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Rapidinfrastructure expansion in emerging economies is increasing construction-related carbon emissions.
Using a probabilistic assessment of 52 planned bridges on Pakistan’s M-13 Motorway, the average carbon
emission intensity (CEl) is 1,430 kg CO,eq per square meter, 1.15 to 1.50 times higher per m? of deck
area than international benchmarks. The raw material (extraction and production) phase dominates the
footprint (94.4%), with reinforcement (48.9%) and concrete (39.4%) as the principal material contributors;
both display high variability (coefficients of variation 67% to 130%), signaling substantial uncertainty.
Evidence points to systemic inefficiencies, including conservative overdesign, reliance on foreign codes,
and the absence of standardized local emission data. Targeted measures, structural optimization using
digital tools, wider adoption of recycling and low-carbon mixes, and development of context-specific
emission factor databases offer a scalable pathway to lower-carbon bridge infrastructure in Pakistan and
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comparable settings.

Introduction

The architecture, engineering, and construction (AEC) industry
is a substantial contributor to global environmental challenges,
accounting for over 40% of global energy consumption and
nearly 40% of anthropogenic carbon emissions [1,2]. Concrete
infrastructure alone inflicts over USD 300 billion in annual cli-
mate and health damages, posing substantial barriers to global
decarbonization efforts [3]. Within this sector, infrastructure
systems, particularly transportation networks, constitute a major
share of emissions due to the carbon-intensive nature of material
production, construction activities, and long-term operational
demands [4-7]. With global infrastructure investments projected
to exceed $90 trillion by 2030, the integration of sustainable
design principles has become an urgent necessity rather than a
discretionary practice [8]. Notably, efficiency gains in the built
environment alone could cut U.S. energy-related CO, by 6% to
11% and PM, ; by 18% to 25% by 2050 [9,10]. Simultaneously,
as global temperatures rise, many regions, including Pakistan,
are encountering conditions that exceed the “human climate
niche”, a range of environmental conditions historically condu-
cive to human health and well-being [11]. This shift poses sig-
nificant risks to human health, labor productivity, and overall
societal stability, underscoring the imperative for climate-resilient
infrastructure planning and development [11,12].
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In Pakistan, rapid urbanization and economic growth have
driven unprecedented infrastructure investment, with bridge
construction emerging as a cornerstone of transportation expan-
sion [13]. While this development has enhanced connectivity and
facilitated energy access, it has concurrently driven up per-capita
emissions as communities adopt more energy-intensive services
[14]. Yet, this progress comes at an environmental cost: The coun-
try’s reliance on foreign design codes, inconsistent material qual-
ity, and conservative engineering practices have led to systemic
overdesign, a phenomenon where structures are built with
excessive material reserves beyond safety requirements [15,16].
Consequently, these overdesigned structures inflate embodied
carbon and constrain livelihood adaptation, highlighting their
far-reaching social and environmental impacts [17]. Studies indi-
cate that concrete mixtures in Pakistani bridges are overdesigned
by 25% to 36%, mirroring trends observed in other develop-
ing economies [18]. As a result, material consumption surges,
amplifying embodied carbon emissions and running counter to
Pakistan’s Paris Agreement commitments [19]. Ultimately, achiev-
ing international climate targets hinges on decarbonizing infra-
structure development at scale.

We hereby undertake the investigations on refined quantitative
analysis of carbon emissions of Pakistan's recent large-scale bridge
construction to illustrate the problems in Pakistan’s engineering
practice and further to identify the potential solutions. Bridge
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construction, widely distributed in recent years in Pakistan as a
sign of rapid development, presents unique carbon accounting
challenges due to structural complexity, site-specific design varia-
tions, and supply chain opacity. Unlike standardized buildings,
bridges require customized foundations and reinforcement sys-
tems sensitive to terrain, river hydrology, and seismic conditions
[20,21]. These factors intersect within Pakistans fragmented data
landscape where localized emission factors are scarce, and envi-
ronmental oversight operates in silos, mirroring the institutional
fragmentation common to rapidly urbanizing Global South
regions [22], and are further compounded by cross-border material
sourcing and lifecycle inventories that lack sufficient granularity.
Consequently, traditional carbon assessment methods face 3 criti-
cal limitations [23,24]. First, process-based life cycle assessments
(LCAs) often exclude upstream emissions, such as those associated
with imported steel, due to ambiguities in defining system bound-
aries [25,26]. Second, input-output (I0) models rely on broad
sectoral averages that obscure the project-specific material intensi-
ties inherent to bridge construction [27,28]. Such aggregation has
been shown to conceal critical regional trade-offs and erode local
design flexibility in net-zero energy system planning [29]. Third,
hybrid methods, though theoretically comprehensive, underper-
form in low-data contexts like Pakistan due to inconsistent report-
ing and reliance on unvalidated assumptions [30]. Together, these
methodological constraints risk systematically underestimating
carbon emissions from complex infrastructure projects, thereby
undermining the effectiveness of decarbonization strategies and
policy interventions. In light of these limitations, infrastructure
case studies using Monte Carlo show that site conditions and
operational choices can materially shift net emissions, reinforcing
the need for location-specific, probabilistic accounting [31].

To overcome the limitations of conventional carbon account-
ing in data-sparse settings, this study proposes a probabilistic
semiquantitative framework specifically designed for low-data
environments. Traditional deterministic process-based LCA can
be constrained by incomplete and nonuniform life cycle inven-
tory (LCI) data and inconsistent system boundaries, while IO
and hybrid approaches may rely on highly aggregated sector
averages or require extensive harmonization that is difficult to
achieve where local inventories are scarce [32]. These issues are
particularly relevant in Pakistan; for example, cement-sector
data remain limited and heterogeneous [33], and emission fac-
tors can vary substantially across plants due to differences in
clinker content, kiln efficiency, and fuel mix, within a coal-
intensive production context. Departing from deterministic
LCAs, the proposed framework explicitly incorporates uncer-
tainty along 2 critical dimensions. First, material emission fac-
tors are characterized using Monte Carlo simulations (MCSs)
informed by global datasets, calibrated to reflect regional energy
profiles, such as Pakistan’s coal-intensive cement production
mix. Second, design variability is captured through sensitivity
analyses of overdesign parameters, including excess concrete
strength margins. To facilitate meaningful comparisons across
projects and infrastructure types, we introduce carbon emission
intensity (CEI) (e.g., kg CO,eq/m). Moreover, reliance on
imported materials introduces additional variability in material
pathways, further compounding life cycle emissions uncertainty.
Overall, the framework provides a rigorous and adaptable meth-
odology for enhancing the accuracy of carbon assessments in
complex infrastructure systems.

This study advances infrastructure carbon accounting by inte-
grating probabilistic modeling with region-specific data quality
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indicators (DQIs), offering a more nuanced and context-aware
approach to emission estimation. However, existing infrastruc-
ture carbon assessments, particularly in data-scarce regions,
often rely on deterministic point emission factors and do not
systematically propagate parameter uncertainty or account for
variability in data quality and imported material pathways, limit-
ing the trustworthiness of their conclusions. By systematically
addressing uncertainties in emission factors and material sourc-
ing, the proposed framework enables comparative assessments
of carbon efficiency across diverse infrastructure types and
design configurations. Our investigations unveil the pressing
need to recalibrate Pakistan’s engineering standards specifically
to reduce dependency on prescriptive foreign codes, enhance the
resolution and reliability of localized material emission databases,
and implement transparent reporting mechanisms for imported
construction materials. These policy transformations are critical
to aligning national infrastructure development with global
decarbonization goals while ensuring structural resilience in the
face of regional environmental and geotechnical conditions.

Results

Comprehensive uncertainty analysis of carbon

emissions factors

The M-13 Motorway Corridor (117 km, Kharian-Rawalpindi),
as one of the latest critical transportation projects in Pakistan,
is taken here for assessing life-cycle carbon emissions. Com-
prising 52 prestressed concrete (PSC) structures, 26 major
bridges, and 26 overpass bridges, spanning varied geotechnical
conditions, the project integrates advanced engineering solu-
tions, including deep-pile river crossings and shallow floodplain
foundations, and conforms to both national and interna-
tional design standards. As Pakistan’s first large-scale motor-
way developed under a public-private partnership (PPP) and
a build-operate-transfer (BOT) model, the M-13 exemplifies
the adoption of modern construction technologies, innova-
tive materials, and sustainability-focused design practices. The
52 PSC structures along the motorway employ a uniform super-
structure of prestressed I-girders and a reinforced concrete (RC)
substructure, with concrete and reinforcing steel being the prin-
cipal material inputs. The carbon intensities associated with
these materials are modeled not as deterministic values but as
probabilistic distributions, aiming to capture variability in global
supply chains and production processes.

