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Abstract
Ultra-high-performance  concrete  (UHPC)  exhibits  high  compressive  strength  and good durability. How-
ever, owing to the dense microstructure of UHPC, carbonation curing cannot be performed to capture and 
sequester carbon dioxide (CO2). In this study, CO2 was added to UHPC indirectly. Gaseous CO2 was first 
converted into solid calcium carbonate (CaCO3) using calcium hydroxide, and the converted CaCO3 was 
then added to UHPC at 2, 4, and 6 wt.% based on the cementitious material. The performance and sus-
tainability of UHPC with indirect CO2 addition were investigated through macroscopic and microscopic ex-
periments. The experimental results showed that the method used did not negatively affect the performance 

of UHPC. Compared with the control group, the early strength, ultrasonic velocity, and resistivity of UHPC 
containing solid CO2 improved to varying degrees. Microscopic experiments, such as heat of hydration and 
thermogravimetric analysis (TGA), demonstrated that adding captured CO2 accelerated the hydration rate 

of the paste. Finally, the CO2 emissions were normalized according to the compressive strength and resis-
tivity at 28 days. The results  indicated  that  the  CO2 emissions  per  unit  compressive  strength  and  unit 
resistivity of UHPC with CO2 were lower than those of the control group.

  absorption.
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1.  Introduction and Background
Production of portland cement, the main contributor of CO2  emissions from concrete produc- tion, 

currently exceeds 4 billion tons annually  [1].  Consequently, concrete, the most widely used construc-
tion material, accounts for approximately 8% of global anthropogenic CO2  emissions [2, 3]. In the midst 
of the growing climate crisis, the demand for construction materials is expected to grow due to trends in 
development, urbanization, and population growth [4]. With concrete consumption expected to grow, it 
is imperative to adapt the construction sector to prevent additional emissions.

In addition to climate challenges, maintenance and rehabilitation of critical infrastructure, such as 
highway bridges, present ongoing challenges for bridge owners and transportation agencies.  These structures 
are subjected to constant traffic loads; and bridge decks, which are most commonly made of concrete,  are  
subjected to harsh environmental conditions leading to deterioration over time [5].  To address these 
challenges, there is growing interest in exploring non-conventional building materials that can promote 
an environmentally sustainable and socially resilient built environment [6, 7].

Ultra-high performance concrete (UHPC) is one such revolutionary material that has demon- strated im-
proved performance and longevity [8, 9, 5].  Compared to conventional concrete, UHPC exhibits superior re-
sistance to cracking [10, 11] and harmful material ingress  [12, 13], and is able to achieve significantly higher 
mechanical strength [14, 15] due to its dense microstructure and the incorporation of steel fibers [16, 17].  
Although UHPC’s mechanical  [18, 19, 20, 21, 22] and dura- bility performance  [23, 24, 25, 26]  have  been 
extensively studied, its environmental impacts have received limited attention.  At the material level, UHPC 
has higher environmental impacts than concrete due to the higher volume of portland cement and steel fibers 
[27].  However, due to UHPC’s high mechanical strength, UHPC structures can reduce material volume and 
thus reduce carbon emissions by up to 36.6%, as demonstrated by Joe and Moustafa [28].  Similarly, Sameer 
et al. [29] indicated that UHPC bridge design could lower the carbon footprint of the bridge by 14% com-
pared to reinforced concrete bridges.  In contradiction,  studies by Stengel and Schießl  [30] and M´arquez et 
al.  [31] showed that the adoption of UHPC material did not produce a more environmentally friendly bridge 
construction, despite a significant reduction in the volume of materials. Meanwhile, beyond the construction 
stage, UHPC structures could have lower carbon emissions compared to conventional concrete structures 
when considering the use and maintenance stage.  For example, Dong [32] found that a UHPC girder had 
lower carbon emission compared to a concrete girder due to less frequent maintenance requirements over the 
same lifespan.

Among the limited studies that considered the maintenance stages of a structure’s life cycle, even 
fewer have integrated life-cycle prediction analysis.  This analysis is critical for determining life spans 
and thus accurately quantifying life cycle carbon emissions.   The  study by Fan et al.[33] predicted 
the lifespans of a set of UHPC beams through multi-physics modeling and found that UHPC’s high 
mechanical strength and excellent durability performance resulted in 48% lower carbon emissions com-
pared to conventional concrete beams when considering maintenance stages. However, the demolition 
stage and the allocation of waste materials to landfills also need to be quantified. Furthermore, none of 
those studies, except Stengel and Schießl [30] considered categories of environmental impacts other than 
carbon emission,  such as air pollutants.   The  inconsistent quantification of carbon emissions from the 
construction stage, the lack of service life predictions, the limited investigation of cradle-to-grave life 
cycle analysis, and the insufficient quantification of environmental impacts suggest that a comprehensive 
study of whole-stage life cycle analysis, based on physics-informed models, is needed to better achieve sus-
tainable and resilient design goals when adopting UHPC materials. In addition to carbon emissions, other 
environmental impacts such as air pollutants must also be considered to avoid additional health risks to 
the local community. Finally, life cycle costs must be investigated to address the economic concerns of 
UHPC structures.  The external societal costs of climate damage, quantified by the social costs of car-
bon (SCC), remain unexplored for UHPC materials.
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This study aims to quantify and compare the long-term serviceability characteristics, environ- mental 
impacts, and costs of a reinforced normal-strength concrete bridge deck and a redesigned, smaller-sized 
reinforced UHPC bridge deck.  A time-dependent multi-physics modeling framework was employed [34] 
which integrates realistic regional environmental factors such as the periodic ap- plications of de-icing 
salts and fluctuating temperatures to simulate the performance of the bridge decks over their service 
life.  Chloride profiles and structural deterioration after corrosion are used to assess the service life per-
formance of reinforced UHPC and reinforced concrete bridge decks. The environmental impacts from 
cradle to grave, including greenhouse gas (GHG) emissions, air pollutants of nitrogen oxides (NOX ), 
sulfur oxides (SOX ), volatile organic compounds (VOCs), par- ticular matter less than 10 µm (PM10 
) and particulate matter less than 2.5 µm (PM2.5 ), and carbon monoxide (CO) were quantified. The life 
cycle costs, including SCC, of the reinforced concrete and reinforced UHPC bridge decks were compared.

