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Abstract

With the rapid increase in municipal solid waste and the associated production of incinera-
tion fly ash (IFA) in Taiwan, sustainable utilization of industrial by-products has become
a pressing concern. This study evaluates the mechanical, environmental, and structural
performance of ultra-high-performance concrete (UHPC) incorporating water-quenched
slag (WQS) and IFA as partial replacements for cement or quartz powder. Laboratory-scale
specimens were tested for compressive and flexural strength, followed by full-scale load-
bearing tests on trench covers (60 × 35 × 4 cm) and manhole covers (120 × 60 × 5 cm) with
varying steel fiber contents and welded steel mesh reinforcement. Mechanical behavior,
heavy-metal leaching (TCLP), carbon emissions, and life cycle impact assessment (LCIA)
were examined. The results show that WQS maintained or enhanced strength, while IFA
caused strength loss and surface corrosion due to gas release during hydration. Trench
covers with 15% WQS achieved the highest peak load (14,733 kg), exceeding heavy-traffic
requirements, whereas IFA-based covers met the 10-ton standard but showed corrosion.
Manhole covers did not reach the 75-ton design load, indicating applicability only for light
or non-traffic areas. All UHPC mixes immobilized heavy metals within regulatory limits,
and partial cement replacement reduced the carbon footprint by 60–120 kg CO2e/m3. LCIA
further indicated that 20% IFA replacement provided the greatest overall environmental
benefit. In conclusion, WQS-incorporated UHPC offers reliable structural and environmental
performance, while IFA requires pretreatment or modification to ensure long-term durability.

Keywords: water-quenched slag (WQS); UHPC; incinerator fly ash (IFA); strength;
TCLP; LCIA

1. Introduction
In recent years, rapid industrial and economic development has led to accelerated

urbanization and an increasing demand for construction materials, particularly steel and
high-performance concrete. The continual rise in steel prices, especially in Asia, has
resulted in the frequent theft of cast iron products such as manhole covers, posing serious
public safety risks. At the same time, municipal solid waste management has become a
pressing environmental concern. Although the government has constructed numerous
waste incineration facilities over the past decade, Taiwan still generates approximately
10 million metric tons of waste annually. While incineration effectively reduces the volume
of waste, it produces a substantial amount of incineration ash—about 15% of the original
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waste volume—of which fly ash remains especially problematic due to its high content of
heavy metals and toxic substances such as dioxins. Without proper treatment, this fly ash
poses a risk of severe secondary pollution. Finding ways to reduce and reuse incineration
fly ash is therefore an urgent challenge [1,2].

Municipal solid waste incineration generates two types of ash: bottom ash and fly
ash. Bottom ash, characterized by a larger particle size and lower concentrations of heavy
metals and soluble salts, generally meets the regulatory limits set by the Environmental
Protection Administration (EPA) and is thus classified as general industrial waste suitable
for resource reuse [2,3]. In contrast, fly ash, with finer particle sizes, is collected by air
pollution control devices and contains high concentrations of toxic heavy metals such as
lead and zinc, as well as soluble salts, often exceeding hazardous waste thresholds and
thus classified as hazardous waste [3]. Tay [4] reported that fly ash predominantly falls
within the clay-size range (86%), with only a small portion in the sand-size fraction (14%),
which is influenced by incinerator conditions such as combustion temperature, operating
parameters, and APC (air pollution control) system type.

Heavy metal concentrations in fly ash are strongly correlated with particle
size—smaller particles tend to contain higher levels of heavy metals [5–7]. For instance,
Pb content increases with surface area, and is positively correlated with the chlorine and
carbon contents [8,9]. According to IAWG [5], elements such as Ca, K, Na, and Cl are
predominantly retained in fly ash after incineration, especially volatile heavy metals like
Pb, Zn, and Cd, which condense on fly ash surfaces after volatilization. Furthermore, the
chemical composition of fly ash varies depending on the waste composition, incinerator
design, and the flue gas treatment method (e.g., wet or dry scrubbers, addition of Ca(OH)2

or activated carbon). The high content of alkali metals like K and Na in fly ash may pose
durability concerns when used in cement-based materials [10].

Several stabilization and solidification techniques—such as cement-based solidifica-
tion, chemical treatment, plasma vitrification, and wet chemical processes—have been
developed for treating incinerator fly ash, each with specific advantages and limitations,
as summarized in Table 1. Among these, the ideal treatment method should aim to
(1) completely eliminate dioxins and prevent their reformation; (2) recover heavy metals to
avoid secondary leaching; (3) reduce the waste volume to zero, eliminating the need for
landfilling; (4) produce valuable end products with broad applicability; (5) avoid secondary
pollution and emissions during treatment; and (6) provide environmental, ecological, and
energy-saving benefits [1,2]. In this context, the dense matrix and high binding capacity
of UHPC offer a promising platform for the encapsulation and immobilization of haz-
ardous constituents in incineration fly ash, potentially integrating environmental safety
with advanced construction performance [11,12].

IFA and WQS are potential by-products that can be reused as partial replacements for
cement or quartz powder in concrete materials. While numerous studies have explored the
incorporation of such materials in ordinary concrete, their application in UHPC remains
in the exploratory stage. Effective utilization of these industrial by-products could reduce
carbon emissions, lower material costs, and promote resource recycling. However, due to
the high concentrations of hazardous heavy metals in IFA, direct landfilling without proper
intermediate treatment can result in significant leaching risks. The environmental impact
of heavy metals varies depending on their chemical forms, mobility, and origin. Therefore,
pretreatment is essential to stabilize these metals and prevent ecological harm [10].
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Table 1. Comparison of intermediate treatment technologies for municipal waste incineration fly ash.

Technology Principle Advantages Disadvantages Ref.

Cement
Solidification

Mixes fly ash with
cement-based binders to

encapsulate heavy
metals and form stable

solidified blocks.

Low cost, simple
operation, mature

technology.

Increases waste volume;
limited ability to destroy

dioxins; long-term
stability may be

questionable.

[2]

Chemical
Stabilization

Converts heavy metals
into insoluble forms

using reagents such as
sulfides or phosphates.

Effective for specific
metals; short

treatment time.

Needs precise chemical
control; secondary waste

generation; may form
mobile species under

certain pH.

[11]

Thermal Treatment
in a Furnace

Sintering fly ash at high
temperatures to degrade
dioxins and immobilize

some metals.

Good dioxin
destruction
efficiency.

High energy
consumption; risk

of volatilizing
heavy metals.

[5]

Thermal
Co-treatment with
Hazardous Waste

Co-incineration with
combustible hazardous

waste enhances
energy efficiency and
dioxin degradation.

Improves energy
utilization; combined

treatment process.

Requires advanced flue
gas control; secondary

pollution risk.
[5]

Plasma Vitrification

Uses plasma arc to melt
fly ash at 1600–2000 ◦C,

forming glassy slag
that immobilizes

heavy metals.

Complete
destruction of

organics and strong
immobilization.

Extremely high cost;
complex equipment and

operation; very high
energy consumption.

