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Highlights
What are the main findings?

e  The standardization of coal bottom ash (CBA) as a cement constituent contributes to
climate change mitigation.

e  Coal bottom ash (Z) is included as a new constituent in the EU Standardization Re-
quest published on 28 July 2025.

e For the first time, the durability of Z-concretes is assessed by the depth of penetration
of water under pressure test.

e  C(linker factor reduction with newly standardized constituents decreases the near-
zero cement cost (~500 €/t).

e  CEMII/B-Z and CEM II/C-M concretes meet water penetration requirements for all
exposure classes.

Abstract

The Portland cement industry, responsible for approximately 7.4% of global anthropo-
genic carbon dioxide emissions, must balance rising cement demand with ambitious
greenhouse gas reduction targets. In parallel, the rapid accumulation of industrial solid
waste highlights the need for effective valorization routes. Reducing the clinker factor re-
mains a powerful measure to mitigate climate impacts in the cement sector. This study
evaluates the durability of concretes made with ground coal bottom ash (CBA), a newly
standardized Portland cement constituent, using the depth of penetration of water under
pressure test (EN 12390-8). The experimental results show that concretes produced with
CEM II/B-Z and CEM II/C-M cements meet both average (<30 mm) and maximum (<50
mm) water penetration criteria for mass, reinforced, and prestressed concrete across all
EN 206-1 exposure classes. Concretes made with CEM VI (5-L) and CEM VI (5-Z) comply
for XS1, XS2, XD, XA1, XM, and XF classes. However, for XS3, XA2, and XA3, compliance
(220 mm and <30 mm) is not achieved when using mix design B (300 kg/m?, w/c = 0.50).
These findings provide robust technical evidence supporting CBA as a viable cement con-
stituent that enhances durability while enabling clinker factor reduction.

Keywords: climate change mitigation; IPCC; blended cements; coal bottom ash; building
materials; cement; Roadmap 2050; policy
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1. Introduction

Portland cement is the second largest carbon dioxide-emitting industrial sector, gen-
erating 7.4% [1] of global anthropogenic emissions, but concrete (made by mixing Port-
land cement, aggregates, water and chemical admixtures) is the second most used mate-
rial in the world after water. In addition, demand for Portland cement could increase by
up to 45% by 2050 [2], risking a rise in carbon dioxide emissions. Since it is a hard-to-abate
sector, carbon capture use and storage (CCUS) techniques are essential to the net-zero or
near-zero pathways for Portland cement, but reducing the clinker factor (clinker/cement
ratio) could play a supporting role.

Clinker production at high temperatures (>1450 °C) is the highest CO: emission pro-
cess (around 85%) in cement manufacturing, mainly from burning fossil fuels (pet coke,
diesel, etc.) and the limestone calcination process (Table 1). Accordingly, minimizing the
clinker factor (clinker/cement ratio) to manufacture low-clinker cement is the most effec-
tive procedure to produce low-carbon cements.

Table 1. Source of CO2 from the preparation of cement (CEM I).

Stage of Portland Ce- Carbon Dioxide Emissions
. Process?
ment Production (%)
Clinker raw materials Quarrying and crushing 0.4
Clinker raw materials Grinding 14
Clinkerization Fuel burning 38
Clinkerization Calcination 47
Cement raw materials Quarrying and crushing 1.2
Cement raw materials ~ Grinding/blending/packaging 10
Cement (CEM I) Transportation 4

Total 100

! There is an ongoing process of transition to switch from fossil fuels to removable energy sources
(Hz, biomass, etc.), and net-zero electricity use in crushing, grinding and transportation, among

other technologies.

Given the high cost of carbon capture utilization and storage (CCUS), currently the
first near-zero cement in Europe has an additional cost of above 200% (=500 €/t in 2026)
and it is expected that future low-emission Portland cement will rise by just above 50%
[2], making low-carbon cement cheaper and easier to defend. Therefore, the reduction in
the clinker factor is a cheaper supporting measure for the mitigation of climate change [3].
Nevertheless, the low availability of traditional Portland cement constituents, primarily
coal fly ash or blast-furnace slag, is perceived as the major limitation in implementing this
measure for the development of low-carbon cements, because of the phase-out of coal-
fired power plants and the change in steel production from blast furnace-basic oxygen
furnace (BF-BOF) technology to electric arc furnaces (EAFs) with direct reduced iron (DRI)
made with green hydrogen, which is currently available [4]. Consequently, new Portland
cement constituents should be explored and standardized in order to encourage wide-
spread usage.

