic materials commonly used as partial substitutes for cement. Their role in
enhancing the mechanical properties and durability of cementitious composites, specifically through
reactions with calcium hydroxide to form additional C-S-H gel, is well established [17, 18]. However,
the supply of these high-quality materials can be limited in certain regions. For instance, areas in
China far from coal-fired power plants, which are a major source of fly ash, often face shortages of
such materials. Furthermore, the diversity of waste streams calls for the exploration of a broader
range of valorization options.

MSWI bottom ash represents a distinctly different type of material from the aforementioned
micro silica and fly ash. Its potential value lies not in high pozzolanic reactivity, but rather in its dual
functionality as a partial replacement for both fine aggregate and cementitious filler. In contrast to fly
ash, which is largely pozzolanic, bottom ash consists of a heterogeneous combination of crystalline
and amorphous phases. Therefore, instead of focusing on direct reactivity comparisons, this study
provides a comprehensive characterization to evaluate its suitability for specific applications where
high chemical reactivity is not the primary requirement. This approach helps diversify the range of
waste-derived construction materials and reduces reliance on any single type of supplementary
material.

This study systematically characterized MSWI bottom ash through multiple analytical
techniques including XRF, XRD, SEM, TG/DTG, FTIR, and particle size analysis. The investigation
focused on the following key aspects: particle composition, gradation characteristics, chemical
components, mineral composition, and pore structure. The aim was to guide the efficient utilization
of MSWI bottom ash as fine aggregate and cement replacement additive.
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MATERIALS AND METHODS

Materials and treatment

The study utilized bottom ash from a municipal solid waste incineration plant in Sugian,
China, with an annual processing capacity of 300,000 tons. Unsorted waste was directly fed into the
incinerator, where combustion temperatures were maintained at 850-950°C to ensure complete
dioxin decomposition. The resulting bottom ash was water-quenched upon discharge from the grate,
then processed through sequential metal recovery: electromagnetic separation for ferrous metals
and eddy current separation for non-ferrous components.

The collected MSWI bottom ash contained trace organic components, such as plant roots,
bark, and plastic fragments. To minimize potential interference from these materials with the
reactivity of MSWI bottom ash, a water immersion treatment was applied. The bottom ash was fully
submerged in water at a water-to-ash ratio of 2:1 and stirred thoroughly to ensure complete flotation
of light organic components. After 24 hours of soaking, the water along with the floating organics
was drained. The remaining solids were air-dried completely, then ground in a planetary ball mill at
350 r/min for 45 minutes. The milled product was sieved through a 200-mesh sieve with an aperture
of 75 ym to remove oversized particles. This process produced a dark-gray powder with a maximum
particle size of 75 ym.

P-1l 52.5cement was used in this research, and its physical and mechanical properties met
the requirements of Chinese standards [19].

Material properties analysis

The chemical components of the samples were tested by XRF (manufactured by Thermo
Electron Corporation, USA; instrument model: ARL; detector resolution: MnKa resolution < 155 ev,
CPS > 3000).

The D8-Discover X-ray diffraction was employed to analyze the mineral composition of
samples. Test conditions: Cu tube, 40 kV, 36 mA, 10-90°, 4°/min.

The morphology of the samples was examined by SEM (manufactured by FEI Corporation,
instrument model: Nova Nano SEM NPE218).

Thermogravimetric analysis of the samples was conducted by a simultaneous thermal
analyzer (manufactured by NETZSCH; instrument model: DTG-60AH). The heating process was set
within a range starting from the ambient temperature up to 1500 °C, at a constant increment rate of
10 °C per minute. Throughout the analysis, the samples were exposed to an inert atmosphere of
nitrogen gas.

The infrared analysis of the samples was performed by FTIR (manufactured by Thermo
Scientific, USA; instrument model: Nicolet iS10).

A laser particle size analyzer (manufactured by Microtrac, Inc.; instrument model: Microtrac
S3500; dispersion medium: anhydrous ethanol) was utilized to determine the particle size distribution
of the samples.

The adsorption/desorption curves of the samples were obtained by an Autosorb-1Q2 physical
chemical adsorption analyzer.

Environmental impact assessment

The Chinese standard was applied to carry out the leaching toxicity test of MSWI bottom ash
[18]. 20 grams of MSWI bottom ash-derived powder was weighed, oven-dried at 60 °C, and then
underwent a series of steps including sieving with a 5-mesh polypropylene sieve, grinding, and acid
extraction treatment to obtain the extraction solution. Inductively coupled plasma mass spectrometry
(ICP-MS) was employed to analyze the concentrations of heavy metals in the extraction solution.
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RESULTS AND DISCUSSION

Physical properties
Particle and gradation characteristics of MSWI bottom ash

MSWI bottom ash is dark-gray in color, and its particle size and composition are similar to
those of natural sand. Figure1 shows the particle size distribution curve of the MSWI bottom ash.
The sampled bottom ash has a nominal maximum particle size of 4.75 mm. In compliance with the
national standard for construction sand of China [13], when preparing cement concrete, sand from
Zone Il is recommended as the preferred choice. However, the bottom ash particles are coarse and
even beyond the gradation range of Zone | sand specified in this standard. Since the coarse nature
of bottom ash particles may undermine the workability and strength of concrete, when preparing
concrete with bottom ash serving as fine aggregate, a sufficient amount of cement should be used
to compensate for the low cohesive force of coarse particles, along with an increase in the sand
ratio. Although increasing the cement content affects economic and environmental sustainability, the
overall lifecycle assessment includes diverting MSWI bottom ash from landfills to reduce landfill
pollution and conserving natural sand resources to alleviate resource scarcity. This assessment may
still render this approach beneficial on a broader scale.
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Fig. 1 - Gradation curve of MSWI bottom ash

The morphological features of MSWI bottom ash particles are illustrated in Figure 2.
Morphological analysis reveals four predominant constituent components: quartz, glass fragments,
ceramic shards, and slag. The composition further encompasses metallic oxides, especially iron-
bearing particles.