[12]

Fuel-Based
Vitrification

Burns fossil or waste
fuel to generate high
heat for vitrifying fly

ash into glassy material.

Simpler setup than
plasma; end product

can be reused.

Less efficient energy use;
risk of dioxin

reformation and
metal volatilization.

[10]

Thermal Treatment
in Rotary Kiln

Prolonged
high-temperature

treatment in a rotating
kiln; can destroy

dioxins and partially
stabilize metals.

Suitable for
large-scale treatment;

good control of
residence time.

High capital investment;
tight temperature

and emission
control required.

[1]

Wet Chemical
Treatment

Leaches out soluble salts
and metals using
acid/alkaline or
chelating agents.

Effectively removes
chlorides, Pb, Zn,
etc.; often used

as pretreatment.

Produces large volumes
of wastewater; requires
multiple washing stages;
water treatment needed.

[11]

Dioxins in waste fly ash are highly toxic, and improper treatment poses serious safety
risks. In the study by Yajun Lv et al. [13], high-temperature treatment reduced dioxin levels
to 1/1209 of the original. When 20% of cement was replaced with treated MSWI fly ash,
UHPC showed faster hydration, lower fluidity, shorter setting time, and improved 28-day
compressive strength. The treated fly ash also produced harmless pores (<20 nm) and
effectively bound heavy metals, indicating its potential as a cement substitute in UHPC.
Lee et al. [14] also showed that adding incinerator fly ash to UHPC supports recycling
and carbon reduction without harming its mechanical performance, indicating practical
application potential.

UHPC is known for its outstanding compressive and flexural strength, extremely
low porosity, and superior durability. It has been widely applied in infrastructure such
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as bridges, roadways, and structural reinforcement [15–17]. These superior properties
result from the use of fine powders and a low water-to-binder ratio, making UHPC highly
sensitive to the quality and characteristics of its constituent materials. Therefore, when
incorporating alternative materials such as IFA or WQS, it is crucial to evaluate their effects
on workability, mechanical behavior, and long-term durability. In addition, the chemical
stability and heavy metal leaching potential of such waste-based materials are essential
environmental assessment criteria [14,18].

UHPC exhibits exceptional ductility—up to 250 times greater than that of conventional
concrete—which, along with its extremely low permeability, makes it resistant to chemical
attack and ideal for use in aggressive environments [19–22]. According to Lee et al. [14],
UHPC also demonstrates excellent bonding strength, dynamic modulus, and durability,
making it suitable for structural repair and strengthening. Moreover, its dense matrix
gives UHPC strong solidification capability, suggesting its potential for encapsulating toxic
substances effectively.

On the other hand, WQS, a by-product of thermal plasma gasification technology
used for municipal solid waste (MSW) treatment, has emerged as a promising sustainable
material. In this high-temperature process, organic matter is converted into syngas, while
inorganic residues are vitrified into inert slag. This slag retains most of the heavy and alkali
metals present in the original waste and can be used as a construction material [12,18].

Therefore, this study investigates the effects of incorporating various replacement
ratios of IFA or WQS into UHPC as partial substitutes for quartz powder or cement. After
28 days of curing, mechanical and load-bearing tests were conducted on both laboratory
specimens and full-scale trench and manhole cover products to assess their performance
under practical conditions. This roadmap helps readers follow the structure and purpose
of the research.

2. Experiments
The primary objective of this study is to investigate the effects of incorporating dif-

ferent replacement ratios of IFA or WQS into ultra-high-performance concrete (UHPC) as
partial substitutes for quartz powder or cement. Basic mechanical tests were conducted,
and after the specimens reached 28 days of curing, loading tests were performed. In addi-
tion to laboratory-scale specimens, two types of trench cover and manhole cover products
were fabricated using selected UHPC mixtures and subjected to standardized load-bearing
tests in order to evaluate their applicability under practical service conditions. The study
aims to explore the relationship between the replacement percentage of IFA or WQS and the
resulting strength, thereby determining the optimal replacement content for both structural
performance and product-level applications.

2.1. UHPC Materials and Mixtures

The test specimens in this study were made using ultra-high-performance concrete
(UHPC). The primary materials and mixtures included water, cement, silica sand, silica
fume, quartz powder, superplasticizer, defoaming agent, and steel fibers. The key variable
in the experiment was the partial replacement of quartz powder or cement with either
incinerator fly ash (IFA) or water-quenched slag (WQS), as shown in Table 2. WQS and
IFA are distinct supplementary materials—WQS is a by-product of molten slag rapidly
cooled by water, while IFA is a fine particulate residue collected from municipal solid waste
incineration. The UHPC mix designs included two different series of samples: one series
incorporated WQS and the other incorporated IFA as partial replacements, rather than a
combined mixture of both materials. The variable in each group was the substitution ratio
of quartz powder or cement, which was replaced by IFA or WQS by weight (10%, 15%, and
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20% levels). This systematic variation allows for a direct comparison between the control
group and the modified mixtures to determine the optimal replacement level in terms of
mechanical performance and material sustainability.

Table 2. UHPC mix proportions with partial replacement of quartz powder or cement by WQS or IFA (kg/m3).

Mix Type Cement Quartz
Powder

Silica
Sand

Silica
Fume Superplasticizer Defoamer Water WQS or

IFA

Control 720 252 700 216 7.13 0.07 113.7 0

10% Quartz Powder
Replacement 720 226.8 700 216 7.13 0.07 113.7

WQS 25.2

IFA 25.2

15% Quartz Powder
Replacement 720 214.5 700 216 7.13 0.07 113.7

WQS 37.5

IFA 37.5

20% Quartz Powder
Replacement 720 205 700 216 7.13 0.07 113.7

WQS 50

IFA 50

10% Cement
Replacement 648 252 700 216 7.13 0.07 113.7

WQS 72

IFA 72

15% Cement
Replacement 612 252 700 216 7.13 0.07 113.7

WQS 108

IFA 108

20% Cement
Replacement 576 252 700 216 7.13 0.07 113.7

WQS 144

IFA 144

Note: The steel fiber content is 2.5% by volume.

The UHPC used in this experiment incorporated Type II Portland cement (moderate
heat cement) produced by Taiwan Cement Corporation. Type II Portland cement generates
a lower heat of hydration and has a slower heat release rate compared to Type I Portland
cement. It also offers resistance to moderate sulfate attack, making it suitable for mass
concrete structures. In Taiwan’s highly corrosive environment, the sulfate resistance of Type
II cement enhances the durability of materials. The chemical composition and properties of
the cement are shown in Table 3 [14].

Table 3. Composition and properties of Portland cement.