2.  Background of Reinforced Concrete Bridge Deck Deterioration
In cold regions, such as the case selected in this study, de-icing materials are regularly applied to melt 

snow on roads and bridges. Corrosion of reinforcement steel can initiate and propagate due to accumu-
lation of de-icing materials, and eventually deteriorate reinforced concrete infrastructures, especially in 
bridge decks in locations with high traffic loading.  It is noted that there are many deterioration 
mechanisms that can shorten the service life of reinforced concrete structures, only corrosion  (the 
most common one) was considered.   The  fundamental  background of corrosion is briefly introduced in 
the following subsections.

2.1.  Chloride  Transport
Chloride transport in sound cementitious materials is a diffusion process governed by Fick’s second 

law [35]:

where CCl  (% mass of cementitious materials) is the chloride concentration in concrete, DCl   (m
2 
/s) 

indicates the chloride diffusion coefficient, and t (seconds) is the diffusion time.

A common method used to account for the effect of cracking on chloride transport in cementitious mate-
rials is the smeared cracking modeling technique.  In such models, discrete crack geometry is not explicitly 
modeled. Instead, higher chloride diffusion coefficients are integrated in the cracked zones. The nonlin-
ear relationships between crack width and the reference chloride diffusion coefficients of concrete and 
UHPC materials have been empirically described in the literature by the following equations, respec-
tively [36, 13]:

where w is crack width (µm). The chloride diffusion coefficient under the influence of temperature 
fluctuation is:

DC l   = Dre f   ·  f (T)                                                              (4)    

f(T) is described as follows [37]:

where  U  is the activation energy  (44.6 KJ/mol),  R is the gas constant  (8.3  J/mol), Tref   is the reference 
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temperature (293.2 K) of the measured diffusion coefficient, and T is the concrete/UHPC temperature [37]. 
The impact of cracking on oxygen penetration in concrete/UHPC is described as [38]:

where D\* jc3 \* hps13 \o\al\s\up 3crO\* jc3 \* hps13 \o\al\s\up 3a2ck and D\* jc3 \* hps13 \o\al\s\up 
3soO\* jc3 \* hps13 \o\al\s\up 3u2nd are the oxygen diffusion coefficients in cracked and sound areas, re-
spectively.

wcr  is the critical crack width for the study and is assumed as 0.1 mm [39, 40, 38].

2.2.  Corrosion Initiation
Cementitious materials, including concrete and UHPC, serve as barriers against de-icing materials that 

can cause corrosion in steel reinforcement.   Corrosion  occurs  gradually  over  time once the concen-
tration of such materials reaches a threshold level, known as the critical chloride content Clcrit  [41, 
42].

2.3.  Corrosion Propagation
Corrosion is an electrochemical process, in which the electrons are freed from the steel and then react 

with water and oxygen.   The  electrochemical potential  ϕ  (mV)  distribution and electrical charge 
flow i (A/m

2 ) are governed by Laplace’s equation and Ohm’s law, respectively [43, 44, 45]:

The numerical polarization equation for the anodic reaction is [45]:  [45]:

The polarization equation of cathodic reaction is [45]:

 and    represent the anodic and cathodic exchange current density, respectively.  and  are 
the anodic and cathodic equilibrium potentials, respectively.  βFe   is the anodic Tafel constant, and βO2    

denotes the cathodic Tafel constant.  iL  refers to the limiting current density [46, 47].

3.  Service Life Modeling

3.1.  Service Life Modeling Procedure
A time-dependent multi-physics modeling approach, building on the authors’ previous work [34], was 

used in this study to predict the service life performance of the reinforced concrete and rein- forced 
UHPC bridge decks. The de-icing material penetration, corrosion propagation, and structural response 
were connected through multiple modeling platforms and time steps. First, the initial struc- tural response 
under traffic loading was simulated using DIANA Version 10.5 [48].  The transport properties of con-
crete and UHPC were then updated and incorporated into the chloride penetration analysis using the 
software package COMSOL Multiphysics Version 5.4  [49].  Next, the corrosion propagation simulation 
calculated rust expansion thickness,  which was applied as an additional displacement load alongside 
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traffic loading in the structural analysis.   This iterative process was repeated for subsequent time steps. 
The reader is referred to Fan et al. [34] for further background on the modeling approach.

At each time step, the corroded area of the steel reinforcement and the cracking status of the con-
crete and UHPC were updated.  The time intervals for the reinforced concrete and reinforced UHPC 
bridge deck were set to four months and five years, respectively.  The larger time step for the reinforced 
UHPC specimen was adopted to maintain the balance between computing efficiency and modeling accura-
cy.

3.2.  Bridge  Deck Descriptions  and Boundary  Conditions
Figure 1(a) shows a representative cross-section design of a reinforced concrete bridge deck.  The thick-

ness of the reinforced concrete bridge deck was 250 mm.  The top and bottom concrete cover was 63 
mm and 25 mm, respectively. The reinforcement bar diameter was 19mm. The span length was 3300 mm 
and only half of the span was simulated due to the symmetrical geometry.

Sustained traffic load was simplified as displacements applied at midspan.  The reinforced UHPC bridge 
deck was redesigned with a reduced depth of 125 mm, which resulted in a load capacity (145.1 kN) 
equivalent to that of the reinforced concrete bridge deck (142 .3 kN).  Additionally, the cover depth of 
the reinforced UHPC bridge deck was reduced to 25 mm.  According to ACI 224 R, the allowable crack 
width for the tensile face of a reinforced concrete structure exposed to de-icing chemicals is 0.18 mm [50].  
Thus, load within the service load range that resulted in a crack width of 0.18 mm was chosen as the initial 
condition for the reinforced concrete bridge deck, which was 41 kN. For the reinforced UHPC bridge deck, 
the initial crack width at the same loading level (41 kN) was 0.017 mm, which was one order of mag-
nitude smaller than that of the reinforced concrete bridge deck.

Figure 1: Concrete bridge deck and the finite element modeling (FEM) set up.

Figure 2: (a), Surface chloride conditions and temperature fluctuation; reference stress strain contour of (b) 
UHPC, and (c) concrete.