Bulk analysis demonstrates that approximately 60% of bottom ash particles exhibit surface
coatings comprising both fine-grained fractions and fused constituents. The fine particulate coatings
develop on bottom ash surfaces through quenching-induced reactions during rapid water cooling
[21]. During storage or transportation, bottom ash can be contaminated by the surrounding
environment, resulting in the presence of some plant roots, bark and plastic products in it. Insufficient
combustion of municipal solid waste can cause these pollutants to persist in bottom ash as well. In
this research, water immersion effectively separated the majority of organic residues (including plant
roots, skin debris, and plastic fragments) from the bottom ash. Consequently, the post-treated bottom
ash exhibits clean particle surfaces without detectable fine particulate coatings. Additionally, MSWI
bottom ash particles of varying sizes exhibit no substantial compositional differences. However,
particle size influences phase distribution, with amorphous components (e.g., glass/ceramic
fragments) showing enrichment in coarser fractions (>2.36 mm). Conversely, organic residues (plant
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matter, plastics) predominantly occur in finer fractions sized 0.6-1.18 mm, and there is a notable
increase in their content in even finer particles below 0.6 mm.

It is evident that glass and ceramic particles are enriched in the coarser fractions of bottom
ash. Thus, the powder regenerated from coarser bottom ash contains more amorphous reactive
phases with higher reactivity, which is more suitable for replacing cement as a supplementary
cementitious material. The finer particles of the bottom ash contain more residual organic matter,
which has a negative impact on cement hydration.

Morphological characteristics of MSWI bottom ash-derived powder

Figure 3 shows the SEM image of MSWI bottom ash-derived powder. The powder primarily
consists of irregular, gravel-like particles, a key characteristic reported by Tang et al. [22]. Unlike fly
ash, which contains spherical particles and exhibits water-reducing effects, the bottom ash powder
lacks these properties. Additionally, small particles adhere to larger ones, forming agglomerates due
to electrostatic interactions [23]. These morphological characteristics of MSWI bottom ash and its
derived powder, combined with its gradation features, further distinguish its application scenarios
from those of traditional supplementary cementitious materials.

o
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Fig. 2 - Particles of MSWI bottom ash.; (c) 0-0.6 mm

The morphological and gradation characteristics of MSWI bottom ash further clarify its
application differences from traditional supplementary cementitious materials. For example, fly ash
typically has spherical particles that improve concrete workability but require adjustment of sand ratio
to compensate for poor gradation [24]; in contrast, the coarse-grained nature of bottom ash
(exceeding Zone | sand) means it can partially replace natural sand in low-demand scenarios (e.g.,
pavement bases) without the need for additional “spherical particle modification”[10]. Meanwhile,
compared with micro silica, which requires strict control of agglomeration due to fine particles [25],
the gravel-like morphology of bottom ash-derived powder reduces agglomeration risk during mixing,
which is more suitable for large-scale construction with simple mixing processes.

¢
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Fig. 3 - SEM image of MSWI bottom ash- derived powder. Scale bar: 40 um.

Particle distribution of MSWI bottom ash-derived powder
Figure 4 illustrates the particle size distribution of the MSWI bottom ash-derived powder, with

its granular characteristics summarized in Table 1. The powder particles are finer than cement
particles, with all particles below 100 ym in size. This fineness results from high-speed milling with
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sufficient duration, followed by sieving through a 75 ym mesh to remove large particles and
impurities, yielding fine powder.
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Fig. 4 - Particle size distribution of MSWI bottom ash-derived powder

Chemical components

Major oxides in both MSWI bottom ash and Portland cement (P-1l 52.5) are quantified in Tab.
2. MSWI bottom ash exhibits a cement-like composition, primarily consisting of SiO,, CaO, Al,O;,
and Fe,0O;. These four oxides collectively constitute over 85% of the bottom ash by mass. The
bottom ash contains higher SiO, but lower CaO levels compared to cement. The contents of Al2O3
and Fe;0Os3 are 2 to 3 times greater than those in the cement. Na,O, K,0, and MgO are present in

significant quantities in the bottom ash, representing typical alkali and alkaline earth oxides.

Tab. 1 - Particle size parameters of MSWI bottom ash-derived powder and cement

Tab. 2 - Major oxides in MSWI bottom ash and cement (%)

. . P-1I 52.5 Bottom ash-derived
Particle size (um)
cement powder
d (0.1) 3.634 1.348
d (0.5) 15.367 10.267
d (0.9) 36.877 36.492
D (3,2) 5.722 3.720
D (4, 3) 18.171 15.498

Chemical components MgO Na20 Al2O3 SiO2 P20s K20 CaO
P-1I 52.5 cement 1.56 0.00 3.80 17.11 0.63 0.16 64.99
Bottom ash powder 2.49 3.87 9.22 49.45 2.31 2.29 19.37
Chemical components TiO2 MnO Fe203 CuO ZnO Cl SOs3
P-1I 52.5 cement 0.27 0.09 3.59 0.02 0.15 2.00 3.96
Chemical components 0.87 0.15 7.40 0.13 0.29 0.46 0.78

Cl (0.46 wt.%) and SO; (0.78 wt.%) concentrations in bottom ash are significantly below
literature values. Garcia-Lodeiro et al. reported bottom ash typically contains 1.29% Cl and 2.54%
SO; [26], while Vizcarra et al. found 2.3-3.8 wt.% CIl and 1.3-3.6 wt.% SO; [27]. Fine bottom ash
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particles, like the fine particulate coatings, contain more chlorides and sulfates because of their large
specific surface area. These particles form during water quenching and accumulate on the surface
of coarse particles [28]. Saffarzadeh et al. showed that during water cooling and weathering, newly
formed surface phases increase sites for chloride and sulfate absorption [29]. Immersing bottom ash
in water causes dust on particle surfaces to separate and be carried away, reducing Cl and SO;
levels in treated bottom ash.

The chemical composition shows that the sum of SiO,, Al,O, and Fe,O; is about 62%, which
is notably lower than the typical requirement of 70% for Class F fly ash as per ASTM C618 [30]. This
quantitatively confirms the lower pozzolanic potential of MSWI bottom ash-derived powder compared
to established supplementary cementitious materials. Consequently, its primary value in cement
replacement applications may stem from its microfiller effect and its ability to provide nucleation sites
for hydration products, rather than from significant pozzolanic contribution.