Current Portland cement constituents act in the cementitious system as fillers, pro-
moting clinker phase hydration (limestone), or as pozzolanic and/or hydraulic materials
(coal fly ash, ground granulated blast-furnace slag, natural pozzolana, calcined clay, and
so on) [5]. When latent hydraulic materials are ground finely, it dramatically increases the
surface area and may react with water in the presence of CaO (calcareous coal fly ash and
ground granulated blast-furnace slag—high-Ca aluminosilicates) [5]. By contrast, poz-
zolanic materials, especially high-Si aluminosilicates (siliceous coal fly ash, natural and
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calcined pozzolana, siliceous coal bottom ash, etc.), can react with calcium hydroxide
(Ca(OH)2) and water to form C-S-H gel [6].

In the course of this century, many feasibility studies have been launched for the us-
age of natural and waste resources as new Portland cement constituents. Climate change
mitigation and circular economy goals have caused intense research activity in this field.
Nevertheless, some potential Portland cement constituents that fulfill all the technical and
economic criteria cannot be used since they are not standardized or do not fit existing
construction product standards.

Alsubari et al. [7] examined the pozzolanic reaction of palm oil fuel ash (POFA)
waste. To reduce the particle size and increase the surface area, it was ground. This pro-
cess enhanced the pozzolanic reaction. Furthermore, its pozzolanic reactivity was im-
proved by heat treatment.

Kannan et al. [8] confirmed the pozzolanic activity of ceramic waste powder (CWP)
using the Frattini test with CWP up to 40%. Heidari and Tavakoli [9] studied blended
cements up to 40% of ceramic waste powder (CWP). The compressive strength decreased
with the CWP increase at early ages, but it was reduced by increasing the curing time.
Lavat et al. examined the pozzolanic properties of ceramic roof tile wastes [10] and they
found that the pozzolanic properties of ceramic waste powder (CWP) increased when
they were calcined and ground [10]. In addition, they are classified as class F pozzolan
based on their chemical composition.

Glass powder (GP) both has an amorphous nature and exhibits a high silica content,
which provides a high reactivity in the cementitious system [11]. Such reactivity depends
extensively on the particle size [11,12].

Argiz et al. studied ground coal bottom ash to be used in Portland cement [13]. It has
suitable physical and chemical properties, reactivity, and compressive strength develop-
ment, which is very similar to that of coal fly ash [6,13,14]. Therefore, ground coal bottom
ash qualifies as a good candidate for Portland cement constituent. In addition, adequate
supply volumes can be found [15]. The reduction in the clinker factor with this new stand-
ardized pozzolanic addition will help to reduce the current price of the near-zero cement
(=500 €/t in EU 2026).

Recently, Savadogo et al. studied the hydration and physico-mechanical characteri-
zation of bottom ash-based cement [16] and Giinay et al. assessed the mechanical proper-
ties and leaching properties of bottom ash-based mortars [17], concluding that coal bottom
ash is a sustainable building material [18]. However, this does not mean coal bottom ash
cement can be used in concrete in any EU country. For instance, in Spain, the durability
criteria required by the Spanish Structural Code (CodEs) [19] are linked to the “depth of
penetration of water under pressure” test [20].

To summarize, palm oil fuel ash (POFA), ceramic waste powder (CWP), glass pow-
der (GP) and ground coal bottom ash are all pozzolanic, i.e., they are siliceous or sili-
ceous/aluminous materials that react with calcium hydroxide produced by Portland ce-
ment hydration to form C-S-H gel with binding characteristics. Furthermore, they share a
common relationship between the specific surface area and compressive strength. The
fineness (specific surface area) of these potential Portland cement constituents and their
chemical composition are the key factors in the final Portland cement compressive
strength. Generally, a higher specific surface area increases the pozzolanic activity and the
early-age compressive strength in concrete. By contrast, the compressive strength can be
negatively affected if the water demand is increased.

According to the EU [21,22], the process for delivering Harmonized Technical Speci-
fications (HTSs) lacks coherence. This process was established under the Construction
Products Directive (CPD, 89/106/EEC), and continued under the Construction Products
Regulation (CPR, 305/2011/EU). In addition, some HTSs do not cover all the basic work
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requirements (BWR). Accordingly, the European Commission established a method (CPR
Acquis) to implement the Construction Products Regulation (CPR 2024/3110), published
in December 2024, by systematically reviewing and updating harmonized standards for
construction products. The aim of the CPR Acquis is to assess the compliance of the HTSs
and legal acts with the current CPR framework [21]. Furthermore, harmonized standards
for construction products will include new requirements for environmental sustainability
and Digital Product Passports.

The CPR Acquis process started in 2021 for “precast concrete” and “structural metal-
lic products and ancillaries” [23]. On 21st of June 2023 the additional sub-group 6, corre-
sponding to the priority “cement, building limes and other hydraulic binders” (M114 Ce-
ment), was launched at the first meeting of the CPR Acquis (E03776/6). The second meet-
ing was on 11 March 2024, the third on 24 June 2024 and the fourth on 24 October 2024.