Figure 1 and Table 1 illustrate the empirical distributions of
carbon emission factors (CEFs) across key bridge construction
materials. The vertical span of each violin reflects the observed
spread in emission factors for each material, enabling direct com-
parison of relative variability across inputs. Structural concrete
exhibits relatively narrow normal distributions, with variability
confined to +20% around the mean, whereas reinforcing and
prestressing steels follow broader log-normal distributions,
indicative of greater uncertainty. For instance, Grade-60 reinforc-
ing steel displays a 5th to 95th percentile range that is nearly 3
times the mean value (151.56 to 474.07 kg CO,eq/m’ for concrete
D2; Table 1), whereas structural concrete demonstrates a rela-
tively stable range of +20% around the mean. This variability
primarily reflects heterogeneity in production methods and
energy sources, material specifications and quality control, trans-
port logistics and haul distances, on-site equipment deployment,
and the system boundaries defined in the underlying inventories.
These disparities underscore the impact of fragmented supply
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Fig. 1. Distribution of CEFs across typical materials used in bridge construction. The
plot illustrates the range, density, and spread of emission data for each material,
highlighting uncertainty and variability across inputs. The range in the plot represents
the CEFs of each material, normalized to a common scale for comparison (Data S1).

chains, inconsistent recycling practices, and regional manufac-
turing variations on material-level carbon footprints.

These results yield 2 critical insights. First, the carbon footprint
of infrastructure systems is intrinsically uncertain, underscoring
the need for assessment frameworks that explicitly quantify uncer-
tainty to avoid systematic underestimation of emissions. Second,
the greatest sources of variability in carbon estimates stem from
materials embedded within globalized supply chains, such as steel
and polymers, whereas locally sourced aggregates such as sand
and gravel exhibit relatively stable and predictable emission pro-
files. This pronounced uncertainty, particularly in emission factors
for globally sourced materials, highlights a critical data gap, char-
acterized by a lack of localized emission databases and systematic
emissions monitoring in Pakistan, which significantly amplifies
uncertainties in carbon accounting. Enhancing the precision
and reliability of carbon accounting in large-scale infrastruc-
ture projects therefore requires targeted interventions, includ-
ing improved supply chain transparency, the strategic substitution

Table 1. Statistical result of carbon emission factors for construction materials (Supplementary References). The table presents the mean,
SD, emission factor range, and 90% confidence interval (Cl) for each material. Units vary by material type (e.g., per cubic meter, per kilo-
gram, per meter, per liter, or per megajoule), reflecting the diverse sources and usage forms. These data support accurate carbon assess-
ments and highlight the variability and uncertainty associated with each material's emissions.

Material Unit Mean SD Carbon emission factor range ~ 90% confidence interval (CI)
Concrete D2 kg COZeq/m3 332.978  70.147 151.56-474.07 188.59-468.43
Concrete Al kg COpeq /m® 280.542  55.575 132.8-392.91 155.13-398.37
Concrete A3 kg COpeq /m’ 237995 38918 125.98-305.72 163.91-307.71
Lean concrete kg COpeq /m? 209552  74.561 103.2-365.51 114.89-323.22
Reinforcement G60 kg COy, /kg 1.785 0.844 0.35-3.84 0.37-3.26
Reinforcement ASTM-A-36 kg COy, /kg 2.517 0.676 1.38-4.16 1.41-3.83
Prestressing strands kg CO4q /kg 2.189 1.309 0.66-5.64 0.7-4.65
PVC kg COpeq /m 2.000 1.216 0.32-5.37 0.38-3.62
Gl pipes kg COpeq /m 0.273 0.279 0.0088-0.84 0.02-0.67
Bearing pad kg COpeq /em® 0.006 0.003 0.00197-0.007847 0-0.01
Bitumen kg COy, /kg 0.085 0.086 0.0375-0.45 0.02-0.21
Steel pipe lining kg COgeq /m 1.694 0.813 0.35-3.91 0.35-3.05
Neoprene kg COpeq 7kg 0.016 0.010 0.0013-0.0393 0.01-0.04
Diesel kg COpeq /L 2.621 0.628 041-3.24 14-3.86
Excavation kg COpeq /m? 3.976 4141 0.024-16.65 0.32-10.57
Backfill kg COyq /m® 3.146 3.868 0.0175-13.62 0.3-89
Piles kg COpeq /m 108.071  38.834 38-222.5 40.92-175.86
Rip rap kg COpeq /m? 8.663 8.277 3.11-28.68 3.31-24.87
Aggregate kg COpeq /m? 9.928 10.571 1.27-45.9 2.47-29.31
Sand kg COyq /m? 8.782 10.964 0.8-51.8 1.25-2711
Electricity kg COpeq /MJ 0.194 0.122 0.0016-0.74 0.03-041
Water kg COpq 7kg 0.003 0.006 0.0001-0.031 0-0.02
Formwork kg COpeq /m? 5.092 8.862 0.33-45.7 0.38-22.06
Polypropylene kg COy, /kg 3.078 2.759 1.34-12.72 0.68-7.99
Polysulfides kg COy, /kg 1753 1.801 041-5.7 0.38-5.27
Natural gas kg COgeq /MJ 0.291 0.298 0.0513-0.75 0.02-0.67
Petrol kg COpeq /L 2438 0418 1.43-3.16 1.58-3.14
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of high-uncertainty materials, and the development of regionally
calibrated emission-factor databases.

Refined quantitative analysis of carbon emissions
Definition of structural characteristics, including height, pier
height, and foundation complexity, plays a crucial role in the
carbon emissions of bridge and overpass construction. Taller
and more intricate structures, for example, necessitate greater
material volumes, thereby increasing embodied carbon. The
majority of emissions arise during the raw material extraction
and production phase, a stage characterized by considerable
variability. MCSs yield a total emission mean of 204.01 x 10®kg
CO,eq, with a 90% confidence interval ranging from 114.04 x 10°
to 293.80 x 10° kg CO,eq, highlighting substantial variability
in the results. A detailed sample calculation for a representative
bridge is provided in Data S2.

Carbon emissions of bridges are heavily influenced by struc-
tural characteristics. For instance, Bridge-11 and Bridge-12 are
both 240 m in length; however, their carbon emissions differ sig-
nificantly, with Bridge-11 having a mean emission of 40 X 106 kg
CO,eq and Bridge-12 rising to 57 x 10° kg CO,eq. This increase
can be attributed to Bridge-12’s greater height, which requires addi-
tional construction materials. Similarly, Bridge-19 and Bridge-20,
though identical in length (240 m), show a marked difference in
emissions, 22.4 x 10¢kg CO,eq for Bridge-19 versus 58.7 x 10¢kg
CO,eq, suggesting that foundation depth and pier design signifi-
cantly impact embodied carbon. These emission variations are
visually illustrated in Fig. 2A, which highlight how structural fea-
tures beyond length contribute to carbon intensity.

For overpass bridges, i.e., flyovers (Fly), carbon emissions
follow a similar trend, where features such as length, pier
height, and the number of lanes significantly impact the total
emissions. For example, Fly-19 and Fly-20, both 60 m in length,
demonstrate different emission profiles due to variations in
their design (see Fig. 2B). Fly-19, which includes more lanes
and a higher pier height, has a mean emission of 71.5 X 10° kg
CO,eq, whereas Fly-20, with fewer lanes and a lower pier
height, shows a lower mean emission of 42.5 X 10° kg CO,eq.
This trend is further illustrated by Fly-12 and Fly-15, both 60 m
long, yet differing in carbon intensity: Fly-12 generates 33.8 X
10° kg CO,eq, while Fly-15 reaches 42.4 x 10° kg CO,eq. All
flyovers on the M-13 corridor are 2-lane structures with a uni-
form pier height of 7 m, except Fly-19 (22-m deck length) and
Fly-26 (15.5-m deck length). These structural parameters con-
firm that substructure height and superstructure span, even
with consistent lane capacity, significantly influence embodied
carbon variability. These disparities underscore that structural
parameter beyond horizontal length, particularly pier height
and deck width, play a dominant role in shaping the carbon
footprint of overpass bridges. The findings reinforce the need
for emissions accounting frameworks that incorporate design-
specific attributes rather than relying solely on length-based
estimation methods.

While such differences may be structurally justified, the
degree of variation, particularly among bridges with similar
functional requirements, suggests that material usage is not
always proportionally aligned with design necessity. This raises
the possibility that conservative safety factors due to a lack of
a knowledge base or insufficient site investigations, limited use
of optimization tools, or lack of performance-based design
approaches may contribute to excessive material specifications
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Fig. 2. Carbon emission distribution of bridges along the project route. (A) Map and
boxplot showing the life cycle carbon emissions (kg CO,eq) of bridges along the M-13
Motorway from Kharian and Rawalpindi. Each bridge (Br-01 to Br-26) is marked on
the route map. (B) Map and boxplot showing the life cycle carbon emissions (kg
C0,eq) of overpass bridges along the M-13 Motorway from Kharian to Rawalpindi.
Each overpass bridge (Fy-01 to Fy-26) is marked on the route map. Boxplots display
emission ranges with corresponding bridge lengths (in meters), and red error bars
indicate uncertainty (Table S1).

in some cases. As such, these patterns may indicate instances
of structural overdesign [34], a consideration further examined
in the discussion.