Mineral composition

XRD analysis (Figure 5) identifies quartz, calcite, gypsum, magnetite, and hematite as the
dominant crystalline phases in MSWI bottom ash. Additionally, gehlenite, diopside and sodium
feldspar are also detected in the bottom ash. Multiple active components, such as SiO,, Al,O3, and
CaO, exist in relatively high concentrations in MSWI bottom ash. However, MSWI bottom ash-
derived powder lacks volcanic ash activity compared with fly ash [23]. This occurs since, rather than
vitreous matter, most active components are present in stable crystal structures.

Stable crystalline phases (e.g., quartz, calcite) dominate over amorphous glassy phases, and
these amorphous glassy phases are the primary source of reactivity in fly ash [31]. This further
explains the limited pozzolanic activity observed in MSWI bottom ash-derived powder. This
fundamental difference in phase composition between MSWI bottom ash and traditional
supplementary cementitious materials (e.g., fly ash) underscores the need to identify applications
that leverage its physical rather than chemical properties.
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Fig. 5 - XRD pattern of MSWI bottom ash: Q: quartz (SiO); C: calcite (CaCOs3); G: gehlenite
(CaAlLSiOy7); An: gypsum (CaSOQ.); M: magnetite (FesO4); H: hematite (Fe;0s3); D: diopside
(CaMgSiz0s); Ai: sodium feldspar (NaAlSizOs)

Figure 6 presents the FTIR spectrum of MSWI bottom ash, with key absorption bands
assigned based on literature [32-36]: At 3420 cm™, the vibrational band corresponds to the stretching
vibration of H-OH groups in free water. This band links to the adsorbed water and crystalline water
of gypsum present in bottom ash; The 2520 cm™ band corresponds to the vibrational mode of
carbonate; The peak at 2360 cm™' shows the vibrational mode of HPO?, indicating a small amount
of phosphate in the bottom ash; The 1650 cm™ absorption is characteristic of C=0 asymmetric
stretching, indicating surface-bound aromatic compounds, carboxylic acids, amino groups, or lipids;
The peaks at 1450 cm™, 876 cm™ and 730 cm™ correspond to the asymmetric stretching vibration,
out-of-plane bending vibration, and in-plane bending vibration of CO?; The antisymmetric stretching
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band at 1040 cm™ and the symmetric stretching band at 780 cm™ are due to the presence of quartz;
The peak at 600 cm™ corresponds to the vibrational mode of sulfate.
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Fig. 6 - FTIR spectrum of MSWI bottom ash

Figure 7 displays TG/DTG curves for MSWI bottom ash. Based on these curves, bottom ash
pyrolysis progresses through four sequential stages. Stage I: The bottom ash sample is heated to
114°C and experiences a mass loss of 0.85%. Evaporation of adsorbed water causes this mass
reduction. Stage Il: At 504°C and 570°C, a 3.34% weight loss occurs as hydrated silicate, chlorate,
and other minerals undergo dehydration. Stage Ill: At 676°C, a weight loss of 2.32% corresponds to
the decomposition of CaCOs. Stage IV: At 1022°C, a weight loss of 0.7% corresponds to the
decomposition of gypsum.
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Fig. 7 - TG/DTG curves of MSWI bottom ash

The thermal decomposition of CaCO; (676 C, 2.32% mass loss) indicates two key
implications: first, bottom ash may release CO, during cement hydration (a factor to consider in high-
temperature scenarios like mass concrete) and a potential mass loss upon heating (critical for high-
temperature applications); second, the presence of SiO, provides a basis for secondary hydration
[37]. Beyond the contribution of SiO,, the carbonate from CaCO; decomposition also plays a role in
regulating the hydration process. More importantly, the presence of carbonate can affect the
hydration process by interacting with calcium aluminate phases, potentially leading to the formation
of carboaluminate phases, and these phases can densify the microstructure.
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Pore structure of MSWI bottom ash-derived powder

Adsorption/desorption curves

The adsorption/desorption isotherm curves of MSWI bottom ash-derived powder are shown
in Figure 8. According to the classification of gas physisorption isotherms [38], MSWI bottom ash-
derived powder exhibits a Type ll-like adsorption profile, though with less pronounced inflection at
low relative pressures. These isotherms arise from unimpeded monolayer-to-multilayer adsorption
under elevated pressure conditions, with distinct features as described below: For the condition
where P/P0<0.05, nitrogen adsorption enters its first stage. This initial stage is defined as the process
of monolayer adsorption. When 0.05<P/Py<0.9, the adsorption isotherm rises slowly and multilayer
adsorption begins to occur, corresponding to the second stage of nitrogen adsorption. Once P/P0O
exceeds 0.9, capillary coalescence of nitrogen occurs. This leads to a rapid upward trend in the
adsorption isotherm.
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Fig. 8 - Adsorption/desorption isotherm curves of MSWI bottom ash-derived powder

Hysteretic behavior arises from non-overlapping adsorption-desorption isotherms. This
hysteretic phenomenon varies significantly across systems, primarily governed by pore density,
structural morphology, and size dispersity. Per IUPAC guidelines [38], MSWI bottom ash-derived
powder exhibits combined H3-H4 type hysteresis, indicative of flexible lamellar particle aggregates
containing interconnected macropores with partial capillary condensation.

Pore size distribution

The cumulative volume and differential size distribution of pores in MSWI bottom ash-derived
powder are illustrated in Figure 9. Pores in porous materials can be categorized into three types:
macroporous (=>50 nm), mesoporous (2-50 nm) and microporous (<2 nm). As shown by the
distribution curves, pores in MSWI bottom ash-derived powder vary significantly in size (1-70 nm).
The average pore size, determined from cumulative pore volume analysis, measures 11.58 nm.
Macropores represent 17.63% of the pore volume, while mesopores dominate at 73.83%, followed
by micropores at 8.54%.