Chemical Component Type I Ordinary
Portland Cement

Type II Moderate
Sulfate-Resistant Cement

Tricalcium Silicate (C3S) 55 50

Dicalcium Silicate (C2S) 19 24

Tricalcium Aluminate (C3A) 10 4.9

Tetracalcium Aluminoferrite (C4AF) 7 12.2

Gypsum (CH2) 5 5

Fineness (Blaine, m2/kg) 370 330

Compressive Strength (1 day, kgf/cm2) 70 60

Heat of Hydration (7 days, J/g) 370 250

Application General construction without
special requirements

Structures exposed to moderate
sulfate conditions or requiring

moderate heat of hydration

The silica fume used in this study was produced by Sanlin Trading Co. (Taichung,
Taiwan) and had a particle size ranging from 0.1 to 1 µm. Its chemical composition and
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physical properties are shown in Table 4. The main component is silicon dioxide (SiO2),
which accounts for approximately 90%.

Table 4. Chemical composition and physical properties of silica fume.

Chemical
Component

Maximum
Content (%) Physical Properties

SiO2 90 Specific surface area (m2/g) 18~20

Fe2O3 1 Specific gravity 2.2

Al2O3 1 Bulk density (kg/m3) 250~400

CaO 0.4 Fineness (ave. dia) (µm) 0.1~0.2

MgO 1 Percent passing 45 µm (%) 90~100

C 2 Particle shape Spherical

L.O.I 3 Form Amorphous

Quartz powder not only promotes the formation of C-S-H gel through the reaction
with calcium hydroxide (CH), but also enhances the strength of ultra-high-performance
concrete (UHPC) after high-temperature curing. The quartz powder used in this study
was produced by Chih Chun Industrial Co., Ltd. (Taipei, Taiwan) and had a particle size
ranging from 5 to 20 µm. The optimal addition amount of quartz powder is generally
15–35% by weight of cement [1]. The silica sand used in this study was also produced by
Chih Chun Industrial Co., Ltd., model #3. The particle size distribution obtained from
sieve analysis is shown in Table 5. The fineness modulus (F.M.) of 2.54 indicates that the
silica sand has a medium-fine grading, suitable for achieving dense particle packing in
UHPC mixtures.

Table 5. Sieve analysis results of silica sand.

Sieve No. (1) Retained
Weight (g)

(2) Retained
Percentage

= (1)/W

(3) Cumulative
Retained

Percentage
= Σ(2)

(4) Cumulative
Passing

Percentage
= 100 − (3)

NO.4 0 0 0 100

NO.8 0 0 0 100

NO.16 0 0 0 100

NO.30 1125.6 56.28 56.28 43.72

NO.50 832.3 41.62 97.9 2.11

NO.100 38.6 1.93 99.825 0.175

Chassis 3.5 0.175 100 0

F.M = 2.54

A high-range water-reducing admixture imported from Japan, produced by TAKE-
MOTO OIL & FAT Co., Ltd. (Gamagori, Japan), was used in this study. The product
model is CHUPOL SSP104 and had a solid content of 30%. It functions effectively as a
water-reducing agent. The main chemical component is an anionic surfactant based on
acrylic acid graft copolymer, with a specific gravity ranging from 1.07 to 1.13.

The WQS (water-quenched slag) is a vitrified material composed of inorganic compo-
nents from the CaO–SiO2–Al2O3 system. The major crystalline phases in this system are
anorthite (CaO·Al2O3·2SiO2) and wollastonite (CaO·SiO2), both of which are needle-like
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crystals. These crystals interweave in a complex pattern within the glassy matrix, result-
ing in high strength, making the material highly suitable for use in civil engineering and
construction. The properties of the molten slag can be classified according to its cooling
method into air-cooled (dry) slag and water-cooled (quenched) slag.

In this study, all WQS used was ground to pass through a #200 sieve. The results of
the toxicity characteristic leaching procedure (TCLP) for the WQS (unit: mg/L) are shown
in Table 6, and the chemical composition analysis is shown in Table 7.

Table 6. TCLP results of water-quenched slag (Unit: mg/L).

Zn Pb Cd Cr Cu Hg As

WQS 0.82 <0.1 <0.05 0.40 0.72 <0.05 <0.1

Regulatory Limit - 5.0 1.0 5.0 - 0.2 5.0

Table 7. Chemical composition analysis of water-quenched slag.

Element Content (%) Oxide Content (%)

Fe 5.28 SiO2 34.61

Mg 1.02 CaO 39.95

Ca 28.48 Al2O3 15.00

Al 7.94 MgO 1.69

Si 16.04 Fe2O3 7.55

The study obtained the toxicity characteristic leaching results (unit: ppm) and chemical
properties of municipal solid waste incineration fly ash from Hsinchu and Beitou, as shown
in Tables 8 and 9. According to the data, incineration fly ash exhibits high alkalinity. The
particle size distribution of the fly ash is comparable to coarse fine aggregate. Due to
its porous nature, the fly ash has a lower specific gravity and significantly higher water
absorption than conventional aggregates. All incineration fly ash used in this study was
ground to pass through a #200 sieve. The chemical composition of water-quenched slag
(Table 7) and incineration fly ash (Table 9) was determined using X-ray fluorescence (XRF,
PANalytical Axios, National Central University, Taoyuan, Taiwan). The concentrations of
heavy metals presented in Tables 6 and 8 were obtained through the Toxicity Characteristic
Leaching Procedure (TCLP) in accordance with U.S. EPA Method 1311 [23], followed
by analysis using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES,
PerkinElmer Optima 8000, National Taiwan University, Taipei, Taiwan).

Table 8. TCLP results of incineration fly ash from Hsinchu and Beitou (unit: ppm).

Pb Mn Cu Ni Cr Cd Zn

Hsinchu IFA 1.066 1.891 0.447 0.545 0.409 4.083 175.7

Beitou IFA 31.246 0.116 0.25 0.2742 0.6176 0.0874 ND

Regulatory Limit 5 - 15 - 5 1 -
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Table 9. Chemical composition of incineration fly ash from Hsinchu and Beitou.

Hsinchu IFA Beitou IFA

Element Content (%) Oxide Content (%) Element Content (%) Oxide Content (%)

Ca 13.7 CaO 19.18 Ca 8.37 CaO 11.72

Si 12.7 SiO2 27.21 Si 1.6 SiO2 3.43

Al 4.28 Al2O3 16.17 Al 0.591 Al2O3 2.23

S 3.32 SO3 8.3 S 2.44 SO3 6.1

Fe 2.7 Fe2O3 7.71 Fe 0.429 Fe2O3 1.23

2.2. Test Method and Concrete Samples

The main testing items in this study involved utilizing the material characteristics of water-
quenched slag and incineration fly ash to replace quartz powder or cement in UHPC. The test
specimens included 4 cm × 4 cm × 16 cm prismatic specimens and Φ5 cm × 10 cm cylindrical
samples. Basic mechanical tests were conducted, along with heavy metal content analysis
within the specimens. By evaluating the strength variations in the UHPC, the optimal
replacement ratio and the most suitable type of incineration ash residue were determined,
aiming to reduce production costs and achieve the goal of resource reuse.

The compressive strength tests of cylindrical UHPC specimens were conducted in
accordance with ASTM C39/C39M [24]. Flexural performance of prismatic specimens fol-
lowed ASTM C1609/C1609M [25] for fiber-reinforced concrete. The chemical composition
of the incineration fly ash and molten slag was analyzed according to ASTM C114 [26], and
heavy metal contents were examined following EPA Method 1311 (TCLP).