Carbon emissions of bridge construction can be evaluated
across 3 key activity phases: raw material (extraction and produc-
tion), transportation, and construction (Fig. 3A). Among
these, the raw material (extraction and production) phase
emerges as the dominant contributor, accounting for approxi-
mately 94.4% of total emissions. MCSs estimate a mean emission
0f 193.25 x 10° kg CO,eq for this phase, with a wide uncertainty
range spanning from 69.38 x 10° to 293.80 x 10° kg CO,eq and
an SD of 68.69 x 10° kg CO,eq, underscoring its critical role in
overall emission variability. The construction phase generates
9.45x 10%kg CO,eq on average, which accounts for 4.6% of total
emissions. The assessed CO,eq emissions for this phase range
from 4.22 x 10° kg CO,eq to 16.94 x 10° kg CO,eq, with an
SD of 4.17 x 10 kg CO,eq, indicating better emission control
than in the raw material (extraction and production) phase. The
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highlighting the spread and uncertainty in each phase (Data S3).

transportation phase accounts for only 0.9% of the total emis-
sions. Emissions from transportation are notably lower, with
an average emission of 1.91 x 10® kg CO,eq, ranging from
0.59 X 10° kg CO,eq to 2.64 x 106 kg CO,eq, and a slight SD of
approximately 0.60 X 10® kg CO,eq, reflecting relatively low
uncertainty in the transportation emissions. Another perspective
on emission uncertainty is afforded by Fig. 3B, which reveals the
extent of variability within each activity phase. The width of the
distribution for each phase illustrates the relative spread of simu-
lated outcomes, with broader distributions indicating greater
uncertainty. Notably, the raw material (extraction and produc-
tion) phase exhibits the widest spread, while the construction
and transportation phases display comparatively narrower
distributions.

Using MCSs, the analysis yields a mean estimate of 204.0 X
10° kg CO,eq for total embodied carbon emissions, with values
ranging from a minimum of 1.56 X 10% kg CO,eq to a maximum
of 447.24 X 10°kg CO,eq. The 90% confidence interval spans from
114.04 x 10° to 293.80 x 106 kg CO,eq, highlighting substantial
variability in the emission estimates. This uncertainty in emissions
is further illustrated (Fig. 4)., which presents the full distribution
of stochastic simulation outputs, offering a comprehensive visual
depiction of emission variability across the project scope.

Environmental impact assessment

The environmental impact assessment of the M-13 Motorway
project, as illustrated in Fig. 5A to C, reveals that concrete and
reinforcement materials are the principal sources of carbon emis-
sions, collectively accounting for 88.3% of the project’s total emis-
sions. Specifically, 48.9% of the emissions are attributed to
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spread of the data, while the cumulative percentage curve and distribution curve
illustrate the probabilistic behavior of emission outcomes (Data S3).

reinforcement, while 39.4% are from concrete and the remaining
11.7% is contributed by other materials (Fig. 5B). This under-
scores the dominant role of concrete and reinforcement in the
carbon footprint of large-scale infrastructure. A further break-
down (Fig. 5C) shows that within the concrete and reinforcement
category, G60 reinforcement is the largest single contributor,
responsible for 50.1% of emissions. Concrete A3 and concrete D2
follow, contributing 24.8% and 18.3%, respectively. Prestressing
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Fig. 5. Material-wise and type-wise carbon emissions in the M-13 motorway project
and comparative material intensity per unit area. (A) Project-wide material inventory
by embodied carbon share shows concrete and reinforcement as the dominant
contributors. (B) Dominant contributions of reinforcement and concrete, with all
other materials aggregated. (C) Detailed breakdown of individual concrete and
reinforcement types. (D) Comparison of concrete and reinforcement intensity per
unit area for the M-13 Motorway and 3 reference concrete bridges (Karsalan Bridge
1, Karsalan Bridge 2, and Donggou) (see Table S22).

strands account for 5.3%, while concrete Al adds another 1.5%.
Other concrete and reinforcement types contribute a negligible
0.1% overall. The comparative assessment of material intensity
(Fig. 5D) reveals that the M-13 Motorway utilizes substantially
greater quantities of both concrete and reinforcement per unit
length of structure than the 3 international reference bridges.
Specifically, the motorway section consumes approximately
4.67 tons of concrete and 0.47 tons of reinforcement per square
meter, compared to 1.27 to 1.35 tons of concrete and 0.20 to
0.22 tons of reinforcement for Karsalan Bridges 1 and 2, and
just 2.18 tons of concrete and 0.14 tons of reinforcement per
square meter for the Donggou Bridge. These stark differences
underscore not only the disproportionate contribution of specific
material categories to total carbon emissions but also a pro-
nounced dependence on primary, carbon-intensive resources,
with minimal integration of recycled or low-carbon alternatives.
Consistent with Figs. 3 and 5, model sensitivity concentrates on
raw material drivers, i.e., reinforcement and concrete emission
factors and quantities, which together explain the bulk of output
variability; transportation and construction terms contribute
comparatively little to variance at the project scale.
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This elevated material demand may reflect heightened struc-
tural or durability requirements in the M-13 context; however,
the magnitude of excess suggests a broader tendency toward
material overuse. This is likely exacerbated by conservative
design practices, limited use of optimization tools, and an
absence of effective frameworks for sustainable material sub-
stitution. The continued reliance on conventional high-carbon
cement formulations and the low adoption of innovative, low-
impact materials further amplify the project's embodied carbon
footprint. In parallel, typology also matters: Different bridge
types carry different material intensities and fabrication routes,
steel/composite systems are typically higher upfront, PSC is
intermediate, and RC slabs tend to be lower, although high piers
and heavy foundations can outweigh these typology differences.
Collectively, these patterns highlight systemic inefficiencies in
material utilization and emphasize the urgent need to improve
material efficiency in future infrastructure developments.

CEl of transportation infrastructures

This study addresses the challenge of benchmarking carbon effi-
ciency by analyzing CEI, measured as emissions per functional
output of deck area (i.e., kg CO,eq/m’). The analysis covers 4
international transportation infrastructure case studies alongside
the M-13 Motorway. To make a fair comparison, this study
focuses on RC structures. The benchmark set includes 4 inter-
national transportation infrastructure case studies selected to
enable like-for-like comparison with RC structures; these include
the Karlsnds Bridges in Sweden [35], the Donggou Bridge in
China [36], the Tuochuan Tunnel in Jiangxi, China [37], and the
M-13 Motorway in Pakistan. This comparative approach enables
a more nuanced understanding of carbon efficiency across
diverse transportation infrastructure systems. To address the
benchmarking challenge, this study explicitly distinguishes bet-
ween structurally comparable and structurally dissimilar refer-
ence projects. The primary benchmarks for the M-13 bridges are
the reinforced and PSC highway bridges (Karlsnis Bridges 1 and
2, and the Donggou Bridge), which are closest in terms of func-
tional role, span range, deck width, and dominant material com-
position. Other international cases, such as the Tuochuan Road
Tunnel and the Quincy Bayview steel cable-stayed bridge, are
included only as contextual reference points to illustrate the
wider CEI-cost space; they are not treated as like-for-like struc-
tural comparators because their excavation volume, structural
systems, and material intensity profiles differ fundamentally
from surface RC/PC (prestressed concrete) highway bridges.

A comparative analysis of the M-13 Motorway’s environmen-
tal performance, as presented in Fig. 6, benchmarks its CEI and
cost efficiency against diverse infrastructure typologies, includ-
ing RC bridges and tunnels. The results reveal that the M-13
Motorway exhibits significantly higher CEI than its global coun-
terparts, alongside substantial cost inefliciencies. For instance,
while projects such as the Donggou Bridge and the Tuochuan
Tunnel demonstrate optimized carbon performance relative to
their scale and functional requirements, the M-13 project’s emis-
sions far exceed these benchmarks. This discrepancy highlights
underlying inefficiencies in material utilization, shortcomings in
construction methodologies, and vulnerabilities in supply chain
sustainability across Pakistan’s infrastructure sector. The project
exhibits a CEI of1.43 X 10°kg CO,eq/m’, coupled with an associ-
ated cost of approximately USD 0.28 million per square meter.
In comparison, RC bridges such as Karlsnis Bridge 1 and Karlsnis
Bridge 2 show lower emission levels of 0.88 x 10° kg CO,eq/m’
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Fig. 6. Comparison of CEl and total cost intensity between the RC bridges of the M-13 Motorway project (Pakistan) and the counterparts in other countries. (A) Global map
displaying annual CO, emissions for 2023 by country, highlighting the geographical distribution of carbon outputs with particular emphasis on regions containing major
infrastructure projects [83]. (B) Regional map of the M-13 Motorway project, illustrating the spatial distribution of carbon intensive bridges (Br) and overpass bridge (Fly) within
the study area. (C) Multi-dimensional benchmarking of CEl (x10° kg CO,eq/m?) and total cost intensity (x10° $/m?) of the M-13 Motorway project against global transport
infrastructure (Table S3). (D) Comparison of CEl of those RC bridges [the results of M-13 Motorway (Pakistan) are scaled to 1].

and 0.94 X 10° kg CO,eq/m’, respectively. The Donggou Bridge
demonstrates the highest carbon eﬂic1ency among the analyzed
structures, with a CEI of only 1.13 X 10> kg CO,eq/m’, while
the Tuochuan Tunnel records a moderately higher value of
1.72 x 10% kg CO,eq/m”. By contrast, the Quincy Bayview
Bridge (USA steel superstructure) reports a CEI of 0.67 x 10% kg
CO,eq/m’ but a notably higher cost intensity of USD 3.94 million
per square meter, indicating that lower carbon intensity does not
necessarily correspond to lower expenditure. From the detailed
material breakdown and sample bridge calculations, it is evident
that the superstructure, particularly the PSC girders and 6-lane
deck configuration, constitutes the most carbon-intensive com-
ponent, while substructure variation (e.g., pier height and foun-
dation type) further explains part of the CEI difference across
bridges. However, differences in geotechnical conditions (e.g.,
deep alluvial foundations on the M-13 corridor versus shal-
lower or rock foundations in some benchmarks), pier height, and
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local seismic and hydraulic demands limit a strict one-to-one
comparison of CEI values. The international cases are therefore
interpreted as defining a plausible efficiency band rather than
exact design targets for the M-13 bridges.