The scope of the CPR Acquis process was to define the high-level structure of future
HTSs in the product area identified by sub-group 6, i.e., scope, essential characteristics,
requirements, and so on.

Further to the CPR Acquis process, a new Standardization Request Ad-hoc Group
(SRAHG) for cement was created to review the comments on the Standardization Request
(SReq) document drawn up by all relevant stakeholders and sent to the European Com-
mission (meetings on 28 March, 5 April, 15 May, 2025). Finally, the SRAHG recommended
that a new SReq be accepted by the CEN Technical Board.

During the 39th CEN/TC 51/WG 6 “Definitions and terminology of cement” meeting
held on 5 May 2025, it was agreed to initiate a review of the six cement standards linked
to this Committee, and during the 40th meeting on 28 August 2025, 24 experts discussed
the first prEN 197-1 draft. The deadline for the adoption by the European Standardisation
Organisations (ESOs) is 30 June 2027. In particular, 172 essential characteristics were
found in the prEN 197-1, and the coal bottom ash and recycled concrete fines are the new
cement constituents in this standard [5]. Finally, the EU standardization request (SReq)
for cement, lime and other hydraulic binders was published in the OJEU on 28 July 2025
[23].

In addition, The European Innovation Council and SMEs Executive Agency
(EISMEA) signed a grant agreement with the European Standardization Organization
(CEN) in April 2024 to conduct a project called “SuStaCEM” [24], to support Standardisa-
tion activities performed by “CEN/TC51 Cement and Building Lime”. This project seeks
to incorporate into the standardization process of cements and building limes appropriate
materials with a low carbon footprint and new recycled materials to contribute positively
to climate change mitigation. Currently, different workstreams are being investigated, i.e.,
ferrous and non-ferrous slags, by-products other than slags, carbonated minerals, acti-
vated materials, biomass products, and other recycled materials. Therefore, the current
European way to introduce new cement constituents in the European standards may be
realized through the “SuStaCEM” project [24].

This work systematically summarizes the durability results of concrete made with
ground coal bottom ash cements assessed by the depth of penetration of water under pres-
sure test. These new cements will be standardized in Europe by 2028. Later, these new
standards need to be promoted and enforced for practical applications such as bridges,
building, roads, and so on, country by country. This implies national administrative pro-
cedures that may be perceived as a regulatory barrier. The world is in a state of climate
emergency; therefore, accelerating the shift to low-carbon cements is essential in the con-
text of climate change mitigation.

The objective of this study is to contribute to enforcing the use of these new low-
carbon cements for some practical applications by generating new knowledge and over-
coming some regulatory barriers.
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2. Materials and Methods
2.1. Raw Materials and Manufacture of Portland Cements

Portland cement (CEM I) [5], limestone (L), coal siliceous fly ash (V), coal siliceous
bottom ash (Z), and blast-furnace slag (S) were prepared and submitted by Cementos
Tudela Veguin, S.A., C/ Argiielles, 25 33003 Oviedo (Asturias), Spain. Both ashes meet
standards EN 197-1 [25] and EN 450-1:2013 [26].

The chemical compositions of the coal bottom ash (Z), coal fly ash (V), limestone (L),
blast-furnace slag (S) and cement CEM I are given in Table 2. Most of the elements were
analyzed using the molten pearl X-ray fluorescence technique, with a wavelength scatter-
ing X-ray spectrometer, Bruker’s S8 Tiger. Loss on Ignition (LOI), Insoluble Residue (IR)
and Cl- were measured following the EN 196-2 procedures [27].

Table 2. Chemical composition of the coal bottom ash (Z), coal fly ash (V), limestone (L), blast-fur-
nace slag (S) and cement CEM 142.5 R.

Material Si0: ALOs Fe:0s CaO MgO SOs NaO K:.0 LOI IR1? Cl-
CEMI425R 19.5 4.5 4.0 63.7 1.8 3.4 0.1 0.7 2.1 0.4 0.03
S 36.4 12.5 0.5 42.3 6.8 0.1 0.1 0.2 1.0 - 0.01
L 0.5 0.3 0.2 53.9 0.7 0.1 0.1 0.2 43.8 - 0.01
V4 60.80 2248  12.30 6.1 2.0 0.07 1.35 1.21 0.05 43.85 0.00
\ 55.2 21.8 10.2 5.3 1.5 0.1 1.5 2.1 2.3 - 0.03
! Insoluble Residue (IR) was measured by the Na2COs method (EN 196-2) [27].
2.2. Manufacture of Portland Cements
Six Portland cements were manufactured by mixing and homogenizing the raw ma-
terials with the composition (percentage by weight) indicated in Table 3.
The proportions of the cement constituents have been chosen considering the upper
limits for CEM II/B-V, CEM II/C-M (S-L) and CEM VI cements in EN 197-1 [5] in order to
assess the performance of coal bottom ash (Z), when it is replaced by coal fly ash (V).
Likewise, (S-Z) and (Z-S) performances were evaluated for comparison with (S-L) in ce-
ments CEM II/C-M and CEM VL
Table 3. Composition of the cements under study.
Cement Composition (%)
Cement (CEMI) Fly Ash (V) Bottom Ash (Z) Blast-Furnace Slag (§) Limestone (L)
CEM 1I/B-V 65 35 - -- -
CEM 1I/B-Z 65 -- 35 -- -
CEMII/C-M (S-L) 50 -- - 25 25
CEM II/C-M (Z-S) 50 -- 25 25 --
CEM VI (S-1) 35 -- - 45 20
CEM VI (5-7) 35 -- 20 45 --