In addition to laboratory-scale specimens, two types of cover products were fabricated,
namely trench covers (60 × 35 × 4 cm) and manhole covers (120 × 60 × 5 cm), as sum-
marized in Table 10. The number of specimens prepared for each mix test included three
cylindrical specimens, three prismatic specimens, three trench covers, and two manhole
covers. Each cover was produced using selected UHPC mixtures with steel fibers at volume
fractions of 0%, 1.5%, 2.5%, and 3.5%. To further enhance the toughness and load-bearing
capacity, welded 6 mm wire mesh or #4 steel mesh was embedded at thicknesses ranging
from 2.0 cm to 3.0 cm. The load-bearing test procedure, including equipment, boundary
conditions, and load application points, followed the method reported by Lee et al. [14].
Finally, full-scale load-bearing tests were conducted to evaluate the structural performance
and service applicability of these UHPC-based cover products.

Table 10. Summary of specimens, test methods, and parameters.

Specimen Type Dimensions (cm) Test Method/Standard Remarks

Cylindrical
specimen Φ5 × 10 Compressive strength

(ASTM C39/C39M)
Evaluate UHPC

compressive behavior

Prismatic
specimen 4 × 4 × 16 Flexural performance

(ASTM C1609/C1609M)
Fiber-reinforced
flexural response

Trench cover 60 × 35 × 4 Load-bearing test

UHPC with 0%, 1.5%, 2.5%,
3.5% steel fibers; welded

6 mm wire mesh or
#4 steel mesh

Manhole cover 120 × 60 × 5 Load-bearing test
UHPC with 0%, 1.5%, 2.5%,

3.5% steel fibers; welded
#4 steel mesh
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Fibers are incorporated into concrete to mitigate shrinkage-induced surface crack-
ing and provide tensile resistance under compression, thereby delaying crack initiation
and propagation. In this study, ultra-high-performance concrete (UHPC) incorporating
2.5% steel fibers by volume was evaluated for mechanical performance with partial cement
replacement by IFA or WQS at 0%, 10%, 15%, and 20% by weight. Cylindrical specimens
(Φ5 cm × 10 cm) were tested in compression, and prismatic specimens (4 cm × 4 cm × 16 cm)
in flexure. After demolding, the UHPC specimens were placed in a high-temperature steam
curing cabinet at a constant temperature of 90 ◦C for four days to accelerate hydration
and decomposition reactions within the concrete, as shown in Figure 1. Subsequently, the
specimens were oven-dried at 90 ◦C for two days (Figure 2), followed by immersion in a
saturated limewater curing tank at room temperature. All tests were performed after the
specimens reached 28 days of age. High-temperature curing was employed to refine the
UHPC microstructure, enhance the early-age strength, and assess the strength development
using varying fly ash replacement levels.

 

Figure 1. UHPC specimens during high-temperature steam curing.

 

Figure 2. UHPC specimens during oven-dried curing.

2.3. Analysis of the Heavy Metals in Leachate

Analysis of the heavy metals in the leachate was conducted following the TCLP
method (EPA Method 1311) to evaluate the environmental suitability of incineration
residues [23]. The reuse potential of incineration bottom ash depends largely on its heavy
metal content. If the leachate concentrations obtained through the Toxicity Characteristic
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Leaching Procedure (TCLP) are below national environmental standards, the material may
be considered suitable for recycling. Therefore, accurate heavy metal analysis is essential.

In this study, TCLP was conducted on bottom ash samples, and the leachate was ana-
lyzed for its heavy metal contents. Most analyses were performed using atomic absorption
spectroscopy (AAS), while lead (Pb) was also tested using the Merck Nova 60 (Chung Hua
University, Hsinchu, Taiwan), a portable spectrophotometric device. Compared to AAS or
ICP-AES, the Nova 60 offers faster and more convenient testing using reagent kits, making
it suitable for on-site applications. The lead detection procedure using the Merck Nova
60 is as follows [27]:

a. Prepare the lead test kit.
b. Adjust leachate pH to 3–6 using ammonia or nitric acid.
c. Measure total hardness:

◦ If <70 mL, proceed with Step A only.
◦ If ≥70 mL, perform Steps A and B.

1. Step A: Add 5 drops of reagent PK-1 and 5 mL of leachate. Mix.
2. Insert tube into the Nova 60 and record Reading A, as shown in Figure 1.
3. Step B: Add one scoop of PK-2 to the same tube. Mix.
4. Insert again and record Reading B.

d. Final concentration:

◦ If hardness < 70 mL → result = A;
◦ If hardness ≥ 70 mL → result = A – B.

3. Experimental Results and Discussion
3.1. Compressive Strength Test

Figures 3 and 4 present the 28-day compressive strengths of UHPC incorporating
incinerator fly ash (IFA) or water-quenched slag (WQS) as partial replacements for quartz
powder and cement. When WQS replaced quartz powder, the strength declined from
128.4 MPa (0%) to 57.6 MPa (20%), with the minimum loss being 10% but a sharp reduction
occurred at 20%, suggesting 15% as an upper limit. Replacement of cement with WQS
produced lower strengths overall, reaching 66.8 MPa at 20%.
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Figure 3. Compressive strength of UHPC with incinerator fly ash (IFA) at 28 days.
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Figure 4. Compressive strength of UHPC with water-quenched slag (WQS) at 28 days.

Figure 5 shows the 28-day compressive strengths of UHPC in which quartz pow-
der was partially replaced with IFA from the Hsinchu and Beitou plants. For the
Hsinchu plant, the strengths at 10%, 15%, and 20% replacement were 93.82 MPa,
71.27 MPa, and 59.17 MPa, respectively. For the Beitou plant, the corresponding values were
127.95 MPa, 114.51 MPa, and 108.68 MPa, indicating a less pronounced strength reduction
than that of the Hsinchu plant. The greater strength loss in the Hsinchu series may be
related to its elevated cadmium (4.083 ppm) and extremely high zinc (175.7 ppm) contents,
whereas the Beitou fly ash exceeded the permissible limit for lead (31.246 ppm). Previ-
ous studies have reported that MSWI fly ash, after high-temperature treatment, can be
used in UHPC to accelerate hydration, immobilize heavy metals, enhance compressive
strength, and reduce the leaching of harmful substances. A review also noted that in UHPC
without superplasticizers, FA replacement levels of up to 60% did not cause significant
strength loss, while with superplasticizers, optimal performance was often observed at
20–35% replacement. However, these studies mainly examined the mechanical effects
of IFA replacement and did not explore the impact of variations in heavy metal content
on strength [14].
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Figure 5. Compressive strength of UHPC with incinerator fly ash (IFA) from Hsinchu and Beitou at
28 days.
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3.2. Flexural Strength Test