These findings are based on quantitative comparisons between
the M-13 inventory and international bridge datasets (Karlsnas,
Donggou, Tuochuan, and Quincy Bayview). The comparison
indicates that Pakistan’s elevated emission intensity stems pri-
marily from uncoordinated policy specifications and fragmented
data governance rather than structural necessity. Table 2 maps
design, material, and procurement choices to their respective
carbon consequences, illustrating how inconsistent specifications
amplify material quantities and emission factors. The wide gap
between the M-13 Motorway and its international counterparts
underscores systemic inefficiencies arising from policy fragmen-
tation and highlights the need to integrate carbon-cost optimiza-
tion within Pakistan’s infrastructure planning framework.
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Table 2. Policy-related practices and gaps. Summary of current approaches and associated CO, implications.

Area What the project used What is missing/contradictory  How this raised CO,
Design code Foreign code w/0 local calibration ~ No local load factors Higher rebar/cover — more steel
Concrete spec No SCM/low-carbon requirement ~ No EPD/SCM clause High-clinker mixes — more CO,
Procurement Lowest price only No carbon criterion No incentive to pick low-EF suppliers
Recycling No recycled content target No rebar/asphalt RAP spec All-virgin materials
EF data Generic averages No localized EF database Conservative EFs

Discussion overdesign, contributing significantly to embodied carbon inef-

Key driver of carbon inefficiency in Pakistan’s

large-scale bridge

We critically evaluate the carbon efficiency of the M-13
Motorway bridges using a probabilistic LCA. Our investigations
address the carbon inefficiencies in Pakistan’s large-scale bridge
construction. The M-13 Motorway project’s CEI is evaluated as
1.43 x 10%kg CO,eq/m” on average, which significantly exceeds
those of the counterparts (RC bridges) in other countries. Our
investigations show that the extraction and production of raw
materials constitute the predominant sources of emissions, with
concrete (concrete A3, concrete D2, and concrete A) and rein-
forcement steel (reinforcement G60 and prestressing strands)
accounting for 42.67% and 48.67% of total emissions, respec-
tively. Building on this, the probabilistic Monte Carlo analysis
confirms that the same materials also dominate the uncertainty
in total emissions. Perturbations of G60 reinforcement and
structural concretes (A3 and D2) together explain the vast
majority of output variance, mirroring their combined 88%
share of mean embodied emissions. G60 reinforcement alone
is responsible for roughly half of both mean emissions and mod-
eled variance, while uncertainties in concrete emission factors
and quantities account for most of the remaining spread. This
concentration of impact and uncertainty in a small group of
materials indicates that targeted interventions on structural
steel and concrete will deliver far greater carbon reductions than
diffuse, nonspecific mitigation efforts. These results collectively
underscore the material-intensive character of current infra-
structure design paradigms in Pakistan. These material intensity
insights point toward embedded inefficiencies across the design,
procurement, and construction spectrum, particularly in the
form of excess reliance on high-carbon materials.

This disparity is reinforced by international evidence showing
that in developing countries, engineers normally work with
overly conservative design assumptions, frequently borrowed
from foreign codes without local calibration. For instance,
UN-Habitat (2018) [38] observed that low-income countries
adopting foreign building standards often “set the bar too high’,
creating unnecessary material demands and stifling local inno-
vation. Similarly, Allwood et al. [39] reported that structural
engineers often overspecify steel by 30% to 40%, with actual
utilization in beams averaging only 50%, which is a result of
unjustified safety margins. In Pakistan, similar trends are visible;
the Khairabad Bridge, for example, was constructed with excess
concrete strength due to outdated design practices and limited
regulatory oversight [18]. Such misalignments between struc-
tural demand and material usage reflect the persistent issue of
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ficiency. This pattern is quantitatively supported by the current
study’s utilization ratios across 52 bridges on the M-13 corridor,
where average utilization ratios of 0.85 to 0.90 for decks and 0.80
to 0.85 for girders contrast with lower values of 0.70 to 0.80 for
piers and foundations, confirming a systemic tendency toward
conservative substructure design and material overuse. Structural
utilization ratios for representative bridges and flyovers on the
M-13 corridor are given in Table S4.

Additionally, despite introducing performance-based prin-
ciples in the 2021 Building Code of Pakistan (BCP-2021), the
continued use of conventional seismic methods, such as the
equivalent lateral force (ELF) procedure, exacerbates material
inefficiencies by inflating design loads and failing to account
for nonlinear performance [40]. These practices suggest a lag
in regulatory modernization and coordination, leading to
design choices that may be structurally conservative but envi-
ronmentally and economically inefficient. This observation
links directly to policy fragmentation, as the second key finding,
wherein engineering standards are still rooted in foreign codes
(e.g., AASHTO-LRFD and ASHRAE) not fully adapted to
Pakistan’s geotechnical, climatic, or economic realities [41,42].
Recent analyses show that Pakistan’s Energy Conservation
Building Code 2023 continues to import standards and material
specifications without sufficient localization, and enforcement
remains weak, a systemic issue highlighted by both academia
and industry.

Compounding these structural and policy issues is the lack of
localized environmental data. The present study demonstrates
that the largest uncertainty in carbon estimates stems from carbon-
intensive materials such as concrete and steel, products embedded
in complex, globalized supply chains. These uncertainties were
quantified using MCSs, which revealed wide variability. Pakistan
currently lacks an official emissions factor database for construc-
tion materials; as a result, assessments rely heavily on interna-
tional averages or outdated estimates. Beyond global totals,
geographically resolved studies show that damages from short-
lived co-pollutants depend strongly on where emissions occur,
strengthening the case for location-specific carbon accounting
and policy design [43]. For example, Pakistan’s cement production
emissions have not been publicly tracked beyond 2012 [44], and
the national greenhouse gas (GHG) inventory relies heavily on
Intergovernmental Panel on Climate Change (IPCC) default fac-
tors. This data scarcity impedes reliable carbon accounting and
limits the effectiveness of low-carbon strategies. These limitations
form the basis of the third finding: data gaps, particularly the
absence of regionally validated LCI data and the lack of a national
emissions monitoring framework.
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Finally, the environmental assessment of the M-13 Motorway
revealed a consistent pattern of elevated material intensity in the
M-13 Motorway relative to international benchmarks, with notice-
ably higher volumes of concrete and reinforcement deployed per
meter of structure. This trend suggests that improving material
efficiency could be a priority for subsequent design iterations and
procurement guidance. While some degree of variation may be
attributed to structural or geotechnical factors, the magnitude and
consistency of excess suggest that material use in M-13 is not pro-
portionally aligned with functional necessity. Compounding this
issue, the use of supplementary cementitious materials or recycled
aggregates remains negligible in Pakistan’s infrastructure sector
[42,45]. Studies and policy reviews confirm that green concrete
options and alternative masonry units (e.g., fly-ash bricks) are
underutilized, and that construction practices still largely depend
on virgin materials sourced through inefficient methods [46].
Taken together, the comparative assessment strongly affirms the
fourth and final key finding: material overuse, which characterizes
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the prevailing material practices observed in the M-13 Motorway
project. Based on the semi-probabilistic life cycle assessment,
we can conclude that these 4 interrelated findings (problems):
(a) overdesign, (b) policy fragmentation, (c) data gaps, and
(d) material overuse, collectively define the primary drivers of
embodied carbon inefficiency in Pakistan’s large-scale bridges
(see Fig. 7). The subsequent section will present 4 correspond-
ing intervention streams, each directly addressing one of these
findings, to establish a coherent, high-impact roadmap toward
low-carbon infrastructure.

Potential policy transformation in support of
sustainability and carbon efficiency for Pakistan’s

infrastructures

The probabilistic analysis revealed that uncertainties in concrete
and steel emission factors accounted for the largest variability in
total emissions (ranging from 67% to 130% of the mean). This
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Fig.7. Policy-oriented strategies for sustainable infrastructure development, emphasizing material innovation incentives, optimized design policies, comprehensive emissions
monitoring frameworks, and strengthened collaborative governance through industry—-government partnerships.
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quantitative evidence highlights where policy intervention is
most urgently needed, specifically in improving data reliability,
emission factor standardization, and design optimization.
Building on these findings, the broader policy context in Pakistan
reveals several systemic barriers that continue to impede low-
carbon infrastructure development. Foremost among these are
insufficient preconstruction environmental assessments and
regulatory frameworks that fail to incorporate carbon accounting
principles. Furthermore, the lack of standardized, policy-driven
educational programs aiming to promote sustainable construc-
tion practices constrains capacity building across the sector.
These policy gaps are compounded by fragmented supply chains
and outdated regulatory instruments, which together inhibit the
mainstream adoption and enforcement of low-carbon strategies.
Additionally, uncertainties in the emission factors make the
resulting total carbon emission estimates highly variable (from
67% to 130% of the mean), underscoring the policy challenges
arising from the lack of trustworthy regional data management,
unclear energy grid modes, and inconsistent material production
methodologies. These gaps are summarized in a policy fragmen-
tation matrix, which links each governance domain to its quanti-
fied impact on embodied carbon intensity along the M-13
corridor (Table 3). Addressing these issues, as emphasized by
Meckling and Karplus [47] and Grassi et al. [48], requires the
development of comprehensive, context-specific policies that
standardize carbon quantification methods, ensure the reliability

of regional data, and promote regulatory coherence across infra-
structure sectors.