For bridges located in cold regions, de-icing materials used during the snowing seasons are the major  
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source of chloride  ions.   In  this  study,  a  steady  and  high  concentration  of  chloride  ions (0.6% of 
concrete/UHPC mass) was assumed to be applied at the top surface of the bridge deck for four months 
during the snow season.  A lower residual surface chloride concentration of 0.2% of concrete/UHPC 
mass was assumed for the remainder of the year after the snow season  [51]. Oxygen was assumed to 
be available at both the top and bottom sides.  The seasonal variations in surface chloride content and lo-
cal temperature fluctuations within the studied region are graphically presented in Figure 2(a) [51, 52].

3.3.  Structural Response Modeling
Figure 1(b) shows the structural response modeling set up in DIANA Version 10.5 [48].  As shown in Fig-

ure 1(b),  the left corner and left side deformation were restrained.   A prescribed incremental displace-
ment of 0.25 mm was applied at midspan to simulate the traffic loading.  A total strainbased fixed-
crack model with a shear retention factor of 0.01 was adopted to simulate the concrete and UHPC materials  
[53].  The mesh size of both concrete and UHPC was 7 mm × 7 mm.  The reinforcement bar was simulated 
as truss elements with the same mesh size.  A line search algorithm and a secant Newton-Raphson scheme were 
selected for numerical convergence.  The convergence criteria for energy, displacement, and force norms were 
0.01%, 0.1% and 1%, respectively [11].

The mixture design of the concrete and UHPC bridge are shown in Table 1, the steel fiber volume of UHPC 
was 2%. The mechanical properties of normal strength concrete and UHPC were obtained from Shao and 
Billington  [20] and are summarized in Table 2.   Normal strength concrete had a tensile strength of 3.1 
MPa with a tensile fracture energy of 0.144 MPa-mm, and a compressive strength of 41.9 MPa with a 
compressive fracture energy of 35.7 MPa-mm [20].  UHPC, on the other hand, had a tensile strength of 10.5 
MPa and a tensile fracture energy of 11.2 MPa-mm, as well as a compressive strength of 185.8 MPa with a 
compressive fracture energy of 180.0 MPa-mm [20]. The reinforcing bar used in the study had a yielding 
strength of 455 MPa and an ultimate strength of 675 MPa [54].

Table 1: Mixture design and transport distances of raw materials to mixture plant (A2)

Materials Unit Concrete UHPC Unit Rail Truck Ship

Glass Power kg/m2 0 26 ton-km 6 139 7

Silica Fume kg/m2 0 29 ton-km 6 139 7

Portland Cement kg/m2 106 89 ton-km 6 139 7

Fine Aggregate kg/m2 214 0 ton-km 21 54 14

Coarse Aggregate kg/m2 190 0 ton-km 26 39 11

Water kg/m2 57 14 ton-km 0 0 0

Silica Sand kg/m2 0 128 ton-km 26 39 11

Steel Bar kg/m2 42 27 ton-km 0 300 0

Steel Fiber kg/m2 0 20 ton-km 0 300 0

Steel Girder kg/m2 133 117 ton-km 0 300 0

Superplasticizer kg/m2 0 8 ton-km 0 300 0

3.4.  Diffusion and  Corrosion Modeling
Diffusion and corrosion modeling was completed in COMSOL Multiphysics Version 5.4 [49].  The impact 

of temperature on chloride transport was considered using the Equation (4).  The oxygen ingress was consid-
ered to take place through both the top and bottom surfaces of the bridge deck in the computational model.  
On the other hand, chloride ion penetration was assumed to occur exclusively from the top surface, where 
de-icing material was applied.
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Table 2: Mechanical properties of concrete, UHPC and steel

Mechanical properties Notation Unit Concrete UHPC Steel

Tensile strength f t MPa 3.1 10.5 -

Strain at crack initiation εt0 % 0.01 0.019 -

Strain at onset of softening εtp % 0.01 0.2 -

Compressive strength f c MPa 41.9 185.8 -

Modulus of elasticity E GPa 31.2 53.5 200

Tensile fracture energy Gf MPa-mm 0.144 11.2 -

Compressive fracture energy Gc MPa-mm 35.7 180.0 -

Yield strength fy MPa - 455

Ultimate strength fu MPa - 675

Poisson’s ratio ν mm/mm 0.2 0.18 0.30

The reference chloride transport coefficients for concrete and UHPC were reported as Dref  c  = 1.3 × 
10

-11   m
2 /s and Dref  UHPC   =  4.5 × 10

-13   m2 /s,  respectively  [55].   The  oxygen transport coefficients 
for concrete and UHPC were reported as DO2    c  =  3.02  × 10

-9  m2  /s and DO2    UHPC  = 4.2×10
-10  m2 /

s, respectively [55]. The electrical resistivity of concrete, ρc , was 159 Ω · m, while the electrical resistivity 
of UHPC (ρUHPC ) at the same level of saturation was 23067 Ω·m due to the dense material property [55,56]. 
The anodic Tafel slopes, βFe  c  = 65 mV/dec and βFe  UHPC  = 61 mV/dec, as well as cathodic Tafel slopes 
βO2   c = —138.6 mV/dec and βO2   UHPC= —130.9 mV/dec) were adopted from the literature [55].  The 
anodic equilibrium potential was set as ϕ\* jc3 \* hps13 \o\al\s\up 30Fe  = —600 mV, while the cathodic 
equilibrium potential was set as ϕ\* jc3 \* hps13 \o\al\s\up 30O2    = 200 mV.  The anodic and cathod-
ic exchange current densities were i\* jc3 \* hps13 \o\al\s\up 30Fe = 2.75 × 10-4A/m2  and ϕ\* jc3 \* 
hps13 \o\al\s\up 30O2 = 6 × 10

-6
A/m2 , respectively  [55].  In this study, a constant Clcrit  equal to 0.06% 

of concrete/UHPC mass is assumed [57, 58].  Surface oxygen concentration O2surf  = 0.268 mol/m
3   [39], 

chloride diffusion activation energy U = 44.6 KJ/mol, gas constant R = 8.3 J/mol, and reference tem-
perature Tref  = 293.2 K.  Detailed descriptions of the input parameters can be found in the authors’ previ-
ous work [34].