In general, higher fiber dosages can enhance the compressive and flexural strength
of concrete specimens. Figures 6 and 7 present the 28-day flexural strengths of UHPC
(with 2% fiber dosage) in which quartz powder or cement was partially replaced with
incinerator fly ash (IFA) or water-quenched slag (WQS). When WQS replaced quartz
powder, strengths declined from 35.61 MPa (0%) to 27.92 MPa (20%), with only a slight
decrease at 10% but a sharp drop at 20%, suggesting 15% as a practical upper limit.
In contrast, replacing cement with WQS yielded lower strengths overall (20.95 MPa at
20% replacement). IFA substitutions produced similar downward trends, with more pro-
nounced losses when replacing cement. Overall, WQS outperformed IFA; however, at
10% quartz powder replacement, both materials produced comparable strengths, indicating
a possible performance equilibrium.
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Figure 6. Flexural strength of UHPC with incinerator fly ash (IFA) at 28 days.
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Figure 8 shows the 28-day compressive strengths of UHPC where quartz powder was
replaced with IFA from the Hsinchu and Beitou plants. For Hsinchu IFA, the strengths with
10%, 15%, and 20% replacement were 25.12 MPa, 23.23 MPa, and 20.95 MPa, respectively.
For Beitou IFA, the corresponding values were 34.35 MPa, 33.54 MPa, and 33.17 MPa,
indicating a less severe reduction. The greater strength loss with Hsinchu IFA may be
linked to its elevated cadmium (4.083 ppm) and extremely high zinc (175.7 ppm) contents,
whereas Beitou IFA exceeded permissible limits for lead (31.246 ppm).
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Figure 8. Flexural strength of UHPC with incinerator fly ash (IFA) from Hsinchu and Beitou at 28 days.

High-temperature-treated IFA has been shown to accelerate hydration, immobilize
heavy metals, enhance strength, and reduce leaching in UHPC. Without superplasticizers,
up to 60% fly ash replacement may not markedly reduce strength; with superplasticizers,
optimal performance occurs at 20–35%. However, most studies have focused on mechanical
effects, overlooking the influence of the heavy-metal composition. The present results
indicate that elevated zinc and cadmium contents may be a critical yet underexplored factor
in UHPC performance when incorporating IFA [28,29].

3.3. TCLP Test

The TCLP results for both Hsinchu Plant IFA (Table 11) and Beitou Plant IFA (Table 12)
confirm previous findings showing that UHPC possesses a dense microstructure capable of
effectively immobilizing heavy metals present in incinerator fly ash. The TCLP standard
values presented in Tables 11 and 12 are based on the U.S. Environmental Protection Agency
Toxicity Characteristic Leaching Procedure, Method 1311 [23]. Similar to the results of
Zhang et al. [2] and Lee et al. [14], the present study demonstrates that replacing quartz
powder or cement with IFA at 10–20% yields specimens with heavy metal concentrations
well below the regulatory limits for hazardous industrial waste. In particular, Zn, Mn, Cu,
Ni, and Cd in the Hsinchu series and Zn, Mn, Cu, Cr, Ni, Pb, and Cd in the Beitou series
exhibited substantial reductions in leaching compared with their raw ash counterparts.
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Table 11. TCLP Heavy Metal Concentrations from Specimens (Hsinchu Plant IFA).

Sample No.
Element Pb Mn Cu Ni Cr Cd Zn

Unit (mg/L)

Control (0%) 0.172 0.019 0.021 0.052 0.063 0.016 0.045

10% Cement
Replacement 0.195 0.024 0.018 0.026 0.073 0.02 0.047

15% Cement
Replacement 0.204 0.018 0.021 0.033 0.078 0.023 0.054

20% Cement
Replacement 0.22 0.023 0.021 0.06 0.061 0.023 0.051

10% Quartz Powder
Replacement 0.175 0.022 0.022 0.046 0.112 0.021 0.058

15% Quartz Powder
Replacement 0.197 0.023 0.022 0.04 0.086 0.019 0.051

20% Quartz Powder
Replacement 0.196 0.019 0.022 0.025 0.059 0.016 0.058

Hsinchu Plant IFA 1.066 1.891 0.447 0.545 0.409 4.083 175.7

AA detection limit 0.05 0.01 0.01 0.02 0.02 0.002 0.005

TCLP standard value 5 - 15 - 5 1 -

Table 12. TCLP Heavy Metal Concentrations from Specimens (Beitou Plant IFA).

Sample No.
Element Pb Mn Cu Ni Cr Cd Zn

Unit (mg/L)

Control (0%) 0.172 0.019 0.021 0.052 0.063 0.016 0.045

10% Cement
Replacement 2.7631 0.0012 0.0084 0.0109 0.0919 0.0004 ND

5% Cement
Replacement 2.9829 0.0009 0.0098 0.0138 0.0982 0.0004 ND

20% Cement
Replacement 3.3738 0.0012 0.0098 0.0252 0.0768 0.0004 ND

10% Quartz Powder
Replacement 2.2746 0.0011 0.0103 0.0193 0.1409 0.0004 ND

15% Quartz Powder
Replacement 2.812 0.0012 0.0103 0.0168 0.1082 0.0003 ND

20% Quartz Powder
Replacement 2.7875 0.001 0.0103 0.0105 0.0742 0.0003 ND

Beitou Plant IFA 31.246 0.116 0.25 0.2742 0.6176 0.0874 ND

AA detection limit 0.05 0.01 0.01 0.02 0.02 0.002 0.005

TCLP standard value 5 - 15 - 5 1 -

The pronounced decrease in Zn and Cd leaching from the Hsinchu IFA specimens
(Zn: 175.7 ppm from raw ash; Cd: 4.083 ppm from raw ash) and the sharp reduction in
Pb leaching from Beitou IFA specimens (Pb exceeding the standard by 31.246 ppm in raw
ash) are consistent with the encapsulation effect of the UHPC matrix described by Shi
et al. [22] in which the low permeability and high pozzolanic reactivity of UHPC binders
enhanced the physical and chemical binding of heavy metals. This dense matrix limits pore
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connectivity, reduces ion diffusion pathways, and promotes stable mineral phase formation,
thereby lowering both the mobility and the environmental risk of the contained metals.

3.4. Load-Bearing Test of Trench Covers and Manhole Covers

The full-scale load-bearing tests were conducted on two types of laboratory-scale
UHPC products: trench covers (60 × 35 × 4 cm) and manhole covers (120 × 60 × 5 cm).
The detailed loading configurations for the trench cover and the manhole cover tests are
illustrated in Figures 9 and 10, respectively. Each cover incorporated different steel fiber
volume fractions (0%, 1.5%, 2.5%, and 3.5%) with and without welded steel mesh embedded
at thicknesses ranging from 2.0 cm to 3.0 cm.

  

(a) Trench cover (b) Trench cover load-bearing test config-
uration 

Figure 9. Trench cover load-bearing test configuration.

 

Figure 10. Manhole cover load-bearing test configuration.