@ DOI 10.14311/CEJ.2026.01.0009 138



Article no. 9

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2026
JOURNAL
0.0014 0.016
—e— dV/dR =
0.0012- e Cumny 0014 2
2 0.0010- 10012 =
= 10.010 £
= 0.0008] 2
8 10.008 S
= 0.0006] 0006 &
5 0.00041 0004 5
0.0002 L 0.002 §
0.0000 0.000

0 10 20 30 40 50 60 70
Pore radius (nm)

Fig. 9 - Cumulative pore volume and differential pore size distribution of MSWI bottom ash-derived
powder

The BET surface area of MSWI bottom ash-derived powder measures 5.38 m?/g, showing
good agreement with previous findings. As reported by Marieta et al. [36], one MSWI bottom ash-
derived powder sample exhibited a specific surface area of 7.43 m?/g, while the other registered 5.30
m?/g. The BET method provides more reliable specific surface area measurements by eliminating
the need for particle shape assumptions or semi-empirical corrections Marieta [39]. There is a
significant correlation between the reactivity of powder and its particle size [40]. Powder fineness
indicated by specific surface area directly correlates with the reactivity potential of bottom ash.
Furthermore, adsorption capacity shows direct dependence on specific surface area in micro
powders. Compared to ordinary Portland cement, the MSWI bottom ash-derived powder under study
exhibits a significantly larger specific surface area. Li et al. [35] reported 0.88 m?%qg for P-1l 52.5
cement, merely one-fifth the specific surface area measured in MSWI bottom ash-derived powder.

Although this study primarily focuses on the fundamental characterization of municipal solid
waste incineration (MSWI) bottom ash, its intrinsic properties, including particle size distribution,
morphology, chemical and mineral composition, and pore structure, directly influence its potential
mechanical performance in cementitious systems. Tang et al. [22] examined how the
physicochemical properties of treated MSWI bottom ash and its cement replacement ratio affect the
strength of cement-sand mortars. The results indicated that reducing the organic matter content
mitigates its inhibitory effect on cement hydration, while the thermal decomposition of calcite
(CaCO3) generates new reactive phases, thereby enhancing the reactivity of the recycled ash. Finer
ash powder was found to contribute to a denser mortar microstructure, leading to improved strength.
The combined physical filling effect and favorable chemical composition, predominantly SiO,—CaO-
Al, O3, enable recycled MSWI bottom ash powder to serve effectively as a 30% cement replacement
in low-strength mortars [41]. Physically, the mesoporous structure of the milled ash facilitates pore
filling; chemically, its composition supports slow pozzolanic reactions and secondary hydration.

It is also important to note that, as with many single supplementary cementitious materials,
the replacement ratio of MSWI bottom ash must be carefully optimized. Li et al. [23] reported that
replacing 30% of cement with MSWI bottom ash resulted in an approximately 26% decrease in the
28-day compressive strength of mortar, which aligns with the replacement ratio of 30% or less as
recommended in the environmental risk assessment section of this study. These findings suggest
that MSWI bottom ash is most suitable for partial cement replacement in medium and low strength
applications, such as non-structural concrete and pavement subgrades. It provides a sustainable
alternative to conventional high-performance materials like microsilica or blended supplementary
cementitious materials.
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Environmental impact assessment

GB 5085.3 [20] mandates that leachate from hazardous waste must keep hazardous
component concentrations below prescribed thresholds to ensure environmental and human health
protection. The leaching behavior of MSWI bottom ash was characterized by ICP-MS, with
quantitative results detailed in Tab. 3. The leaching amounts of all metals except Cr are lower than
the limits set by Chinese legislation.

It is critical to emphasize that this standard leaching test was performed on the raw bottom
ash powder in isolation. In practical cementitious applications, two key factors mitigate the
environmental risk: (1) the incorporation rate of alternative materials like bottom ash is typically
limited to below 30% [23], and (2) the encapsulation effect of the cement matrix is widely documented
to significantly immobilize heavy metals, drastically reducing their leachability [42]. This
encapsulation phenomenon represents the primary mechanism for risk reduction in real-world
scenarios. Therefore, while the elevated Cr leaching from the raw powder is noted, its environmental
impact in a solidified cementitious system is anticipated to be substantially lower. A comprehensive
investigation into the long-term leaching behavior from engineered mortar/concrete composites
remains a valuable focus for future studies.

Tab. 3 - The leaching properties of MSWI bottom ash-derived powder

Metals As Cr Cd Hg Ni Pb Zn

Bottom ash powder (mg/L) 0.3943 8.7173 0.0005 0.0003 3.7926 1.9682 9.1731

Limits (mg/L) 5 5 1 0.1 5 5 100
CONCLUSION

(1) The gradation of MSWI bottom ash resembles that of Zone [ sand. In addition, bottom ash
particles of varying sizes exhibit no significant disparity in their constituents. Coarse bottom ash
fractions are enriched with ceramic and glass particulates, whereas finer fractions accumulate more
residual plant matter and synthetic contaminants from incomplete combustion or external sources.

(2) MSWI bottom ash features a chemical composition similar to that of cement, with SiO,-CaO-
Al,Os-Fe, 03 being the main components. Compared to cement, MSWI bottom ash contains a
relatively higher proportion of SiO, and a lower proportion of CaO, while mineralogical
characterization reveals quartz, calcite, gypsum and hematite as major constituents.

(3) MSWI bottom ash-derived powder exhibits distinctive physical characteristics, featuring fine
granulometry, high porosity, and a large surface area. Particle morphology analysis reveals gravel-
like irregularity, with fine particulate matter adhering to coarser particle surfaces.