After obtaining corrosion current density from corrosion modeling, the cross section loss and rust expan-
sion was calculated [45, 59, 34] :

where t is the corrosion time (seconds), Ms  = 55.85 g/mol is the atomic mass of iron, ZFe  = 2 is the 
valency of the anodic reaction, and ρs  = 7800 kg/m3  is the steel density.

The formation of corrosion products (rust) can occupy a greater volume than the original steel.

As a result, after part of the corrosion products fill the steel concrete interface, further accumulation of 
these products at the steel concrete interface can generate internal pressure on the steel and concrete.   
The  thickness  of the  rust layer expansion can then be calculated using the following equation:

u(t) = (n — 1)σ(t)                                                            (12)

where n is the volume expansion ratio of rust to steel and is assumed to be 3 in this study [60, 39, 42, 
34]. Rust deformation was neglected in this analysis [61].

4.  Environmental Impacts Analysis and Life-cycle Costs

4.1.  Environmental Impact Analysis  Scope
An attributional life cycle assessment (ALCA)—focusing on the directly attributable environ- 



63
    © By the author(s); licensee Mason Publish Group (MPG), this work for open access publication is under the 
Creative Commons Attribution International License (CC BY 4.0). (http://creativecommons.org/licenses/by/4.0/)

Artificial Intelligence and Sustainble Materials Vol.1Mason Publish Group

mental impacts over the product’s full life cycle, was applied to the cradle-to-grave approach., in 
which emissions were assessed from raw material acquisition  (sourcing, processing), construction 
(batching,  pumping, curing),  maintenance,  and end-of-life through the grave (demolition,  disposal of 
waste material). Transport-associated impacts were also considered.

A declared unit of 1  m2   of reinforced concrete/UHPC were considered to determine life cycle in-
ventories (LCI). In this study, carbon dioxide (CO2 ), methane (CH4 ), and nitrous oxide (N2 O) and their 
impacts were consolidated into CO2 -equivalent (CO2-eq ) emissions to analyze GHG emissions, based on 
the 100-year global warming potentials [62].  The air pollutant emissions of nitrogen oxides (NOX ),  sulfur 
oxides (SOX ),  volatile organic compounds (VOCs ),  carbon monoxide (CO), particular matter less than 10 
µm (PM10 ), and particulate matter less than 2.5 µm (PM2.5 ) were also quantified.

4.2.  Environmental Impact Inputs  and Assumptions
Emission factors of the life cycle stages are shown in Table 3.  The emission factors of the raw mate-

rials (A1) were adopted from an open source tool, OpenConcrete, by Kim et al. [63]. Emission factors 
of steel girder and superplasticizer were adopted from Ecoinvent 3 database version 3  (a commonly 
used LCI database).  Producing steel fiber and steel bar requires additional processing compared to that 
of a steel girder, therefore higher emission factors were assumed for steel fiber and steel bar. A2 is the 
raw material transport stage, the associated emission factors were based on US national average transport 
distances of rail, truck, and ship,  according to Nahlik et al. [64].  The transport distances and modes 
of regular concrete constituents, steel, and admixture are shown in Table 1.  The transport distances of 
glass powder, silica fume, PC, and aggregates were adopted from Marceau et al. [65]. Steel materi-
als and superplasticizer were assumed to be transported with a distance of 300 km.  For batching one 
cubic meter of UHPC, 0.35 liter of oil and 7.1 kWh of electricity were used while bathing the same 
amount of concrete consumed 0.35 liter of oil and 4.4 kWh of electricity [29].  The emission factors of 
electricity is based on New Jersey electricity grid of US. Mixed concrete and UHPC were assumed to 
be transported (A4) 300 km to the construction site by truck within New Jersey.  According to  Sameer 
et al.  [29], pumping of one cubic meter of concrete or UHPC consumed 2.7 kWh.  Demolition of one 
cubic meter of concrete consumed 0.76 liter of oil and 18.3 kWh of electricity while demolition of the 
same amount of UHPC consumed 2 liters of oil and 36.5 kWh of electricity.  Transport distance of the 
demolished waste to the landfill site  (C2) was assumed to be 100 km.  For the declared unit of 1 m

2  

bridge deck, the volume of concrete and UHPC were 0.25 m
3  and 0.125 m

3 
, respectively.



64
     © By the author(s); licensee Mason Publish Group (MPG), this work for open access publication is under the 
Creative Commons Attribution International License (CC BY 4.0). (http://creativecommons.org/licenses/by/4.0/)