The load-bearing performance of the tested UHPC trench covers is summarized in
Table 13. With 6 mm wire mesh, the load capacity increased from 3847 kg (0% fiber) to
7172 kg, 8119 kg, and 10,085 kg with 1.5%, 2.5%, and 3.5% steel fibers, respectively. With
#4 welded steel mesh, capacity rose from 7376 kg to 12,476 kg, 14,345 kg, and 17,439 kg for
the same fiber contents. Specimens without reinforcement and 0% fibers failed to reach the
design load, while fiber additions (1.5–3.5%) progressively enhanced the load capacity and
ductility, with the 3.5% mix exceeding heavy traffic requirements. Incorporating welded
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mesh further improved strength, toughness, and crack control, with the peak capacity
reaching 17,439 kg (≈70% above design load). According to regulations, trench covers
(60 × 35 × 4 cm) must withstand at least 10 tons of failure load, and the steel fiber–reinforced
specimens with #4 welded mesh successfully satisfied this criterion (Figure 11).

Table 13. Load Test Results of UHPC Covers.

Cover Type Dimensions
(cm)

Steel Fiber
(% vol.) Reinforcement Peak Load

Capacity (kg) Performance Evaluation

Trench 60 × 35 × 4 0 Wire mesh 3847 Unsatisfactory design load

Trench 60 × 35 × 4 1.5 Wire mesh 7172 Meets light/ middle
traffic load

Trench 60 × 35 × 4 2.5 Wire mesh 8119 Meets light/ middle
traffic load

Trench 60 × 35 × 4 3.5 Wire mesh 10,085 Meets design load

Trench 60 × 35 × 4 0 Steel mesh 7376 Meets light/ middle
traffic load

Trench 60 × 35 × 4 1.5 Steel mesh 12,476 20% above design load

Trench 60 × 35 × 4 2.5 Steel mesh 14,345 40% above design load

Trench 60 × 35 × 4 3.5 Steel mesh 17,439 70% above design load

Manhole 120 × 60 × 5 0 Steel mesh 10,443 Unsatisfactory design
load & displacement 35 mm

Manhole 120 × 60 × 5 1.5 Steel mesh 15,200 Unsatisfactory design
load & displacement 33 mm

Manhole 120 × 60 × 5 2.5 Steel mesh 17,645 Unsatisfactory design
load & displacement 43 mm

Manhole 120 × 60 × 5 3.5 Steel mesh 20,018 Unsatisfactory design
load & displacement 47 mm
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Figure 11. Trench cover load test results.

Table 14 shows performance and cost-performance comparison of the trench covers in
this study. The UHPC trench cover reinforced with 2.5% steel fibers met the 10-ton proof
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load requirement without cracking or excessive deformation. Compared with commercial
products, FRP and cast iron covers provide similar load capacities, but UHPC achieves
a much higher cost-performance (C/P) value (34.9%) while being lighter than cast iron
and more durable than FRP. Unlike galvanized grating, which shows poor strength and
short service life, UHPC combines high load capacity, corrosion resistance, and a projected
service life exceeding 100 years, making it the most reliable and cost-effective solution
among the evaluated trench covers [14,29].

Table 14. Performance and cost-performance comparison of trench covers [14,29].

Item FRP Trench
Cover

Galvanized
Gutter Cover

Cast Iron
Gutter Cover

UHPC Trench
Cover

Thickness (cm) 4 4 4 4

Weight (kg) 27 (Medium) 17 (Medium) 40 (Heavy) 19 (Medium)

Peak load (ton) 12.52 (Good) 1.04 (Poor) 10.23 (Good) 11.53 (Good)

Unit price
(USD) 74 27 50 33

C/P value (%) 16.9 3.9 20.5 34.9

Construction
convenience Good Good Good Good

Corrosion
resistance Fair Fair Poor Good

Surface quality Good Good Good Good

Product
integrity Good Good Good Good

Burglarproof
property Good Poor Poor Good

Anti-static
property Fair Poor Poor Fair

Anti-skidding Fair Poor Fair Fair

Deodorization Good Poor Good Good

UV resistance Poor Good Good Good

Service life Medium Short Medium Long (100 yr ↑)

Overall
performance Good Fair Good Excellent

In contrast, the manhole covers in Table 13 exhibited lower overall load efficiencies.
Despite the inclusion of steel mesh and up to 3.5% steel fibers, all tested configurations
showed excessive displacements (33–47 mm). According to CNS 15536 [30], the national
standard of the Republic of China, a manhole cover (120 × 60 × 5 cm) must withstand a
static breaking load of 75 tons and exhibit a deflection of less than 10 mm under a 20-ton
load. The experimental results clearly fell short of these criteria, indicating that the current
UHPC manhole cover design is unsuitable for heavy traffic applications. The insufficient
performance was mainly attributed to stress concentration and inadequate flexural stiffness
under central loading [31]. The larger span-to-thickness ratio and discontinuity around the
opening further reduced structural integrity compared with the trench covers. Such large
deformations could pose safety risks for vehicles in service; therefore, the UHPC-based
manhole covers are recommended only for areas with low traffic volume, no heavy vehicles,
or non-traffic zones such as parks.
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The typical failure pattern of UHPC trench covers under load testing is shown in
Figure 12. When incineration fly ash (IFA) is incorporated into UHPC, large amounts of
gas are released during the cement hydration process, leading to volumetric expansion and
increased pore size within the hardened matrix. This results in higher permeability and,
consequently, more pronounced surface corrosion on IFA-containing trench covers [14].
The cracking and spalling behavior of such specimens is illustrated in Figure 13. In contrast,
trench covers incorporating water-quenched slag (WQS) exhibited more stable structural
performance. Their failure mode was characterized primarily by ductile cracking with no
obvious signs of corrosion.

 

Figure 12. Typical failure pattern of UHPC trench cover.

 

Figure 13. Surface corrosion on IFA-containing trench cover.

By combining the test data in Table 15 with the observed failure phenomena, it can be
concluded that WQS replacement maintained or even enhanced the load-bearing capacity
of UHPC trench covers, with 15% quartz powder replacement achieving the highest peak
load (14,733 kg) and exceeding the heavy traffic requirement. In contrast, IFA, although
capable of meeting the 10-ton design load, exhibited pronounced corrosion and cracking
due to gas release and pore expansion during hydration, indicating insufficient long-term
durability and reduced reliability in practical applications. Overall, WQS can be regarded as
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a promising supplementary material for UHPC trench covers, whereas the use of IFA should
be limited or subjected to pretreatment to mitigate expansion and corrosion problems.

Table 15. Load Test Results of UHPC Trench Covers with Water-Quenched Slag and Incineration Fly Ash.