Thus, the following policy transformation framework (see
Fig. 7) is recommended to embed sustainability into infrastruc-
ture policies:

Potential policy transformation I: Material innovation

Quantitative analyses of the M-13 Motorway revealed that mate-
rial overuse is the dominant source of embodied carbon inef-
ficiency, with concrete and reinforcement quantities exceeding
international benchmarks by roughly 20% to 30%. As high-
lighted in our environmental assessment, concrete and rein-
forcement collectively contribute to approximately 88.3% of
total carbon emissions associated with infrastructure develop-
ment; therefore, a 10% reduction in either their emission factors
or their material demand would translate into an approximate
9% reduction in corridor-scale embodied carbon. This directly
justifies the prioritization of low-carbon concrete and steel stan-
dards as core elements of the proposed policy transformation.
Given this dominance, material innovation must be a central
focus of policy interventions aimed at reducing the environ-
mental footprint of the construction sector. Several studies show
that policy instruments encouraging the use of recycled aggre-
gates or low-carbon concrete could be associated with substan-
tial emission reductions. Evidence from UK Crossrail indicates
that a 50% cement replacement achieved an 18.6% reduction in

Table 3. Policy fragmentation matrix linking governance gaps to embodied carbon impacts along the M-13 corridor. The table summarizes
key gap domains (design codes, material specifications, procurement practices, emission factor databases, and recycling), the Pakistan-
specific issues and resulting inconsistencies with international best practice, the mechanisms through which these gaps increase embod-
ied carbon, and their quantified impacts based on M-13 bridge data (e.g., utilization ratios, material intensities, CEl levels, and emission

factor ranges).

Key inconsistency/

Gap domain Pakistan-specific issue contradiction

Mechanism

Quantified carbon impact
(M-13 data)

Design codes Foreign codes (e.g.,
AASHTO-LRFD) uncali-

brated locally

imported ductility

Material specs No SCM/recycled
mandates

standards

BCP-2021 ELF seismic vs.

assumptions inflate loads

High-clinker mixes vs.
international SCM/EPD

Overdesign in piers/
foundations (utilization
0.70-0.80)

Locks in virgin high-EF
materials

2-4x more concrete
(4.67t/m?vs.1.27-2.18t/
m?), 2-3x rebar (0.47 vs.
0.20t/m?), CEI 1.43 x
10° kg CO,eq/m? (1.15-
1.5x benchmarks)
Concrete/rebar: 88.3%
emissions (39.4% and
48.9%), 20-30% SCM
could cut tens of 10° kg
CO,eq

Procurement Price-only, no carbon Equivalent pricing ignores  Favors high-EF cheap EF variation 67-130%
criteria EF variations in suppliers sources (steel/concrete), materials
phase 94.4% total
(193 x 10° kg CO,eq)
EF databases No local inventories, IPCC defaults vs. Pakistan ~ Wide EF ranges, conserva- ~ Concrete D2: 152-474 kg
generic global coal-cement reality tive assumptions C0,eq/m>, G60 rebar:
0.35-3.84 kg/kg, total
variability 67-130%
Recycling No recycled content Virgin-only vs. EU/ Forfeits loop savings Rebar ~50.1% emissions;

targets

Cross-rail mandates

recycled could cut
~18.6% CEI
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carbon intensity [49]. In parallel, a graphene-enhanced concrete
(“Concretene”) demonstration in Amesbury, UK, achieved 30%
lower material usage and eliminated steel reinforcement [50].

To operationalize material innovation objectives, 4 policy
levers could be considered for near-term implementation. One
option is a minimum recycled content threshold for government-
funded construction, potentially set at >20%, coupled with a
sliding-scale tax rebate of up to 15% for projects that exceed 30%
reuse. Secondly, public tendering procedures could incorporate
bonus evaluation points for bids demonstrating a minimum of
25% supplementary cementitious materials or recycled aggregate,
thereby guaranteeing demand and stimulating supplier capac-
ity. Thirdly, national development banks could underwrite low-
interest “green construction” loans, capped at 10% of project
value, for adopters of validated low-carbon mixes such as Ground
Granulated Blast Furnace Slag (GGBS) or fly-ash blends. Finally,
landfill-fee reform could differentiate charges by waste stream,
with higher fees for virgin-only concrete waste and rebates for
source-separated recycled material, internalizing waste-manage-
ment costs and rendering recycling economically advantageous.
Collectively, these instruments may leverage existing institutional
capacities and could facilitate broader adoption of recycled and
low-carbon materials.

Potential policy transformation II: Design optimization

The persistent overdesign of concrete mixtures in Pakistani
bridge projects represents a major source of embodied carbon
inefficiency and highlights a significant opportunity for optimi-
zation. To address this inefficiency, national policies could incen-
tivize, or where appropriate require, the adaptation of digital
technologies such as building information modeling (BIM) and
digital twin systems to optimize material use. International
examples demonstrate the impact of such measures: BIM man-
dates have reduced steel usage by 25% in the Shanghai Tower
[51] and At The Edge (Amsterdam), BIM-enabled smart systems
deliver 70% lower electricity use than typical offices, and the
building is net-energy-positive with a 98.36% BREEAM-NL
score [52,53]. Similarly, probabilistic digital twin models have
been shown to cut construction-related carbon emissions by up
to 43% [54]. Capitalizing on these documented efficiencies, a
staged BIM roadmap may be appropriate; for example, phased
targets by 2025, 2027, and 2030 could support progressive capac-
ity building.

Phase I (by December 2025): Mandate BIM level 1 on all
public and private infrastructure projects exceed-
ing PKR 5 million; designate 3 bridge and roadway
pilot sites to validate model-based coordination
benefits; and establish a foundational national BIM
library containing standard structural and mate-
rial components.

Phase IT (by December 2027): Launch a “BIM Engineer
Accelerator” in partnership with leading univer-
sities and the Higher Education Commission to
certify 100 practitioners; integrate a compulsory
BIM module into undergraduate civil engineering
and architecture curricula; and introduce dual-
tier national certifications for model coordination
(level 1) and parametric design (level 2).

Phase III (by December 2030): Require BIM level 2 for all

large-scale and high-risk infrastructure; codify
digital twin asset management protocols within
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the Building Code of Pakistan; expand the BIM
library to encompass MEP (mechanical, elec-
trical, and plumbing) systems and sustainabil-
ity metadata; and link permitting and payment
milestones to verified BIM deliverables.

Potential policy transformation Ill: Government and
industry collaboration

Pakistan’s fragmented regulatory environment and the absence
of carbon-focused PPP guidelines have constrained coordi-
nated action, limited industry participation, and deterred
investment in low-carbon infrastructure solutions. To acceler-
ate decarbonization, a unified policy architecture is needed to
align governmental objectives with private-sector capabilities.
Establishing clear national guidelines and incentive mecha-
nisms for public—private partnerships can strengthen industry
engagement, attract investment, and align private expertise
with national carbon reduction goals. For example, the Green
Deal “Het Nieuwe Draaien” has delivered 10% to 20% CO,
reductions through fuel switching and electrifying equipment,
supported by national tax incentives (EIA, MIA/Vamil) [55,56].
Similarly, Singapore's BCA Green Mark Scheme, a regulatory-
driven initiative, effectively increased recycled concrete use in
projects such as the Punggol Digital District [57].

To address policy fragmentation, establishing a road sustain-
ability partnership (RSP) could be explored as a coordination
mechanism, bringing together the Ministry of Communications,
the National Highway Authority (NHA), leading contractors,
material suppliers, financiers, and research institutions. Under
this arrangement, public—private partnership contracts could
incorporate explicit carbon key performance indicators (KPIs),
such as a cap on embodied carbon per lane-kilometer, and link
milestone payments to verified emission outcomes. A dedicated
100-km Green Road Demonstration Corridor would serve as a
living laboratory for recycled aggregate asphalt, BIM-driven
alignment optimization, and on-site asphalt recycling, with all
stakeholders continuously feeding real-time emissions data into
a centralized emission factor registry. Complementary financial
instruments, blended-finance guarantees, targeted tax rebates,
and an annual “Green Road” award would reward contrac-
tors who exceed defined carbon efficiency benchmarks, while
accredited certification bodies ensure rigorous, transparent
verification. By integrating clear regulatory mandates, collabora-
tive data platforms, and performance-based incentives, the RSP
framework offers a coherent, scalable blueprint for sustainable
highway networks across Pakistan.