(4) The hybrid H3/H4 hysteresis loop observed in the Type Il isotherm reflects the complex pore
structure of MSWI bottom ash-derived powder, where mesopores constitute the primary void space
within the broadly distributed pore network.
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ABSTRACT

With the continuous increase in traffic loads, the insufficient bearing capacity of existing bridges
has become increasingly prominent, necessitating effective strengthening technologies to enhance
their performance. This study focuses on bonded prestressed strengthened hollow slab beams. A
finite element analysis method was employed to establish a discrete model comprising concrete
(SOLID65 elements), composite mortar (SHELL41 elements), and prestressed tendons (LINK8
elements), with nonlinear spring elements used to simulate the interaction at the bonding layer. A
three-point loading method was adopted to analyze the stress distribution characteristics of the
strengthened beam under 10 kN and 80 kN loads, with emphasis on the stress responses in the
anchorage zone, mid-span cross-section, and reinforcement. The results indicate significant stress
concentration in the anchorage zone, requiring reinforcement in engineering design. When the cross-
section approaches the destressed state (stress range: 0.1 MPa to -0.2 MPa), there is a notable
discrepancy between finite element simulation results and material mechanics theoretical values.
However, good agreement is observed in non-destressed states. Additionally, the stress variation
trend of prestressed tendons under increasing loads aligns with theoretical predictions, with an error
margin below 0.8%. This research provides theoretical and numerical references for the engineering
application of bonded prestressed strengthening techniques.

KEYWORDS

Bonded prestressing, Hollow slab beams, Finite element analysis, Stress distribution,
Strengthening technology, ANSYS simulation

INTRODUCTION

With rapid socio-economic development and improved living standards, vehicle load
capacities and traffic volumes have significantly increased, leading to substantial increases in
highway bridge loads [1,2]. However, bridges constructed in China’s early years have low bearing
capacities due to technological limitations, and prolonged use has exacerbated their deterioration
[3]. In recent years, even newly constructed bridges have exhibited varying degrees of damage after
years of operation, severely impacting transportation and economic development [4,5]. Therefore,

@ DOI 10.14311/CEJ.2026.01.0010 143



Article no. 10
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2026
JOURNAL

strengthening damaged bridges to enhance their load-bearing capacities is crucial for maintaining
their functionality.

Section enlargement is a common bridge strengthening method. It involves removing
damaged or loose parts of the structure and recasting concrete to expand the compression zone,
thereby improving bending resistance, crack resistance, and stiffness [6-8]. While this method
minimizes traffic disruption by working beneath the bridge, it faces constraints in special
geographical or structural conditions, leading to increased costs, prolonged construction periods,
and traffic impacts. Moreover, enlarging the section increases structural self-weight, potentially
reducing load-bearing capacity [9-12].

Externally bonded reinforcement methods, such as attaching steel plates or high-strength
materials (e.g., carbon fiber) to the surfaces of bridge components, enhance load-bearing capacity
with minimal weight impact. These methods improve bending performance, control crack
propagation, and enhance durability. However, issues like stress lag and adhesive quality limitations
restrict their applicability [13-17].

Active strengthening techniques, such as prestressing, effectively utilize materials and
mitigate strain lag effects inherent in passive methods [18-21]. Bonded prestressed composite
mortar steel strand systems offer advantages such as convenient tensioning, simple anchorage, and
high durability, making them widely recognized in engineering. While experimental studies on
bonded prestressed hollow slab beams exist, finite element simulations remain limited. This study
conducts a full-scale finite element simulation of a hollow slab beam to analyze stress distributions
under varying loads and compares results with material mechanics theoretical values.

FINITE ELEMENT MODEL ESTABLISHMENT

An 8-meter full-scale beam model was simulated based on actual engineering parameters
(Figure 1), incorporating eight prestressed steel strands. A discrete model was established using
constraint equations. Schematic diagram of the anchoring system for hollow plate reinforcement is
shown in Figure 2.
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Fig. 1 - Cross-sectional Schematic of the 8 m Hollow Slab Beam (mm)
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Fig. 2 - Schematic Diagram of the Anchoring System for Hollow Slab Reinforcement

Concrete was modelled using SOLID65 elements, composite mortar with SHELL41 elements,
and reinforcement/prestressed tendons with LINK8 elements. In ANSYS, beam and truss elements
are represented by two-node lines, requiring manual input of cross-sectional properties (e.g., area,
inertia). The standard value of the compressive strength of concrete is 40 MPa.

The yield strength of ordinary steel bars is 335 MPa, and their elastic modulus is 200 GPa
steel wire ropes with a moderate diameter of 4 mm were selected, offering high strength, low creep
rate, and adequate ductility. The ropes possess a cross-sectional area of 10.55 mm?, an ultimate
tensile stress of 1200 MPa, an ultimate tensile strain of 0.02, and an elastic modulus of 130 GPa.

Meshing for composite mortar and concrete utilized element sizes of approximately 50 mm x
50 mm x 125 mm. The finite element model is shown in Figures 3—4. Full displacement compatibility
between reinforcement and concrete was assumed, neglecting slippage.

armlysiz of Bm gird annlysis of Bm gird

Fig. 3 - Reinforcement Simulation Fig. 4 - Meshing Results

Composite mortar-concrete interaction was modelled using nonlinear spring elements
(CONBIN39) in three directions: normal (perpendicular to the interface), longitudinal shear (parallel
to beam length), and transverse shear (perpendicular to beam length) (Figures 5-6). To achieve
pure bending at mid-span, three-point loading was applied at 2.5 m from the supports. Surface loads
and support pads were used to improve convergence.
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Fig. 5 - Composite Mortar Simulation Fig. 6 - Spring Element Simulation

STRESS ANALYSIS UNDER THREE-POINT LOADING

Post-processing extracted displacements, stresses, strains, and deformations. Stress
analyses under 10 kN and 80 kN loads (excluding self-weight) are detailed below.

Stress Analysis Under 10 kN Load
1) Global Stress Distribution

e — AN

sTEP=1
308 =2

Fig. 7 - Global Equivalent Stress

Contour (MPa) Fig. 8 - Composite Mortar Equivalent

Stress Contour (MPa)

Maximum tensile stress (4.00 MPa) occurred at the bottom anchorage zone, while minimum
stress (5.55 MPa) appeared near the top at 1/3 span from supports. Stress concentration in the
anchorage zone necessitates localized reinforcement.