Artificial Intelligence and Sustainble Materials Vol.1 Mason Publish Group

Table 3: Life cycle stages and em
issions data

L
ife cycle stages

M
aterials/P

rocesses
U

n
it

k
g G

H
G

kg C
O

2
kg C

H
4

kg N
2 O

kg N
O

X
kg SO

X
kg PM

10
kg PM

2.5
kg V

O
C

kg C
O

A
1

G
lass Pow

der
per kg

5.53E-02
5.51E-02

2.52E-06
4.55E-07

4.18E-05
5.79E-05

2.11E-05
1.31E-05

1.90E-06
5.15E-05

A
1

Silica Fum
e

per kg
0.00E+00

0.00E+00
0.00E+00

0.00E+00
0.00E+00

0.00E+00
9.30E-06

9.30E-06
0.00E+00

0.00E+00

A
1

PC
per kg

9.50E-01
9.47E-01

4.02E-05
6.44E-06

3.37E-04
2.65E-03

4.46E-04
3.69E-04

1.03E-05
6.16E-04

A
1

Fine A
ggregate

per kg
2.07E-03

2.06E-03
9.00E-08

1.70E-08
1.56E-06

2.17E-06
1.17E-04

1.17E-04
7.10E-08

1.93E-06

A
1

Coarse A
ggregate

per kg
3.16E-03

3.15E-03
1.40E-07

2.60E-08
2.39E-06

3.31E-06
1.19E-04

1.18E-04
1.08E-07

2.95E-06

A
1

W
ater

per kg
0.00E+00

0.00E+00
0.00E+00

0.00E+00
0.00E+00

0.00E+00
0.00E+00

0.00E+00
0.00E+00

0.00E+00

A
1

Silica Sand
per kg

5.53E-02
5.51E-02

2.52E-06
4.55E-07

4.18E-05
5.79E-05

2.11E-05
1.31E-05

1.90E-06
5.15E-05

A
1

Steel B
ar

per kg
1.81E+00

1.81E+00
1.05E-02

3.23E-05
4.73E-03

4.49E-03
2.73E-03

2.66E-03
1.46E-02

2.39E-02

A
1

Steel Fiber
per kg

1.81E+00
1.81E+00

1.05E-02
3.23E-05

4.73E-03
4.49E-03

2.73E-03
2.66E-03

1.46E-02
2.39E-02

A
1

Steel G
irder

per kg
9.06E-01

9.06E-01
5.25E-03

1.62E-05
2.37E-03

2.24E-03
1.37E-03

1.33E-03
7.32E-03

1.20E-02

A
1

Superplasticizer
per kg

4.64E-01
4.64E-01

3.27E-05
1.69E-05

1.48E-03
2.75E-03

1.69E-04
8.35E-05

4.15E-05
8.81E-04

A
2

Transport, rail
per ton-km

1.40E-02
1.40E-02

0.00E+00
0.00E+00

1.10E-04
3.96E-05

8.50E-07
2.89E-06

9.33E-06
3.88E-05

A
2

Transport, truck
per ton-km

8.65E-02
8.65E-02

0.00E+00
0.00E+00

5.05E-04
5.20E-07

1.91E-05
1.50E-05

2.83E-05
9.23E-05

A
2

Transport, ship
per ton-km

1.80E-03
1.80E-03

0.00E+00
0.00E+00

5.80E-05
1.27E-05

9.33E-06
2.53E-06

1.93E-06
3.75E-06

A
3

B
atching C

oncrete
per m

3
2.41E+00

2.40E+00
9.98E-05

1.81E-05
1.59E-03

1.62E-03
2.81E-04

6.97E-05
5.10E-05

1.36E-03

A
3

B
atching U

H
PC

per m
3

3.27E+00
3.25E+00

1.39E-04
2.51E-05

2.24E-03
2.52E-03

4.43E-04
1.08E-04

8.03E-05
2.16E-03

A
4

Transport, truck
per ton-km

8.65E-02
8.65E-02

0.00E+00
0.00E+00

5.05E-04
5.20E-07

1.91E-05
1.50E-05

2.83E-05
9.23E-05

A
5

Pum
ping (electricity)

per M
J

8.92E-02
8.89E-02

4.06E-06
7.33E-07

6.75E-05
9.35E-05

1.69E-05
4.02E-06

3.06E-06
8.31E-05

A
5

C
uring (oil)

per M
J

7.22E-02
7.20E-02

2.56E-06
4.69E-07

3.77E-05
9.82E-06

7.81E-07
4.12E-07

1.61E-07
2.87E-06

C1
D

em
olition (oil)

per M
J

7.22E-02
7.20E-02

2.56E-06
4.69E-07

3.77E-05
9.82E-06

7.81E-07
4.12E-07

1.61E-07
2.87E-06

C2
Transport (truck)

per ton-km
8.65E-02

8.65E-02
0.00E+00

0.00E+00
5.05E-04

5.20E-07
1.91E-05

1.50E-05
2.83E-05

9.23E-05

C3
C

rushing C
oncrete

per m
3

3.78E+00
3.76E+00

1.50E-04
2.73E-05

2.35E-03
2.00E-03

3.32E-04
8.56E-05

6.07E-05
1.60E-03

C3
C

rushing U
H

PC
per m

3
7.55E+00

7.53E+00
3.00E-04

5.47E-05
4.71E-03

4.00E-03
6.65E-04

1.71E-04
1.21E-04

3.21E-03
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4.3.  Social Impacts Analysis

In this study, SCC is evaluated as a theoretical measure that accounts for the multifaceted im- pacts of 
climate change.  These include changes in agricultural productivity, health-related effects, property damage 
caused by flooding and extreme weather events, disruptions to energy infrastruc- ture, heightened risks of 
conflict, climate-induced migration, and the economic value of ecosystem services  [66].   The  SCC  and  GHG 
emissions of concrete  and UHPC bridge decks are applied to explore how incorporating externalized costs 
into market pricing might influence the relative differ- ences between these mixtures.  The externalized climate 
costs vary depending on the specific type of greenhouse gas (e.g., CO2 , CH4 , N2 O) and the timing of emission 
changes.  In this analysis, the social costs of CO2 , CH4 , and N2 O are assumed to be $116, $3, 800, and $45, 000, 
respectively, using a 2.5% discount rate [66].

4.4.  Life-cycle  Costs  Analysis  Methodology
Life cycle cost assessment (LCCA) is an effective method to evaluate the accumulated cost of man-

aging a facility or processing a project with flexibility and comprehensiveness. The LCCA can be used 
to assess all significant and relevant costs over the service life cycle of a bridge deck, helping to optimize 
bridge deck designs that will implement the project objective at the lowest budget while with satisfied 
service level and performance.

The total cost of a bridge deck during its service life is mainly constituted of those from stages and activ-
ities such as initial construction, routing inspection, maintenance, demolition and recycling, which can be ex-
pressed as [67]:

where LCCNPV  is the total cost represented by Net Present Value (NPV); r is the monetary discount rate; Cic , Cri , 
Cmt , Cd  and Rv  are costs of different activities: initial construction, routine inspection, maintenance, demolition 
and residual value, respectively; nri  and nmt  are number of corresponding activities during the investigated 
period; T is the investigated service life.

4.5.  Life-cycle  Costs  Inputs  and Assumptions
The life cycle costs of the concrete and UHPC bridge decks were analyzed based on the results of the 

time-dependent multi-physics modeling.  The investigated life period is 100 years consider- ing the ac-
cumulated costs from initial construction, routing inspection, minor maintenance, major maintenance, 
and deck overlay. The costs from end of life such as demolition and recycling are not considered for a 
comparative analysis of the two types of bridge decks.  The assessed dimension of the bridge deck fol-
lows the dimensional set up of FEM model, in which the thickness of concrete and UHPC decks are 
250 mm and 125 mm, respectively, with both 1 lane width (3.7 m travel lane) and 1 mile length (1.6 
km). It is assumed that the same traffic conditions are applied on these two bridges and the costs from 
traffic delay due to road closure for maintenance are not considered.