Potential policy transformation IV: Emissions

monitoring and reporting

Given the significant uncertainties in material emissions (67%
to 130% of the mean) identified through probabilistic analysis,
real-time emissions monitoring and transparent reporting sys-
tem [e.g., using Internet of Things (IoT); blockchain-based
registries] may improve data reliability. An illustrative case is
the UK’s HS2 program. The government policy accelerated the
use of IoT sensors and other environmental measures, contrib-
uting to an overall 33.8% reduction in carbon versus baseline
[58,59]. Moreover, the European Emis-Chain project, backed
by policy-level testing and integration, demonstrated signifi-
cant capability in monitoring, reporting, and trading emissions
from transportation sectors, thereby potentially enhancing
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transparency and accountability in carbon management [60].
Additionally, national strategies should prioritize developing
region-specific carbon inventory databases. Systems such as
Brazil’s SIDAC (Information System for Environmental Per-
formance in Construction) have produced more representative
LCA results than Ecoinvent by aligning data with domestic pro-
duction contexts, while recent European studies revealed devia-
tions of up to 17% in embodied carbon when regionalized
background inventories were used instead of generic averages
[61,62]. This demonstrates that localized databases are not merely
supplemental tools but essential instruments for guiding targeted,
context-aware carbon reduction policies. To address significant
uncertainties in embodied carbon estimates and establish a trans-
parent, data-driven emissions framework, a 3-phase roadmap
could be considered over the next decade:

Phase I (2026 to 2028): Develop and validate a Pakistan-
specific Emission Factor Database using domestic
material and process data.

Phase II (2029 to 2030): Pilot IoT-enabled CO, sensors
on flagship projects and launch a cloud-based
Emissions Registry with standardized calibration
and reporting protocols.

Phase IIT (2031 to 2035): Integrate blockchain for immutable
records, mandate real-time data submission with
third-partyaudits, and introduce performance-based
incentives (tax rebates, awards) to ensure compli-
ance and drive continuous improvement.

The proposed policy transformations are designed in phased,
evidence-based stages reflecting Pakistan’s current institutional
and financial realities. Each recommendation builds upon
proven international precedents, for example, the UK Crossrail’s
material reuse targets, Singapore’s BCA Green Mark, and the
HS2 and Emis-Chain digital monitoring systems, demonstrat-
ing that similar transitions have been technically and economi-
cally achievable elsewhere. By sequencing implementation
through pilot projects, scale-up, and eventual nationwide adop-
tion, these interventions align with the country’s evolving regu-
latory and data capacities. This phased design therefore embeds
feasibility within the transformation framework, ensuring that
proposed reforms are both context-sensitive and operationally
attainable within Pakistan’s policy environment. Even so, imple-
menting institutional reforms and digital workflows (e.g., BIM)
in Pakistan will require nontrivial upfront costs, governance
alignment, and long-term skills development. A follow-on study
should therefore quantify feasibility and cost-benefit trade-offs,
propose staged deployment pathways, and define success met-
rics (e.g., BIM uptake across public procurement, contractor
training penetration, reductions in rework/material wastage,
and third-party verification of embodied carbon reductions).

In parallel with these system-level reforms, the analysis also
highlights material choice as a major driver of embodied car-
bon outcomes; however, the feasibility of material transitions
is highly context-dependent. Steel bridge construction remains
economically unfeasible at present in Pakistan due to con-
strained material resources, which is reflected in the absence
of steel bridges along the M-13 Motorway. To benchmark the
potential carbon advantages where steel is viable, an interna-
tional case study of the Quincy Bayview cable-stayed bridge in
the United States demonstrates that steel structures can deliver
superior carbon efficiency, especially in long-span applications
[63,64]. This advantage is largely attributed to steel’s high

Muhammad et al. 2026 | https://doi.org/10.34133/research.1175

strength-to-weight ratio, its recyclability, and its compatibility
with modular and prefabricated construction methods, which
collectively reduce material consumption, on-site waste, and
construction-phase emissions. The Quincy Bayview project
illustrates how prefabricated steel systems can streamline con-
struction while minimizing environmental impacts, underscor-
ing the value of integrating sustainability across all stages of
infrastructure delivery. Importantly, the sustainability advan-
tages of steel, particularly its recyclability and compatibility
with modular disassembly, are realized most clearly when emis-
sions are evaluated over the full-service life rather than at con-
struction alone. In practice, however, many infrastructure
carbon studies focus on construction-stage embodied emis-
sions because operation-stage maintenance inventories and
end-of-life (EoL) recovery pathways are inconsistently reported
and rarely available in comparable form. Moreover, given the
long service life of major infrastructure assets (often 100 years),
forecasting future maintenance regimes, rehabilitation cycles,
material recovery rates, and waste-management practices with
defensible accuracy is inherently difficult, even when baseline
data exist. This limitation is amplified in Pakistan, where proj-
ect-level maintenance records and verified recycling statistics
remain scarce. As a result, the present analysis emphasizes
construction-stage embodied emissions while recognizing that
operational maintenance demand and EoL recovery rates can
influence long-term carbon performance.

Implications of excluded phases

Although this study focuses on construction-stage embodied
emissions due to data availability, excluding the operation and
EoL phases affects the policy interpretation of the findings.
During operation, emissions are mainly driven by maintenance,
repair, and rehabilitation (MRR) activities (e.g., resurfacing,
joint/bearing replacement, corrosion protection, and localized
repairs), which depend on durability design and construction
quality. Therefore, options that reduce initial embodied carbon
may perform differently over the service life if they require more
frequent interventions. At EoL, impacts depend on demolition
practices and especially steel and concrete recovery/recycling
rates; high recovery can yield meaningful benefits, whereas weak
recovery systems reduce these gains. Given that M-13 emis-
sions are dominated by concrete and reinforcement, realistic
operation and EoL outcomes could change whole-life totals
and potentially influence the relative performance of mitigation
strategies, reinforcing the need for Pakistan-specific MRR data-
sets, recycling standards and infrastructure, and transparent
reporting of imported material pathways.

These findings indicate a need for a coordinated sustainability
strategy that extends beyond material selection. An investment
in technical education to address the carbon literacy divide
between stakeholders and engineers, implementation of advanced
digital design tools, utilization of low-carbon materials, and regu-
latory reform are all critical components of this initiative. The
primary focus of this study is the carbon integration that occurs
during the construction phase. Nevertheless, future work should
extend the framework to incorporate operation-stage MRR
schedules and EoL recovery/recycling pathways as Pakistan-
specific datasets become available. Furthermore, the establish-
ment of open-access national emissions factor databases and the
initiation of localized pilot projects to evaluate low-carbon mate-
rials under Pakistani construction conditions will be critical to
mainstreaming sustainable infrastructure practices.
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Pakistan may well be positioned to pilot approaches aligned
with global sustainability; realizing this potential could require
sector-wide policy adjustments. In order to achieve a balance
between economic advancement and environmental account-
ability, the engineering and construction sectors must imple-
ment a policy transformation (from both cultural and educational
perspectives) that incorporates the application of environmen-
tally friendly materials and technologies. Pakistan has the
potential to establish a resilient low-carbon infrastructure that
promotes sustainable socioeconomic development and protects
the environment through strategic planning, governmental sup-
port, and industrial collaboration.

Materials and Methods

Data collection and framework for carbon

emission analysis
The M-13 Motorway, a pivotal infrastructure initiative in Pakistan,
spans 117 km, linking the 2 important cities, i.e., Kharian and
Rawalpindi. Developed under a PPP framework via the BOT
model, this 6-lane, controlled-access highway aims to alleviate
congestion on National Highway N-5 (G.T. Road), enhance
regional connectivity, and stimulate economic growth by reducing
travel times. As shown in Fig. S1, the motorway’s alignment incor-
porates critical infrastructure components such as bridges, over-
pass bridges, tunnels, and culverts to address challenging terrain
and drainage requirements. Additional features, including inter-
changes, service areas, advanced safety systems, and integrated
intelligent transport systems (ITS) ensure compliance with inter-
national standards while improving accessibility and operational
efficiency. This study quantifies carbon emissions from construct-
ing 52 prestressed I-girder RC structures (26 bridges and 26 over-
passes) structures along the M-13 Motorway. Variations in design,
dimensions, and alignment are considered to quantify the envi-
ronmental impacts of their construction. Data for this analysis
were collected in collaboration with the NHA and Prime
Engineering and Consultant Pvt. Ltd., ensuring accuracy in mate-
rial quantities, construction methods, and design specifications.
However, final specifications may evolve as the project progresses.
The structural details of the project are summarized in Table S5.
The data collection process was organized into 2 phases. In
the first phase, essential project data were gathered, including
structural design and drawings, material properties and specifica-
tions, construction techniques, and logistics and transportation
details. The structural design and drawings provided crucial
information on bridge types, specifications, dimensions, and
structural components necessary for assessing material usage and
construction methods. Material properties and specifications
documented the types of materials used, their technical charac-
teristics, and their compliance with NHA and international stan-
dards. Construction techniques and processes outlined the
methods, machinery, and procedures involved, facilitating energy
consumption and emissions evaluation. Additionally, logistics
and transportation data covered transportation routes, material
movement logistics, and adherence to NHA regulations, which
were integral to assessing emissions from material transport. The
material data for this study were sourced from the NHA of
Pakistan and Prime Engineering and Consultant Pvt. Ltd. These
data encompassed material categorization, properties, produc-
tion processes, quantity and cost analysis, standards compliance,
and variability in material quantities. In the second phase, data
were systematically collected to identify key emission sources,
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such as raw material extraction and production, transportation
distances, energy consumption, and machinery usage. Based on
these parameters, CEFs were gathered to ensure a comprehensive
emissions assessment for each bridge and overpass construction
stage. Emission factors were explicitly collected for the 3 primary
construction phases: raw material acquisition, transportation,
and construction. All data were carefully categorized according
to carbon emission metrics, life cycle stages, and bibliographic
references to enhance transparency and traceability. As illustrated
in Fig. S2, the database was organized systematically and geo-
graphically to ensure data reliability. Moreover, materials were
classified according to their carbon emission sources, enabling
a precise comparison of emission variances across different mate-
rials and regions. Material quantity data for all 52 bridges were
extracted from the project’s detailed engineering drawings and
bill of quantities (BOQ). For each bridge, concrete and reinforce-
ment steel volumes/masses were compiled at the component level
(deck slab, prestressed girders, diaphragms, piers, pile caps, and
foundations) and then aggregated to obtain the total quantities
per bridge. A sample engineering/quantity sheet used in this
process is provided in the Supplementary Materials to illustrate
the level of resolution and data structure. For details of the raw
data, see Table S6, Data S4 and S5.