2) Cross-Sectional Stress Analysis

Z-direction stress contours at 1/8, 1/4, 3/8, and mid-span sections are shown in Figures 8—11.
Under 10 kN, tensile stresses (0.17—0.24 MPa) increased toward mid-span, while compressive
stresses (0.66—1.29 MPa) dominated the bottom. Complex stresses were observed at 1/8 span due
to anchorage effects.
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Fig. 11 - 3/8 Section Z-Direction Fig. 12 - Mid-Span Section
Stress Contour (MPa) Z-Direction Stress Contour (MPa)

In ANSYS, the system defaults to tensile stress as positive and compressive stress as
negative. As shown in Figures 9-12, under a total load of 10 kN (excluding beam dead load), the
sections from the 1/8-span to mid-span exhibit tensile stress, varying from 0.17 MPa to 0.24 MPa.
Conversely, the beam bottom sections show compressive stress, ranging from 0.66 MPa to 1.29
MPa. At the 1/8-span section, stress distribution is more complex due to the anchor device effect.
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3) Main Reinforcement Stress Analysis

nnnnnnnnn
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(a) Ordinary Reinforcement (b) Prestressed Reinforcement
Stress Diagram Stress Diagram

Fig. 13 - Stress Contour of Internal Reinforcement in Post-Strengthened Beam (MPa)

Figure 13 illustrates the stress contour of internal reinforcement in a post-strengthened beam
under a concentrated load of 10 kN. As shown in the diagram, the maximum stress of ordinary
reinforcement occurs in the mid-span region, reaching 5.76 MPa under tension. Conversely, the
minimum stress of ordinary reinforcement, measured at 12.15 MPa under compression, appears
between the concentrated force application point and the support. Additionally, the stress of
prestressed reinforcement in the mid-span region is recorded as 864.51 MPa.

Stress Effect Analysis of the Beam Under 80 kN Load Application
1) Integral Beam Stress Analysis

i
Fig. 14 - Integral Beam Equivalent Fig. 15 - Composite Mortar
Stress Contour (MPa) Equivalent Stress Contour (MPa)

As shown in Figure 14, under the applied load, the integral beam exhibits maximum tensile
stress (4.93 MPa) at the bottom anchorage region and maximum compressive stress (4.38 MPa) at
the top slab, located 1/3 span away from the support. The primary cause of the maximum tensile
stress is excessive local stress concentration at the anchorage point. Figure 15 presents the
equivalent stress contour of composite mortar, where maximum tensile stress also appears in the
anchorage region. This indicates that the anchorage zone is a structural weakness requiring
localized reinforcement design in engineering strengthening.
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2) Main Beam Stress Analysis at Calculated Sections

Z-direction stress contours were extracted for the 1/8-span, 2/8-span, 3/8-span, and mid-span
sections of the main beam, as illustrated in Figures 15-18.
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Fig. 16 - Z-Direction Stress Contour of Fig. 17 - Z-Direction Stress Contour
the 1/8-Span Section (MPa) of the 2/8-Span Section (MPa)
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Fig. 18 - Z-Direction Stress Contour Fig. 19 - Z-Direction Stress Contour
of the 3/8-Span Section (MPa) of the Mid-Span Section (MPa)

In ANSYS, tensile stress is defined as positive by default, while compressive stress is negative.
As observed in Figures 16-19, under a total load of 80 kN, compressive stresses (excluding self-
weight and dead loads of the main beam) are observed across sections from the 1/8-span to mid-
span, ranging from 1.01 MPa to 3.03 MPa. Tensile stresses are observed at the beam bottom
sections, ranging from 0.73 MPa to 1.65 MPa. At the 1/8-span section, stress distribution is more
complex due to the influence of anchorage devices.3) Main Reinforcement Stress Analysis
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Fig. 20 - Stress Contour of Internal Reinforcement in Post-Strengthened Beam (MPa)

Figure 20 illustrates the internal reinforcement stress distribution in the post-strengthened
beam under an 80 kN concentrated load. As shown in the figure, the maximum tensile stress of
ordinary reinforcement occurs in the mid-span region, reaching 8.33 MPa, while the minimum
compressive stress (5.61 MPa) is observed in the 1/8-span region. The prestressed reinforcement
at mid-span exhibits a stress level of 880.63 MPa.

COMPARATIVE ANALYSIS BETWEEN ANSYS-CALCULATED VALUES AND
THEORETICAL SOLUTIONS FROM MECHANICS OF MATERIALS

To validate the accuracy of numerical simulations, stress values calculated via solid element
simulations at the mid-span section were compared with analytical results derived from mechanics
of materials under applied loads of 10 kN, 20 kN, 40 kN, 60 kN, and 80 kN. Detailed computational
data are provided in Table 1 and Table 2.

Tab. 1 - Post-Strengthened Beam Concrete Stress Calculation Results (MPa)

Calculated Section Top Edge Stress Calculated Section Bottom Edge Stress
Load Theoretical Solid Difference Theoretical|  Solid Difference
Value from Percentage Percentage
kN ; Element | Between | Value from| Element | Between |
Mechanics Sj . . - Difference . ) . . . Difference
of imulation | Simulation (%) Mechanics | Simulation | Simulation (%)
: Value |and Theory of Materials| Value |and Theory
Materials
10 -0.30 -0.24 0.06 19.8 1.35 1.29 -0.06 4.7
20 0.19 0.23 0.04 22.7 0.92 0.87 -0.05 5.7
40 1.13 1.16 0.03 2.8 0.08 0.03 -0.05 66.3
60 2.09 2.10 0.01 0.2 -0.76 -0.81 -0.05 6.6
80 3.05 3.03 -0.02 0.7 -1.61 -1.65 -0.04 24
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Fig. 21 - Post-Strengthened Beam Top Edge
Stress Under Varying Load Levels

Fig. 22 - Post-Strengthened Beam Bottom
Edge Stress Under Varying Load Levels

Figures 21 and 22 depict the top/bottom edge stresses at the mid-span section of the post-
strengthened beam under varying load levels. As shown, discrepancies exist between solid element
simulation results and theoretical solutions from mechanics of materials, with the magnitude of
differences progressively decreasing as load intensity increases. This phenomenon primarily arises
from the inherent assumptions embedded in classical mechanics of materials theories, such as the
plane section assumption and homogeneous material assumption, which derive sectional stresses
through inverse calculation of member bending moments. In contrast, solid element simulations
adhere to finite element principles by directly capturing internal force distributions at discrete
locations through structural behavior modeling. Consequently, theoretical deviations are inevitable
between these two methodologies. The application of solid element modeling enables refined
structural analysis by accounting for localized stress variations and complex geometric/material
interactions.