The initial construction and replacement costs of the concrete bridge deck are set as $1 , 000/m2 [68].  The 
unit costs of major and minor maintenance are set as $500 and $20 per square meter, respectively [68].  The 
routine inspection consists of observations and measurements needed to de- termine the physical and function-
al condition of the bridge.  Minor maintenance is considered as preventive action before major maintenance  
(repair)[32, 33].The unit cost of inspection is set as $2/m2  [68].

As for the bridge deck made with UHPC, related literature indicated that the material cost of UHPC is 
about 4 times of conventional concrete [32,69,33], and the thickness of UHPC deck can be much thinner owing 
to the advantages of high strength and reliable durability of UHPC [70], which is in accordance with the 
dimension set up in this study.   Therefore, the normalized unit initial cost of UHPC bridge deck can be set 
as $2, 000/m

2 , which is 2 times than that of RC bridge deck considering the thinner thickness of UHPC. The 
costs of minor maintenance and routine inspection for UHPC bridge deck are assumed to be the same as those 
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of RC bridge deck.

5.  Results
This section presents the results of chloride content distribution and bridge deck deterioration, with a fo-

cus on comparing the findings between the reinforced concrete bridge deck and the reinforced UHPC bridge 
deck.   The investigation includes the service life span,  considering factors such as reinforcing bar cross-sec-
tion loss, damage ratings of the cementitious materials, and the progression of cracking over time due to chlo-
ride exposure.  Additionally, environmental impacts and life cycle costs, including social costs, were calculat-
ed based on the anticipated service life span. Figure 2(b) and (c) illustrates the reference contours of principal 
tensile strains for UHPC and concrete, serving as a measure of the level of cracking in the respective materi-
als.

5.1.  Chloride Profiles
Figure 3 (a)-(d) shows the comparative results of chloride distribution and cracking level following 30 

years of chloride exposure under sustained traffic loading for both the reinforced concrete and reinforced 
UHPC bridge decks.  As depicted in Figure 3, it is evident that the reinforced concrete bridge deck experi-
enced significantly faster chloride ingress compared to the reinforced UHPC bridge deck under the same ini-
tial load condition. Additionally, the corrosion level in the reinforced concrete bridge deck reached 100% for 
the top reinforcing bar, whereas the reinforced UHPC bridge deck exhibited only 13.3% of the top reinforcing 
bar corrosion, despite having a concrete cover that was 2.52 times thicker than that of UHPC. The simulation 
results also indicate that corrosion initiation in the reinforcing bars of the reinforced concrete bridge deck oc-
curred after one year, whereas in the reinforced UHPC bridge deck, it was 25 years.  This notable difference 
can be attributed to the combined effect of slow chloride transportation and enhanced cracking resistance 
provided by UHPC beams.  The simulation results, particularly in terms of chloride profiles, further verify the 
exceptional corrosion resistance of UHPC material.

Figure 3: Damage patterns, chloride contours, and chloride profile.

Figure 3(e) provides additional insights into the chloride profiles at different depths of the bridge decks, 
specifically at the left side and midspan.  It is observed that cracks predominantly occurred at the left side of 
the top surface when the traffic load was applied at midspan.  Consequently, larger crack widths and a high-
er number of cracks were present on the left side of the top surface, where chloride was applied, leading to 
accelerated chloride transport on the left side of the reinforced concrete bridge deck.   As  a  result,  chloride  
concentrations  were  significantly  higher  on  the  left side of the concrete bridge deck.  However, minimal 
variations in chloride profiles were observed across different horizontal locations of the reinforced UHPC 
bridge deck.  This can be attributed to the multiple fine cracks along the horizontal direction, as shown in Fig-
ure 3(d).  These findings emphasize the importance of crack distribution and width in determining the extent 
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of chloride transport, highlighting the superior crack resistance and corrosion protection capabilities of UHPC 
compared to traditional reinforced concrete structures.

5.2.  Bridge  Decks  Deterioration

5.2.1.  Steel cross-section loss

The corrosion-induced deterioration of the steel reinforcement bars in infrastructure is a critical concern, 
and assessing the extent of cross-section loss provides valuable insights into the long-term durability of 
bridge decks.  After 30 years of exposure to chloride, the steel reinforcement bars in the reinforced concrete 
bridge deck exhibited a significant cross-section loss of 12%.  This substantial degradation highlights the vul-
nerability of traditional reinforced concrete structures to corrosion- related damage over extended periods. In 
contrast, the reinforced UHPC bridge deck demonstrated exceptional resistance to corrosion-induced deterio-
ration.  Even after an extended exposure period of 140 years, the steel reinforcement bars in the UHPC deck 
experienced a comparatively mini- mal cross-section loss of only 5.3%.  The differences in cross-sectional 
loss between the reinforced UHPC bridge deck and the reinforced concrete bridge deck can be attributed to 
the notable differ- ence in corrosion propagation rates. This outstanding performance underscores the effec-
tiveness of UHPC in mitigating chloride penetration and protecting the embedded steel from corrosion-in-
duced degradation over the prolonged service life.

5.2.2.  Concrete  and  UHPC damage  ratings

The material deterioration of concrete and UHPC can be measured using a rating measurement based on 
the extent of the damaged area [71]:

R = A × 100 + B × 70 + C × 40 + D × 0                                       (14)

A, B , C, and D represent the percentage area of the materials classified as being in sound, fair, poor, and 
severe damage conditions, respectively.  An A rating of 0 indicates worst condition, while a rating of 100 
indicates best condition.  The damage level of the concrete and UHPC materials can be determined by refer-
ring to the reference principal strain contours of the finite elements, as illustrated in Figure 2(b) and (c).  For 
instance, when the principal tensile strain fell within the range of 1 to 2, the concrete and UHPC were con-
sidered to be in a sound condition as the materials were still within the elastic range.  In the range of 2 to 3, 
micro-cracking in UHPC began to develop, which was classified as a fair condition. The poor condition and 
severe damage in UHPC were assumed when the principal tensile strain ranged from 3 to 4 and from 4 to 5, 
respectively.  Conversely, normal strength concrete was assumed to exhibit fair damage in the range of 2 to 3, 
while the ranges of 3 to 4 and 4 to 5 were associated with poor and severe damage, respectively.