Mix ID Dimensions
(cm)

Steel Fiber
(% vol.) Reinforcement Peak Load

Capacity (kg)
Performance
Evaluation

Control 60 × 35 × 4 2.5 Steel mesh 14,345 Meets heavy
traffic load

IFA 10% Cement
Replacement 60 × 35 × 4 2.5 Steel mesh 10,947

Meets design
load; corrosion

observed

IFA 15% Cement
Replacement 60 × 35 × 4 2.5 Steel mesh 12,063

Meets design
load; corrosion

observed

IFA 10% Quartz Powder
Replacement 60 × 35 × 4 2.5 Steel mesh 11,486

Meets design
load; corrosion

observed

IFA 15% Quartz Powder
Replacement 60 × 35 × 4 2.5 Steel mesh 11,626

Meets design
load; corrosion

observed

IFA 20% Quartz Powder
Replacement 60 × 35 × 4 2.5 Steel mesh 10,413

Meets design
load; corrosion

observed

WQS 10% Quartz Powder
Replacement 60 × 35 × 4 2.5 Steel mesh 11,432 Meets design

load

WQS 15% Quartz Powder
Replacement 60 × 35 × 4 2.5 Steel mesh 14,733 Meets heavy

traffic load

WQS 10% Cement
Replacement 60 × 35 × 4 2.5 Steel mesh 10,874 Meets design

load

WQS 15% Cement
Replacement 60 × 35 × 4 2.5 Steel mesh 12,621 Meets design

load

3.5. UHPC Life Cycle Impact Assessent

Table 16 summarizes the mix proportions and total carbon emissions (kg CO2e/m3)
of UHPC incorporating either incineration fly ash (IFA) or waste quartz sand (WQS) as
partial replacements for quartz powder or cement. The steel fiber content in all mixes was
2.5% by volume. The carbon emission factors used in this calculation were as follows:
1.10 kg CO2e/kg for steel fiber; 0.85 kg CO2e/kg for cement; 0.04 kg CO2e/kg for quartz
powder; 0.008 kg CO2e/kg for silica sand; 0.40 kg CO2e/kg for silica fume; 4.00 kg CO2e/kg
for the polycarboxylate superplasticizer (PCE); 2.00 kg CO2e/kg for the defoamer; 0.0003 kg
CO2e/kg for water; 0.01 kg CO2e/kg for IFA; and 0.008 kg CO2e/kg for WQS. All emission
factors were determined based on a cradle-to-gate system boundary, representing the total
embodied carbon from raw material extraction through production and manufacturing,
excluding transportation, construction, use, and end-of-life stages. The functional unit
for the life-cycle impact assessment was 1 m3 of UHPC. The assessment followed the life
cycle method proposed by Wang et al. [32]. Replacing 10–20% of cement with IFA or WQS
significantly lowered the total carbon emissions, with a reduction of 60–120 kg CO2e/m3

compared to the control. For example, 20% cement replacement reduced emissions to
~836 kg CO2e/m3, demonstrating that substituting high-emission cement with low-
emission materials is the most effective strategy for UHPC carbon reduction. As noted by



Buildings 2025, 15, 3897 20 of 25

Wang et al. study, replacing cement with high-volume SCMs is one of the most practical
and economical approaches to reducing CO2 emissions [32].

Table 16. UHPC mix proportions and total carbon emissions (kg CO2e/m3).

Mix ID Cement Quartz
Powder

Silica
Sand

Silica
Fume SP Defoamer Water Emission

kg CO2e/m3

Control 720 252 700 216 7.13 0.07 113.7 957.3

IFA 10% Quartz
Powder

Replacement
720 226.8 700 216 7.13 0.07 113.7 956.5

IFA 15% Quartz
Powder

Replacement
720 214.5 700 216 7.13 0.07 113.7 956.1

IFA 20% Quartz
Powder

Replacement
720 205 700 216 7.13 0.07 113.7 955.9

IFA 10% Cement
Replacement 648 252 700 216 7.13 0.07 113.7 896.8

IFA 15% Cement
Replacement 612 252 700 216 7.13 0.07 113.7 866.6

IFA 20% Cement
Replacement 576 252 700 216 7.13 0.07 113.7 836.4

WQS 10% Quartz
Powder

Replacement
720 226.8 700 216 7.13 0.07 113.7 956.5

WQS 15% Quartz
Powder

Replacement
720 214.5 700 216 7.13 0.07 113.7 956.1

WQS 20% Quartz
Powder

Replacement
720 205 700 216 7.13 0.07 113.7 955.8

WQS 10% Cement
Replacement 648 252 700 216 7.13 0.07 113.7 896.7

WQS 15% Cement
Replacement 612 252 700 216 7.13 0.07 113.7 866.3

WQS 20% Cement
Replacement 576 252 700 216 7.13 0.07 113.7 836

The life cycle impact assessment (LCIA) was conducted according to EN 15804+A2
(2019) [33], using EF 3.0 normalization and weighting, a widely adopted midpoint method
for environmental product declarations. The selected impact categories include cli-
mate change, ozone depletion, human toxicity, acidification, eutrophication, ecotoxic-
ity, and resource depletion. This framework enables quantification of environmental
impacts—particularly global warming potential (GWP)—and supports comparative evalua-
tions of UHPC mixture alternatives, thereby clarifying their sustainability implications [32].
Table 17 summarizes the life cycle environmental impacts of conventional UHPC and
UHPC with partial replacement of cement or quartz powder by IFA or WQS. Replacing ce-
ment with IFA or WQS reduces the climate change impact (GWP) by approximately 6–13%
(957.3 → 836.0–896.7 kg CO2-eq), while quartz powder replacement has minimal effects.
Both substitutions decrease acidification and eutrophication potentials, especially cement
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replacement (acidification drops from 6.2 → 5.15 mol H+-eq at 20% IFA). Human toxicity
impacts are slightly improved, and fossil and mineral resource depletion also decline with
cement substitution (fossil: 8500 → 7055 MJ; minerals: 0.021 → 0.01806 kg Sb-eq).

Table 17. Conventional UHPC and UHPC with WQS and IFA in different environmental impact
categories and indicators (EN 15804+A2).

Mix ID
Impact Category (EN 15804+A2) **

#1 #2 #3 #4 #5 #6 #7 #8 #9

Conventional
UHPC 957.3 2.5 × 10−6 6.2 0.45 3.8 2.2 × 10−6 0.000015 8500 0.021

IFA 10% Quartz
Powder
Replacement

956.5 2.43 × 10−6 5.828 0.414 3.572 2.09 × 10−6 1.43 × 10−5 8075 0.01995

IFA 15% Quartz
Powder
Replacement

956.1 2.4 × 10−6 5.642 0.4005 3.458 2.05 × 10−6 1.4 × 10−5 7905 0.01953

IFA 20% Quartz
Powder
Replacement

955.9 2.38 × 10−6 5.456 0.387 3.344 2 × 10−6 1.37 × 10−5 7735 0.01911

IFA 10% Cement
Replacement 896.8 2.38 × 10−6 5.642 0.405 3.458 2.07 × 10−6 1.41 × 10−5 7735 0.01932

IFA 15% Cement
Replacement 866.6 2.35 × 10−6 5.394 0.387 3.306 2.02 × 10−6 1.38 × 10−5 7395 0.01869

IFA 20% Cement
Replacement 836.4 2.33 × 10−6 5.146 0.369 3.154 1.98 × 10−6 1.35 × 10−5 7055 0.01806