Tab. 2 - Post-Strengthened Beam Reinforcement Stress Calculation Results (MPa)

Calculated Section Top Edge Stress Calculated Section Bottom Edge Stress
'\I'/f;(lal?eri:g:;l Solid Difference Theoretical Solid Difference P ¢
Load M : Element Between |Percentage|Value from| Element | Between ercentag
kN echanics Simulation | Simulation | Di Mechanics | Simulation | Simulati €
of ifference ec an_lcs Imulation Imulation Difference
Materials Value |and Theory (%) of Materials| Value |and Theory o
(MPa) | (MPa) (MPa) | (MPa) | (MPa) (%)
(MPa)
10 6.00 5.76 -0.24 4.0% -863.09 -864.51 -1.423 0.2%
20 3.49 3.27 -0.22 6.3% -866.58 -865.76 0.814 0.1%
40 -0.08 -0.13 -0.05 62.5% -873.55 -869.05 4.504 0.5%
60 -4.88 -5.08 -0.20 4.0% -880.53 -874.84 5.689 0.6%
80 -10.84 -11.08 -0.24 2.2% -887.50 -880.63 6.868 0.8%
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Fig. 23 - Post-Strengthened Beam Ordinary Fig. 24 - Post-Strengthened Beam Prestressed
Reinforcement Stress Under Varying Load Reinforcement Stress Under Varying Load
Levels Levels

Figures 23 and 24 illustrate the stress variations of ordinary reinforcement and prestressed
reinforcement, respectively, in the post-strengthened beam under varying load levels. Observations
reveal that at lower load magnitudes, the discrepancy between solid element simulation results and
theoretical values from mechanics of materials for ordinary reinforcement remains relatively small.
However, as load intensity increases, the deviation for prestressed reinforcement stress exhibits a
progressive growth trend, though the percentage difference remains minimal (0.1%—0.8%).

Correlation analysis with Table 1 and Table 2 data reveals notable discrepancies between
calculation methods under specific loading conditions. At 20 kN total load, the mid-span top edge
concrete compressive stress exhibits significant variation: 0.185 MPa (theoretical) vs. 0.23 MPa
(simulation). Similarly, at 40 kN total load, the mid-span ordinary reinforcement tensile stress shows
marked divergence: 0.08 MPa (theoretical) vs. 0.13 MPa (simulation). These phenomena stem from
the beam's stress state transition: at 20 kN, the top edge approaches stress neutralization (zero
stress), while at 40 kN, the bottom edge enters stress neutralization. Consequently, when sectional
stresses range between 0.1 MPa (tension) and -0.2 MPa (compression) during stress neutralization
transitions, the two calculation methodologies produce pronounced discrepancies due to the
complexity of stress redistribution. Conversely, when sectional stresses are from the neutralization
state (i.e., at higher stress magnitudes), both calculation methods demonstrate consistent results.

COMPARATIVE ANALYSIS OF FINITE ELEMENTS BEFORE AND AFTER
REINFORCEMENT

In order to clearly understand the improvement effect of the beam reinforced with bonded
prestress, studies were conducted on the unreinforced beam, the beam reinforced with 8 prestressed
steel strands, and the beam reinforced with 12 prestressed steel strands. The mid-span section was
simulated using solid elements and the calculated values were compared with the theoretical values
based on material mechanics under loads of 10kN, 20kN, 40kN, 60kN, and 80kN. The specific
calculation values are shown in Tables 3 and 4. The top edge concrete stress and bottom edge steel
bar stress before and after reinforcement are shown in Figures 25 and 26.
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Tab. 3 - Top Edge Stress Results Before and After Reinforcement (MPa)
Calculated Section Top Edge Stress
Load Strengthened Strengthened

kN with 8 Percenta with 12 Percentage

Unstrengthened prestressed steeljge Difference (%)Prestressed steel|  Difference (%)
strands strands

10 0.57 -0.24 -141.9% -0.87 -253.2%

20 1.36 0.23 -83.3% -0.12 -109.0%

40 2.54 1.16 -54.3% 0.88 -65.4%

60 297 2.10 -29.5% 1.56 -47.4%

80 4.32 3.03 -29.9% 2.20 -49.2%

Tab. 4 - Steel Bar Stress Results Before and After Reinforcement (MPa)

Calculated Steel Bar Stress

Load Strengthened Strengthened
KN | Unstrengthened prestr\gggez steelye DifferZﬁ::Ceez})}oa) prest\r,\gg;;dz steel Dli:f>feerrceenr2:§("(’a/o)
strands strands
10 -1.02 5.76 -664.7% 6.25 -712.8%
20 -4.37 3.27 -174.8% 5.37 -222.9%
40 -6.28 -0.13 -97.9% 2.64 -142.1%
60 -14.36 -5.08 -64.6% -1.73 -88.0%
80 -22.59 -11.08 -51.0% -5.65 -75.0%

From Table 3 and Figure 25, it can be seen that when the load is 20kN, the compressive
stress at the top edge of the 8 prestressed steel strand reinforced beam is 0.23 MPa, which is 83.3%
lower than that of the un-reinforced beam, indicating that the application of prestress reduces the
tensile stress generated at the top edge during the loading process and thereby lowers the top edge
pressure. The tensile stress of the top edge concrete of the 12 prestressed steel strand reinforced
beams is -0.12 MPa, indicating that with the increase in the number of prestressed steel strands, the
tensile stress of the top edge concrete increases, but it is still under tension at this time. When the
load is 80kN, the compressive stress of the 8 prestressed steel strand reinforced beams is 3.028MPa,
which is 29.9% lower than the compressive stress of the top edge concrete of the un-reinforced
beam. The compressive stress of the top edge concrete of the 12 prestressed steel strand reinforced
beams is 19.3% lower than that of the 8 prestressed steel strand reinforced beams, indicating that
with the increase in the number of prestressed steel strands, the compressive stress at the top edge
decreases.
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From Table 4 and Figure 26, it can be seen that when the load is 20 kN, the tensile stress of
the unreinforced beam is -4.37 MPa, and the bottom edge compressive stress of the 8 prestressed
steel strand reinforced beams is 3.27 MPa. This indicates that the application of prestress causes
compressive stress at the bottom edge of the beam. The compressive stress of the bottom edge of
the 12 prestressed steel strand reinforced beams is 48.1% higher than that of the 8 prestressed steel
strand reinforced beams, indicating that as the number of prestressed steel strands increases, the
compressive stress at the bottom edge increases. When the load is 80 kN, the tensile stress of the
8 prestressed steel strand reinforced beams' steel bars is -11.08 MPa, which is 51.0% lower than
that of the unreinforced beam. The tensile stress of the bottom edge steel bars of the 12 prestressed
steel strand reinforced beams is 24.0% lower than that of the 8 prestressed steel strand reinforced
beams, indicating that as the number of prestressed steel strands increases, the compressive stress
at the top edge decreases.