The reinforced concrete bridge deck exhibited a deterioration rating of 79.1% after 30 years of chloride ex-
posure, whereas the reinforced UHPC bridge deck demonstrated a significantly higher rating of 92.8% after 
140 years of chloride exposure.  The higher damage resistance of UHPC can be attributed to the synergistic 
effect of the dense material properties and the inherent cracking resistance of UHPC.

5.2.3.  Cracking development

To assess the extent of cracking in the bridge decks, the crack density was determined by calcu- lating the 
ratio of the total cracked area to the measured area.  Over time, the cracks in both bridge decks exhibited an 
increase in length and width, influenced by factors such as traffic load and the expansion of corrosion prod-
ucts following chloride exposure.  Figure 4 illustrates the crack density and number of cracks in the bridge 
decks.  The cracking density was calculated as the total length of cracks over the measured area [72]. To mea-
sure the crack density, a smaller crack width of 0 .01 mm was chosen for the reinforced UHPC bridge deck, 
while a width of 0 .05 mm was selected for the rein- forced concrete bridge deck, considering the microc-
racking characteristics of UHPC. The selection of different crack widths in the modeling process was based 
on the ability of the computational model to capture the distinct crack behavior of UHPC and normal strength 
concrete materials.  UHPC is known for its unique microstructure and enhanced ductility, which can result 
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in smaller crack widths compared to normal strength concrete. In the modeling of UHPC, a smaller crack 
width of 0.01 mm was chosen to accurately represent the microcracking characteristics and improved crack 
resistance of this material.  On the other hand, normal strength concrete typically exhibits larger crack widths 
under similar loading conditions.  In the modeling of normal strength concrete, a crack width of 0.05 mm was 
selected to represent the typical behavior of this material.

As shown in Figure 4, both the reinforced concrete and the reinforced UHPC bridge decks ex- hibited 13 
cracks after 30 years of chloride exposure.  However, the cracking density of the reinforced UHPC bridge 
deck was 43.3% lower than the reinforced concrete bridge deck after 30 years of chlo- ride exposure.  This 
was attributed to the smaller crack depth in UHPC materials.  The reinforced UHPC bridge deck reached the 
same level of cracking density after 140 years of chloride exposure.

These findings establish the significant advantage of using UHPC in bridge deck construction, particularly 
in chloride-rich environments.  The exceptional durability exhibited by the reinforced UHPC bridge deck 
highlights its potential for long-lasting, sustainable infrastructure solutions.  The superior corrosion resistance 
of UHPC offers the potential for reduced maintenance requirements and life-cycle costs, ensuring the longev-
ity and structural integrity of bridge decks in challenging environmental conditions.

Figure 4: Number of cracks and cracking density over chloride exposure time.

5.3.  Initial  GHG Emissions  and Air Pollutants
Figure 5 illustrates the average GHG emissions and air pollutants associated with the concrete and 

UHPC bridge decks per m
2 
,  covering the A1 to A5 life cycle stages.   These  stages  include emissions 

from raw material acquisition, transportation, batching, pumping, and curing. The GHG emissions per 
m

2  of concrete and UHPC bridge deck were 345 kg and 326 kg CO
2-eq , respectively. Despite UHPC gen-

erally having higher GHG emissions during construction, due to its greater cement content and the addition 
of steel fibers [73], the GHG emissions for the UHPC bridge deck, based on the declared functional unit 
(1 m

2  bridge deck), were 6% lower than those of the concrete bridge deck.  This reduction is attributed 
to the reduced volume of material required per m

2 :  only 0.125 m3  of UHPC is needed compared to 0.25 
m3  of concrete.

As shown in Figure 5, a similar trend is observed for air pollutants.   NOX   and SOX , which 
contribute to acid rain and smog formation,  from UHPC bridge deck were 8%  and 4% lower than 
that of the concrete bridge deck, respectively. The combined results of PM2.5  and PM10 , which are 
associated with respiratory and cardiovascular health risks,  was 16% lower for the UHPC bridge 
deck.  VOC and CO emissions, both contributors to air quality degradation, were both 3% lower for 
the UHPC bridge deck compared to the concrete bridge deck.  These reductions demonstrate the en-
vironmental efficiency of UHPC, where its superior mechanical properties enable lower ma- terial use, 
offsetting the higher emissions of its components and resulting in a net improvement in sustainability.
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5.4.  Life  Cycle  GHG Emissions
Based on previous deterioration simulation results 5.2, the deck overlay and deck replacement are applied 

after 15 years and 60 years of service, respectively, for the RC bridge deck, and that minor maintenance 
is applied every 4 years after initial construction. It is assumed that the UHPC bridge deck is free of 
major maintenance and deck replacement necessary within the 100-year service life due to its superior per-
formance in deterioration simulation, and its minor maintenance is applied every 4 years after 24 years 
of service when setting the crack density of 1 × 10-3 mm-1  as the threshold. Routine inspections are 
completed every 2 years for all types of bridge decks.

The UHPC bridge deck demonstrates significantly greater durability, requiring less maintenance and no 
replacement over  an investigated period of  100 years.   In  contrast,  the  concrete  bridge deck demands 
frequent maintenance, which adds to its environmental burden over its life cycle. Consequently, the 
life cycle GHG emissions of the UHPC bridge deck are substantially lower than those of the concrete 
bridge deck.  As shown in Figure 6, the total GHG emissions from raw material acquisition (A1) to dis-
posal and crushing (C3) are 2595 kg CO

2-eq  per m
2  for the concrete bridge deck and 952 kg CO

2-eq  
per m

2  
for the UHPC bridge deck, respectively.  The GHG emissions from the maintenance stage (B1-B3) 

accounted for 86% and 65% of the total emissions for the concrete and UHPC bridges, respectively.  A 
similar trend was observed for air pollutants.  NOX   emissions during the maintenance stage constituted 
86% and 65% of the total emissions for the concrete and UHPC bridges, respectively.  SOX   emissions 
from maintenance were 87% and 65% of the total for the concrete and UHPC bridges, respectively.  
Particulate matter, including PM2.5  and PM10 , as well as (VOCs ), also accounted for 87% and 65% of 
the total emissions for the concrete and UHPC bridges, respectively.  Similarly, CO emissions from the 
maintenance stage contributed 87% and 65% of the total emissions for the concrete and UHPC bridges, 
respectively.  These results emphasize the significant environmental burden of the maintenance stage, par-
ticularly for the concrete bridge.