This study compiled CEFs from a variety of authoritative
sources, including the IPCC Guidelines for National Greenhouse
Gas Inventories, publications from the World Steel Association,
regional LCA studies, and national construction databases. Add-
itionally, data were sourced from well-established platforms such
as Web of Science, Google Scholar, CNKI, Ecoinvent, and the IPCC
Emission Factor Database (EFDB) (Supplementary References).
The selection of these sources was guided by their credibility, with
a focus on globally recognized standards and data that reflect the
regional context of material production, energy mixes, and con-
struction practices. It is important to note that the CEF of each
material can vary across sources due to differences in the properties
of the raw material, the production processes, regional energy
mixes, data accuracy, system characteristics, unclear boundary
definitions, and specific manufacturing requirements. For com-
prehensive CEF data, refer to Data S1 and Table S7.

Research scope and system boundaries

The life cycle of bridges consists of 5 main phases: raw material
(extraction and production), transportation, construction, ser-
vices, and EoL management. Carbon emissions accumulate
progressively across these phases, with the total carbon foot-
print calculated by aggregating the emissions from each phase.
The total life cycle emissions CE; - can be expressed as:

CELC= CEM+CET+CEc+CEs+CEE (1)

where CE;;, CEp, CE., CEg,and CEp represent the carbon
emissions from raw material (extraction and production),
transportation, construction, service, and EoL management,
respectively. Carbon emissions from the first 3 phases, i.e., raw
material (extraction and production), transportation, and con-
struction, which are discussed in the following, are considered
here in our investigations.

1. Carbon emissions from raw material (extraction and
production) CE,,:

n
i=1 (2)
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where Qjis the quantity of material i , EF,; is the emission
factor for material i, and nis the total number of material types
used in the first phase.

2. Carbon emissions from transportation CE:

m

i=1

where Qjis the quantity of material 7, D, is the transportation
distance for material i, EFy is the emission factor (measured
by unit distance) for material i, and mis the total numberof
material types used in the second phase.

3. Carbon emissions from construction CE:

P
CE. = 2 E; X EF; (4)
=1

where Ejis the quantity of material j, EFis the emission fac-
tor for material j, and pis the total number of material types
used in this phase.

The construction process comprises material transportation,
site assembly, and other supporting operations. The operational
phase primarily concerns energy consumption, replacement
tasks, and service maintenance. Recycling, waste transporta-
tion, and demolition are indispensable operations during the
EoL phase. Figure 8 illustrates the system boundaries estab-
lished for the investigation, which consist of 3 primary phases:
construction, transportation, and raw material (extraction and
production).

The investigations of the present paper concentrate on the
3 critical phases of raw material (extraction and production),
transportation, and construction due to their substantial con-
tribution to carbon emissions in bridge construction. These
phases are typically responsible for most emissions, especially
when high-carbon materials such as steel and concrete are
involved. The operation and EoL phases were excluded from
the analysis, as they generally have relatively lower emissions
and are more challenging to estimate accurately, owing to the
lack of long-term reliable data on quantities and inconsistencies
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in maintenance and recycling practices. Data for the first 3
phases were relatively accessible and reliable, aligning with our
study's focus on embodied carbon. Our study employed proba-
bilistic approaches to assess the uncertainty in carbon emis-
sions during bridge construction, specifically MCSs, which
allows for the evaluation of parameter uncertainty, helping to
pinpoint key processes that contribute to total emissions and
overall uncertainty. Particular attention was paid to the coef-
ficients of variation (CVs) to quantify the variability in the emis-
sion estimation. The methodological framework used for this
analysis is illustrated in Fig. 9. Although the framework was
developed for Pakistan’s bridge infrastructure, its methodological
structure is broadly adaptable to other regions and infrastructure
types. By integrating probabilistic MCSs with emission factor
uncertainty evaluation, functional normalization, and policy
linkage, the approach can be replicated under varying data condi-
tions and design codes. Because its parameters can be recali-
brated using local emission factors, cost data, or standards, the
framework can readily extend to tunnels, highways, and other
transportation systems in different contexts.

CEF evaluation with uncertainty identification
Accurately determining CEFs for bridge construction materials
is crucial for assessing the environmental impact of infrastruc-
ture projects. However, uncertainties significantly affect these
assessments. Variability in manufacturing processes, includ-
ing differences in production technologies and operational
efficiencies, leads to substantial variations in CEFs. For instance,
the carbon intensity of steel production can fluctuate signifi-
cantly depending on furnace types, feedstock sources, and recy-
cling practices. Ambiguities in the origins of raw materials
further complicate the accurate assessment of their true carbon
footprints, as geographically dispersed supply chains often result
in heterogeneous carbon profiles. Additionally, inconsistencies
in testing protocols and measurement techniques across different
studies create comparative challenges. Different studies might
employ varying standards or system boundaries, making direct
comparisons difficult [55,65,66]. Moreover, uncertainties inher-
ent in LCAs stem from differing definitions of system boundar-
ies, such as inclusion or exclusion of transportation processes,
manufacturing stages, and EoL disposal procedures, which can
significantly alter estimated emission factors.

Temporal variability presents additional complexity; advance-
ments in production methods, shifts in regulatory frameworks,
and improvements in energy efficiency result in continuous
changes in carbon intensities over time. Such temporal shifts are
particularly pronounced in the energy-intensive production of
materials like cement and steel, where innovation and regulatory
policies frequently alter emission profiles. Furthermore, reliance
on generic data or proxy values due to data gaps can introduce
significant errors, and measurement inaccuracies from primary
data collection processes compound this uncertainty. Energy grid
variability also contributes substantially to uncertainty, as regional
differences in electricity generation mixes ranging from fossil-fuel-
dominated to renewable energy sources result in markedly differ-
ent carbon intensities for electricity consumed during material
production. The resultant uncertainty in emission factors associ-
ated with energy-dependent processes underscores the impor-
tance of regional specificity in carbon assessments [67,68].

To systematically manage these uncertainties, a comprehensive
probabilistic analysis was performed, assigning statistical distribu-
tions to each identified source of uncertainty. Such detailed
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uncertainty quantification is essential to inform policymakers and
practitioners, facilitating targeted interventions to mitigate GHG
emissions effectively in infrastructure projects.

Probabilistic analysis of carbon emissions

of large-scale bridges

The probabilistic analysis of carbon emissions for large-scale
bridges is crucial for understanding the uncertainties associated
with infrastructure projects. Several classification frameworks
have been proposed in the literature to categorize these uncertain-
ties. Notably, PAS 2050 distinguishes between uncertainties stem-
ming from technical factors (e.g., data collection methods and
modeling assumptions) and natural variability (e.g., inherent
fluctuations in material properties or environmental conditions)
[69]. Similarly, the classification framework proposed by Tian
etal. [70] differentiates between aleatory uncertainty (inherent
randomness in systems) and epistemic uncertainty (resulting
from limited knowledge or data). Through an extensive literature
review, He etal. [71] elaborated on these distinctions per PAS
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2050:2011, providing a detailed analysis of how technical and
natural variability uncertainties manifest in carbon footprint
assessments. Other studies have contributed to this discourse by
introducing additional dimensions of uncertainty. For instance,
Lloyd and Ries [67] proposed a framework that categorizes uncer-
tainties into parameters, models, and scenarios, emphasizing the
need for tailored approaches to address each type. Meanwhile,
Mutel and Hellweg [72] highlighted the role of spatial and tem-
poral variability as key sources of uncertainty in LCA, particularly
for large-scale infrastructure projects. Additionally, Lueddeckens
et al. [73] introduced the concept of decision-driven uncertainty,
which arises from the subjective choices made during the LCA
process, such as system boundary selection and functional unit
definition. Recent probabilistic digital twin frameworks further
extend this perspective by integrating uncertainty propagation
directly into construction-phase carbon modeling, enabling
dynamic, data-driven refinement of emission estimates [74].
This study primarily focuses on parametric uncertainty, which
arises from the variability in input data elements particularly
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CEFs, due to inconsistencies in datasets and existing knowledge
gaps. Probabilistic methods were employed to address these
uncertainties. Specifically, MCS was utilized as a stochastic analy-
sis tool, generating data samples based on predefined input dis-
tributions. The accuracy of carbon emission assessments is
heavily influenced by variations in the LCI data, with CEFs being
akey source of uncertainty. Both probabilistic and semiquantita-
tive approaches were adopted to investigate parameter uncer-
tainty thoroughly. However, defining appropriate probabilistic
distributions and statistical parameters typically requires exten-
sive datasets, which are often unavailable for bridge construction
projects due to the diverse range of data sources and their limited
availability. Accordingly, uncertainty is propagated by treating
key input parameters as random variables, primarily the material
CEFs and the material quantities used in the inventory. In the
Pakistani context, CEFs are epistemically uncertain because
locally verified environmental product declaration (EPD)/LCI
datasets are scarce and available emission factors are compiled
from heterogeneous sources with differing temporal/geographi-
cal representativeness and system boundary assumptions. In
addition, material quantities can exceed nominal take-off values
due to unavoidable construction wastage and losses during trans-
portation, storage, handling, and installation; therefore, quanti-
ties were conservatively modeled with a 0% to +10% allowance
relative to nominal values to represent these expected losses.