In order to clearly understand the improvement effect of the beam reinforced with bonded
prestress, studies were conducted on the unreinforced beam, the beam reinforced with 8 prestressed
steel strands, and the beam reinforced with 12 prestressed steel strands. The mid-span section was
simulated using solid elements and the calculated values were compared with the theoretical values
based on material mechanics under loads of 10kN, 20 kN, 40 kN, 60 kN, and 80 kN. The crack width
before and after reinforcement are shown in Figures 25 and 26.
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Tab. 5 - Crack Width Before and After Reinforcement (mm)
Calculated Steel Bar Stress
Load Stren%}hgned Stren_?htr;ezned 5 t
kN wi Percenta wi ercentage
Unstrengthen prestressed steeljge Difference (%)Prestressed steel|  Difference (%)
strands strands
10 0 0 / 0 /
20 0 0 / 0 /
40 0.03 0 -100% 0 -100%
60 0.07 0.02 -71.4% 0 -100%
80 0.15 0.06 -60.0% 0.04 -73.3%
100
80 4
60 H
é 40 4
e}
g 20
04 #—mas——a
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Fig. 27 — Crack width under different loads

From Table 5 and Figure 27, it can be seen that when the load is 20kN, Neither the reinforced
beams nor the un-reinforced beams showed any cracks, indicating that the beams were still in the
elastic working stage at this point. When the load is 40kN, the crack width of the unreinforced beam
is 0.03mm, while the reinforced beam does not crack. When the load is 60kN, the crack width of the
unreinforced beam is 0.07mm, and the crack width of the 8 prestressed steel strand reinforced beam
is 0.02mm, while the 12 prestressed steel strand reinforced beams do not crack. When the load is
80kN, the crack width of the unreinforced beam is 0.15mm, the crack width of the 8 prestressed steel
strand reinforced beam is 0.06mm, and the crack width of the 12 prestressed steel strand reinforced
beam is 0.04mm, indicating that the prestressed steel strand reinforcement can effectively delay the
appearance of cracks and limit the expansion of cracks.

STRESS ANALYSIS OF REINFORCED BEAMS

For components that have been reinforced by certain means, when considering the combined
section bearing live loads, and fully taking into account the effect of the added reinforcing materials,
the calculation of the section stress should still be based on the cracked section of the component.
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The calculation of the section stress is to calculate the geometric characteristic values of the
converted section of the combined section after reinforcement based on the cracked section, and
then calculate according to the relevant formulas in material mechanics. Finally, the stress calculated
at each stage needs to be superimposed to obtain the final result.

According to the force analysis, the concentrated load and the bending moment caused by
the live load generated by the prestressed reinforcement will increase the compressive stress in the
compression zone at the top of the original beam, while the bending moment generated by the
prestressed reinforcement will reduce the compressive stress in the compression zone. The
concentrated load and the bending moment generated by the prestressed reinforcement will reduce
the tensile stress of the main reinforcement of the original beam, while the standard value of the
bending moment caused by the live load will also reduce the tensile stress of the main reinforcement.
Stress calculation diagram for the main section is shown in Figure 28. Strain calculation diagram for
the main section under the ultimate state is shown in Figure 29.
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Fig. 28 — Stress calculation diagram for the main section

After the reinforcement of the beam with load, both the stress and strain will change. To
simplify the calculation, the final strain is divided into two parts: before reinforcement and the ultimate
state. € is taken as the strain increment of the concrete compression zone at the upper edge from
before reinforcement to the ultimate state, and ¢s; is taken as the strain increment of the main
reinforcement of the original beam from before reinforcement to the ultimate state. The stress
calculation diagram of the reinforced beam under the ultimate state is shown below.
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Fig. 29 Strain calculation diagram for the main section under the ultimate state:
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In the formula:

er— Strain after adding prestressed reinforcement;

oe.on— Control of prestressed reinforcement tensioning for controlling prestress;

or — The stress of the post-installed reinforcement in the ultimate state;

Er — The elastic modulus after adding reinforcing bars;

hp — The distance from the combined action point of the prestressed reinforcing bars
to the compressive edge of the section.

CONCLUSION

This paper introduces a numerical analysis methodology for finite element simulation of
bonded prestressed reinforcement systems, analyzing the stress distribution in post-strengthened
beams under varying load levels and comparing results with theoretical solutions from mechanics of
materials. The key conclusions are summarized as follows:

(1) ANSYS enables accurate simulation of bonded prestressed reinforcement systems,
particularly in beam end anchorage zones where complex stress states exist. Classical mechanics
of materials theories often lack precision in such regions due to localized stress concentrations,
necessitating the use of solid element modeling for detailed analysis at beam end sections.
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(2) When the calculated section approaches stress neutralization (0.1 MPa tension to -0.2 MPa

compression), significant discrepancies arise between finite element simulation results and
theoretical predictions. This phenomenon stems from the complex stress redistribution occurring at
sectional edges during neutralization transitions, where conventional theoretical assumptions fail to
capture localized stress variations.

(3) At mid-span sections under non-neutralized stress states, solid element simulations and
theoretical calculations demonstrate good agreement. For routine engineering design where
sections operate away from neutralization conditions, classical mechanics of materials theories
provide sufficiently accurate results with acceptable computational efficiency.
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