5.5.  Life-cycle  Costs
Figure 7 illustrates the life cycle costs of the concrete and UHPC bridge decks over a 100-year service life, 

including material, maintenance, construction, and social costs.   At year 60, the to- tal costs (comprising 
life cycle cost net present value, LCCNVP, and social costs) of the concrete bridge ($14.8 million) surpassed 
those of the UHPC bridge ($13 .5 million).  The lower total costs of the UHPC bridge after 60 years indicate 
its economic advantage,  driven by reduced mainte- nance requirements, longer service life, and lower asso-
ciated social costs.  This demonstrates that, despite potentially higher initial costs, the UHPC bridge provides 
significant long-term cost sav- ings and sustainability benefits.   To  assess the sensitivity of how initial ma-
terial costs influence the total costs of bridge decks, various UHPC material costs ($/m3 ) were considered.  
Specifically, UHPC material costs ($/m3 ) were evaluated from two to six times the unit material cost of con-
ven- tional concrete. Accordingly, the initial unit UHPC deck costs examined were $1000/m2 , $1500/m2 , 
$2000/m2 ,$2500/m2 , $3000/m2 .  The resulting initial and total costs are summarized in Table 4. When the 
material cost of UHPC reaches five times that of concrete, the total cost of an UHPC bridge deck consistently 
exceeds that of a concrete bridge deck.
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Figure 5:  Emissions  from A1-A5:  (a) GHG emissions;  (b) NOX   emission;  (c) SOX  emission;  (d) 
PM2.5  and PM10  emissions; (e) VOCs  emission; (f) CO emission.



71
    © By the author(s); licensee Mason Publish Group (MPG), this work for open access publication is under the 
Creative Commons Attribution International License (CC BY 4.0). (http://creativecommons.org/licenses/by/4.0/)

Artificial Intelligence and Sustainble Materials Vol.1Mason Publish Group

Figure  6:   Life  Cycle  Emissions  from  A1-C3:   (a)  GHG  emissions;  (b)  NOX   emission;  (c)  SOX emission; 
(d) PM2.5  and PM10  emissions; (e) VOCs  emission; (f) CO emission
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Table 4:  Cost Comparison Between Concrete and UHPC Bridge Decks

Concrete UHPC

Initial Material Cost ($ /m3  ) 4,000 8,000 12,000 16,000 20,000 24,000

Initial Unit Deck Cost ($/m2  ) 1000 1000 1500 2000 2500 3000

Total Cost at Year 60 (million $/bridge deck) 14.8 6.9 10.4 13.5 16.8 20.1

Total Cost at Year 100 (million $/bridge deck) 16.3 7.4 10.8 14.1 17.5 20.9

The social costs associated with the concrete and UHPC bridge over 100 years of service life were $1.85 
million and $0.68 million, respectively. According to the Intergovernmental Panel on Climate Change 
(IPCC), while applying SCC has been effective in reducing GHG emissions, achieving net- zero GHG 
emissions by 2050 will require significantly higher carbon prices [74].  The SCC value of 116 USD 
per ton CO2  used in this study is a conservative estimate  [75].  There are studies suggest that the social 
cost of carbon could be as high as 1000 USD per ton CO2   [76].  When higher SCC were to applied, the 
UHPC bridge showed greater benefits due to the lower life-cycle GHG emissions compared to that of the 
concrete bridge.  If a lower discount rate (2%) were used, the social costs of the concrete and UHPC bridge 
would increase to $2 .85 million and $1.04 million, respectively.  These values highlight the potential for 
substantial variability in social cost estimates and underscore the importance of adopting an appropriate 
carbon price to drive meaningful emissions reductions.

Figure 7: Life cycle GHG emission

6.  Conclusions
This study compared reinforced concrete and ultra-high-performance concrete (UHPC) bridge decks over a 

100-year service life, examining structural durability, environmental impacts, and life cycle costs under iden-
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tical temperature fluctuations and exposure to de-icing materials.  Results indicate that UHPC bridge decks 
offer superior performance across all evaluated metrics.  The reinforced UHPC bridge deck demonstrated sig-
nificantly slower structural deterioration, with reinforcing bar cross-section loss of only 5.3% after 140 years, 
compared to 12.0% for the reinforced concrete deck after just 30 years of exposure to chloride ingress.  Sim-
ilarly, UHPC decks exhibited higher resistance to damage and cracking, as evidenced by deterioration ratings 
of 92.8% and lower cracking densities even after extended service.

Environmental analysis revealed that the life cycle GHG emissions of the UHPC bridge deck were 
significantly lower, totaling 952 kg CO2-eq  per m2   compared to 2595 kg CO2-eq  per m2   for the 
concrete deck.  This reduction was largely attributed to the UHPC’s superior durability, which reduced 
maintenance-related emissions from stages B1 to B3, contributing 65% of total emissions for the UHPC 
bridge deck versus 86% for the concrete bridge deck.  Comparable trends were observed for air pollutants, 
including nitrogen oxides (NOx ), sulfur oxides (SOx ), volatile organic compounds (VOCs ), particular 
matter less than 10 µm (PM10 ), and particulate matter less than 2.5 µm (PM2.5 ), and carbon monoxide 
(CO). Ongoing research into lower-carbon UHPC systems, if successful, will result in even more reduc-
tions in the life-cycle carbon emissions [77, 78].

Economically, UHPC bridge decks demonstrated long-term cost advantages despite higher initial mate-
rial costs.   By year 60, the total costs of the reinforced concrete bridge deck, including net present 
value and social costs, exceeded those of UHPC decks ($14 .8 million vs.  $13.5 million).  The substantial 
improvement in service life performance lead to cost savings in maintenance and repair expenses over 
time.  Additionally, despite the potential higher initial construction costs associated with UHPC, the 
reduced bridge deck cross-section of the reinforced UHPC bridge deck can help offset some of these 
upfront expenses.

The findings of this study emphasize the potential of UHPC materials as a sustainable and cost-ef-
fective alternative to conventional concrete materials. By minimizing environmental impacts, reducing 
life cycle costs, and extending service life, UHPC provides a compelling solution for ad- vancing sus-
tainable infrastructure in the face of increasing environmental and economic challenges.
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