To address the challenges posed by data uncertainty, this
study employs a DQI-based approach, which assesses data qual-
ity based on several descriptive metadata categories, including
source reliability, temporal relevance, geographical correlation,
and technological consistency. These qualitative assessments are
then converted into probabilistic distributions through expert
judgment and empirical transformation relationships. Previous
research emphasizes 5 key factors in environmental assessment
data evaluation: source reliability, data completeness, temporal
relevance, geographical correlation, and technological consis-
tency [75-77]. These indicators are particularly relevant for
infrastructure projects, where emission factors and material data
may vary significantly due to differences in production methods,
regional practices, and temporal changes. For example, emission
factors for materials like concrete and steel can differ based on
the energy sources used in production or the geographical loca-
tion of manufacturing facilities [78,79]. This framework differ-
entiates between fundamental uncertainty (stemming from
inherent ambiguities within datasets) and additional uncertainty
(arising from estimation errors and data variability). The DQI-
based method relies on several key assumptions: (a) indepen-
dence of indicators, where DQIs are treated as independent
variables, and (b) transformation to probabilistic distributions,
where the grades of quality indicators are converted into prob-
ability distributions using empirical relationships.

A semiquantitative framework was used to address parameter
uncertainty in carbon emission assessments using DQIs. A 7 X
5 matrix was developed to systematically evaluate 7 criteria:
source, reliability, temporal correlation, geographical correlation,
data consistency, adequacy of references, and data completeness.
Technological consistency was excluded due to the lack of
detailed information on the production process across diverse
data sources. Each criterion was graded on a 5-level scale (1 =
low quality, 5 = optimal quality). Higher values of Q;correspond
to recent, regionally relevant, well-documented data with con-
sistent units and minimal gaps, while lower values indicate older,
nonregional, or poorly documented sources with missing values,
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enabling standardized emission factor data quality scoring. See
Data S6 to S8 for DQI criteria, scoring rule, and details.

The SDs derived separately from the DQI scores oy and
CEFs o pwere calculated using Egs. (5) and (6), respectively:

O-CF=V%Z:»I [xi_.“]z (5)

1 n
OpQr = \/; Zi [DQIi—MDQI]2 (6)

We combine the uncertainties identified above through the
error propagation approach, resulting in a comprehensive com-
bined uncertainty ¢ ¢,,,pineq S expressed in Eq. (7):

— 2 2
O Combined = Ocp + GDQI (7)

In the probabilistic model, the DQI contribution is opera-
tionalized as an additional dispersion term o, which are
combined with the dataset-derived emission factor dispersion
ocrpviaEq. (7) to obtain o y,,pined- These DQI-adjusted param-
eters define the spread of CEF inputs used for subsequent
distribution-fitting and Monte Carlo sampling. These combined
uncertainties facilitated the adjustment of both the mean and
the SD values for the CEFs, thus providing adjusted statistical
parameters for further probabilistic analysis. The adjusted
mean and adjusted SD values were subsequently employed as
the key parameters in selecting appropriate probability distri-
butions. Candidate distributions (e.g., normal, log-normal,
gamma, and Weibull) were fitted by maximum likelihood esti-
mation and then subjected to rigorous goodness-of-fit testing.
The Anderson-Darling (AD) test [80] and the Kolmogorov—
Smirnov (KS) test [81] were utilized to evaluate the adherence
of emission factors to a particular distribution, which is essen-
tial for establishing the reliability of the probabilistic model.
The formula for the AD test statistic (A2) is:

n

JER (21';1) [1n(F(x,)) +In(1= F(x,51_))] (8)

where F (x,-) represents the cumulative distribution function
for the hypothesized distribution and x;is the sorted sample
data. Similarly, the KS test statistic D is computed as:

D = max|F, (x;) = F(x)) | (9)

where F, (x;) is the empirical cumulative distribution function
(CDF) of the sample and F (xi) is the CDF of the reference
distribution. Distributions were accepted only if both AD and
KS tests yielded P > 0.05 and if the Akaike information crite-
rion (AIC) was at its minimum

AIC =2k — 2In(L) (10)

where k is the number of estimated parameters in the model and
Lis the likelihood of the model. Distributions were selected based
on the lowest AIC value, and in cases where AAIC < 2 between
2 viable candidates, both were retained for downstream sensitiv-
ity analysis. While this approach may not match the precision of
purely statistical methods, it provided a cost-effective and holistic
assessment of uncertainty, which is particularly critical for data-
scarce bridge construction projects. Detailed fit statistics (AD,
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KS, and AIC) for each material are provided in Data S9. The
materials concrete D2, concrete A1, reinforcement ASTM-A-36,
and Diesel are the primary contributors to carbon emissions and
the main sources of significant variability in total emissions.
Their quantile-quantile (Q-Q) plots and convergence of Monte
Carlo statistics for the emission factor datasets are presented in
Figs. S3 and S4. Other materials exhibit similar patterns, dem-
onstrating the agreement between the empirical data and the
fitted normal distributions. The DQI ratings, as shown in Fig.
S5, highlight the variability in data quality across the criteria and
emphasize the importance of using a structured framework to
ensure reliable emission assessments. A comprehensive discus-
sion of the methodology is available in [82].

Finally, the adjusted distribution parameters and selected dis-
tribution families were integrated into a Monte Carlo framework.
Across 10,000 iterations, randomized emission factor samples
generated project-level emission realizations to propagate param-
eter uncertainty; convergence was tracked via the stability of the
mean and the 5th/95th percentiles as run length increased, and
N=10,000 satisfied our prespecified tolerance. Unless otherwise
noted, input draws were treated as independent; practical depen-
dencies (e.g., co-movement among item quantities within a
bridge or phase) were handled within the inventory quantities
rather than by correlating emission factor samples. Sensitivity
was evaluated through one-at-a-time perturbations and variance
attribution at the phase/material level, which consistently identi-
fied reinforcement and concrete as dominant contributors. The
simulations produce probability distributions for total emissions
that reflect the full spectrum of plausible outcomes; Fig. S6 illus-
trates how CEFs and DQIs are combined to yield comprehensive,
realistic emission distributions.

Transportation infrastructure carbon

emission indicator

To align with global sustainability objectives and enhance envi-
ronmental performance, it is essential to assess the carbon effi-
ciency of bridges and other transportation infrastructures. To
turther support effective benchmarking, we hereby define one
indicator, i.e., CEIL for bridges and other transportation infra-
structures. CEI quantifies the carbon emissions produced per
unit length of bridges, roads, and tunnels. The standardized for-
mula for CEI is expressed as a function of the policies p and the
transportation length from a probablistic perspective:

E[Total Carbon Emission (p)]

LxB (an

CEl,(p;L,B) =

where E[-]denotes the expected value of total emissions given the
policies, p capturing variability in materials, energy sources, and
construction processes. In cases of skewed emission distributions,
the median or selected percentiles may be reported alongside the
mean to convey uncertainty comprehensively. The denominators
L and B are treated as the nominal functional output (i.e., bridge
length and deck width) and treated as deterministic based on
design tolerances. This definition aligns with international prod-
uct carbon footprint standards such as ISO 14067 and related life
cycle assessment guidelines, facilitating policy-sensitive compari-
sons across diverse infrastructure types.

This indicator enables fair quantitatively comparisons across
the transportation infrastructures by systematically accounting
for emissions, thus informing targeted policy transformation for
improved sustainability and environmental performance. The
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proposal of this indicator can further support the selection of the
infrastructures (e.g., the selection of the bridge type or the selec-
tion of the transportation mode) efficiently based on the compari-
son across diverse types of bridges and other potential appropriate
transportation infrastructures. However, even when CEI is nor-
malized by deck area, structural and geotechnical differences
remain across infrastructure classes. Tunnels involve substantial
excavation and lining, while bridges differ in span arrangement,
pier height, and foundation systems, all of which influence mate-
rial intensity and embodied carbon. In this study, CEI compari-
sons are therefore interpreted as indicative rather than strictly
like-for-like, with particular emphasis placed on RC highway
bridges that are typologically closest to the M-13 corridor.
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