WQS 10% Quartz
Powder
Replacement

956.5 2.45 × 10−6 5.89 0.423 3.61 2.11 × 10−6 1.44 × 10−5 8075 0.01974

WQS 15% Quartz
Powder
Replacement

956.1 2.43 × 10−6 5.704 0.4095 3.496 2.09 × 10−6 1.43 × 10−5 7905 0.01911

WQS 20% Quartz
Powder
Replacement

955.8 2.4 × 10−6 5.518 0.396 3.382 2.07 × 10−6 1.41 × 10−5 7735 0.01848

WQS 10% Cement
Replacement 896.7 2.4 × 10−6 5.766 0.414 3.534 2.09 × 10−6 1.43 × 10−5 7820 0.01953

WQS 15% Cement
Replacement 866.3 2.38 × 10−6 5.518 0.396 3.382 2.05 × 10−6 1.4 × 10−5 7480 0.0189

WQS 20% Cement
Replacement 836.0 2.35 × 10−6 5.27 0.378 3.23 2 × 10−6 1.37 × 10−5 7140 0.01827

** “Impact Category (EN 15804+A2)”: #1 “Climate change (kg CO2-eq)”, #2 “Ozone depletion (kg CFC-11-eq)”,
#3 “Acidification (mol H+-eq)”, #4 “Eutrophication—freshwater (kg P-eq)”, #5 “Eutrophication—marine (kg
N-eq)”, #6 “Human toxicity—cancer (CTUh)”, #7 “Human toxicity—non-cancer (CTUh)”, #8 “Resource
depletion—fossil (MJ)”, #9 “Resource depletion—minerals/metals (kg Sb-eq)”.

Cement replacement with IFA or WQS is far more effective in reducing environmental
impacts than quartz powder replacement. Among all mixtures, 20% cement replacement
with IFA achieves the lowest impact across nearly all categories, while quartz powder re-
placement provides only minor benefits. For example, 20% cement replacement with either
IFA or WQS clearly outperforms conventional UHPC. These findings are consistent with
the results reported in the Sustainability assessment of ultra-high-performance concrete
made with various supplementary cementitious materials [34].



Buildings 2025, 15, 3897 22 of 25

3.6. Comprehensive Analysis

Table 18 summarizes the overall performance of UHPC incorporating water-quenched
slag (WQS) and incineration fly ash (IFA) as partial replacements for quartz powder and
cement. In general, both IFA and WQS maintained acceptable leaching resistance (TCLP)
across all replacement levels, confirming their potential for safe reuse. For mechanical
properties, moderate strength retention was observed at 10–15% replacement levels, while
20% substitution—particularly for cement—led to significant reductions in compressive
and flexural strength. WQS generally performed slightly better than IFA, though both
showed convergence at low replacement levels.

Table 18. Comprehensive analysis of UHPC Containing Water-Quenched Slag and Incineration
Fly Ash.

Mix Type
Performance

Compressive
Strength

Flexural
Strength

TCLP
Leaching

Carbon
Emissions

LCIA
Sustainability

Control Good Good Good Poor Poor

IFA 10% Quartz Powder
Replacement Moderate Moderate Good Poor Moderate

IFA 15% Quartz Powder
Replacement Moderate Moderate Good Poor Moderate

IFA 20% Quartz Powder
Replacement Poor Moderate Good Poor Good

IFA 10% Cement
Replacement Moderate Moderate Good Moderate Moderate

IFA 15% Cement
Replacement Poor Poor Good Moderate Moderate

IFA 20% Cement
Replacement Poor Poor Good Good Good

WQS 10% Quartz Powder
Replacement Moderate Moderate Good Poor Moderate

WQS 15% Quartz Powder
Replacement Moderate Moderate Good Poor Moderate

WQS 20% Quartz Powder
Replacement Poor Moderate Good Poor Good

WQS 10% Cement
Replacement Moderate Moderate Good Moderate Moderate

WQS 15% Cement
Replacement Moderate Moderate Good Moderate Moderate

WQS 20% Cement
Replacement Poor Moderate Good Good Good

From an environmental perspective, increasing the cement replacement ratio reduced
carbon emissions and improved the sustainability index. Notably, replacing 20% of cement
with IFA or WQS achieved the highest sustainability rating despite some mechanical
drawbacks, whereas quartz powder replacement showed limited improvement due to
unchanged cement content.

Overall, the comprehensive analysis suggests that moderate replacement levels (≤15%)
balance strength and environmental performance, while higher cement replacement (20%)
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maximizes sustainability at the expense of mechanical properties. Thus, the optimal strategy
depends on whether mechanical performance or environmental benefit is prioritized.

4. Summary
This study investigated the mechanical, environmental, and structural performance of

UHPC incorporating water-quenched slag (WQS) and incineration fly ash (IFA) as partial
replacements for cement and quartz powder, with a particular focus on trench and manhole
cover applications. The main findings can be summarized as follows:

1. Mechanical performance: Replacing cement or quartz powder with IFA or WQS
reduced the UHPC compressive strength as the replacement ratio increased, with
IFA causing greater reductions. Flexural strength was less affected, and UHPC with
10–15% IFA still met the 10-ton load requirement for trench covers.

2. Source effects: The chemical composition of IFA influenced mechanical properties.
Hsinchu IFA (high Zn and Cd) caused a greater strength loss than Beitou IFA (high Pb),
emphasizing the importance of considering the heavy-metal content when designing
UHPC mixes.

3. Environmental performance (TCLP): All UHPC mixes immobilized heavy met-
als effectively, with Zn, Mn, Cu, Ni, Cd, Pb, and Cr leachates remaining below
regulatory limits.

4. Carbon emissions: Partial cement replacement with IFA or WQS reduced the UHPC’s
carbon footprint by 60–120 kg CO2e/m3, with 20% replacement achieving ~836 kg
CO2e/m3, demonstrating its potential as a sustainable strategy.

5. Life Cycle Impact Assessment (LCIA): Cement replacement with IFA or WQS sub-
stantially reduced the global warming potential, acidification, and resource depletion,
whereas quartz powder replacement yielded only minor environmental benefits. The
most sustainable option was 20% cement replacement with IFA, which achieved the
lowest overall impacts.

6. Trench covers (60 × 35 × 4 cm): UHPC trench covers reinforced with steel fibers
and welded #4 steel mesh exceeded the 10-ton design requirement, with the 15%
WQS mix reaching 14,733 kg (heavy traffic standard). Although IFA-based covers
met the strength criteria, durability concerns were noted. Overall, UHPC covers
demonstrated the highest cost-performance (34.9%), a long service life (100+ yr), and
superior reliability over commercial alternatives [33].

7. Manhole covers (120 × 60 × 5 cm): None of the UHPC manhole covers satisfied the
regulatory static load requirement of 75 tons. Excessive displacements (33–47 mm,
vs. 10 mm limit under a 20-ton load) were observed, making them unsuitable for
traffic applications. Such UHPC covers are only recommended for light traffic areas
or non-traffic zones such as parks.

8. Overall feasibility: UHPC incorporating WQS can be regarded as a promising material
for trench covers, combining structural reliability with sustainability. IFA, although en-
vironmentally beneficial, requires pretreatment or modification to mitigate expansion
and corrosion issues before reliable structural application.
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