2.3. Concrete Manufacture

The manufacture and curing of four cylindrical test specimens (J15 x 30 cm) from
each batch and compressive strength testing at 28 days (3 specimens) were performed in
accordance with EN 12390-2:2020 [28] and EN 12390-3:2020 [29], respectively. Tap water
and two polyfunctional additives, MasterPozzolith 488 N and MasterGlenium SKY 633,
provided by Master Builders Solutions Iberia Ctra. de 'Hospitalet, 147, 08940 Cornella de
Llobregat, Barcelona, Spain, were also used (0.29-0.79% by cement weight). Silicious
crushed aggregate was utilized with the proportion 52:48 coarse aggregate (4/20 mm):fine
aggregate (0/4 mm).
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Siliceous aggregates for concrete production were Aggregate Fine (AF) with particle
size fraction ranging from 0 mm to 4 mm, medium-graded sand (M), crushed sand (S) and
a low-fines content (AF-0/4-M-5S-L); and a Coarse Aggregate (Gravel) with particle size
fraction ranging from 4 mm to 20 mm, medium-graded gravel (AG-4/20-M-S).

Curing was performed in a climatic chamber at 20 + 2 °C and relative humidity, RH,
>95%. Table 4 shows the concrete mix design.

Table 4. Concrete mix design.

Designation of Dosage Cement Content (kg/m?3) Water/Cement Ratio
A 300 0.55
B 300 0.50
C 325 0.50
D 275 0.60

Concrete mixing was performed in a 100 L ring-pan laboratory concrete mixer.

2.4. Depth of Penetration of Water Under Pressure Test

The depth of penetration of water under pressure test was performed by following
the European standard EN 12390-8 [20]. This water penetration test on coal bottom ash
concrete assesses its durability by measuring how deep the water ingress is for a concrete
specimen under pressure, typically following EN 12390-8 standard. The sample was ex-
posed to water pressure for a set time (3 days at 0.5 MPa), then split, and the average and
maximum depth of the wet zone is measured, and the less deep, the better.

3. Results and Discussion
3.1. Concrete Compressive Strength

In view of the high price of the first near-zero cement (=500 €/t in 2026) as result of
the high cost of carbon capture and storage (CCS), additional measures to reduce its car-
bon footprint will be welcome. Some forecasts suggest that full decarbonization with CCS
will only double the price of common Portland cement, i.e., only 200 €/t (half the current
market price of net-zero cement) [30].

Reducing the clinker factor is often the most effective measure, and a cheaper one,
for climate change mitigation [3]. Furthermore, the use of waste streams as potential Port-
land cement constituents is an interesting approach to removing landfill waste. However,
the availability of suitable Portland cement constituents is the major limitation in imple-
menting this measure.

Coal bottom ash is a recent successful case since it has been included in the EU stand-
ardization request (SReq) for cement, lime and other hydraulic binders [23]. However, this
does not mean coal bottom ash cement can be used in concrete in any EU country. For
instance, in Spain, the durability criteria required by the Spanish Structural Code (CodEs)
[19] are linked to the “depth of penetration of water under pressure” test [20].

Figure 1 shows the compressive strength at 28 days (MPa) for the six types of cement
used in the four concrete mix designs. The lowest value was found for CEM II/B-Z in mix
D (23.3 MPa), while the highest value was found for CEM II/C-M (S-L) in mix B (41.4 MPa).

X-ray Diffraction (XRD) and scanning electron microscopy (SEM) studies have con-
firmed the presence of common mineral phases found in coal bottom and fly ash Portland
cements, which are quite similar [30,31]. Therefore, differences in the compressive
strength can be attributed to their dissimilar specific surface areas, which strongly influ-
ence the mechanical strength.

Figure 2 shows the specific surface area Blaine measured in the six cements listed in
Table 3. Cements made of coal bottom ash (Z) exhibited lower fineness - CEM 1I/B-Z, CEM
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II/C-M (S-Z) and CEM VI (5-Z) —. The fineness of coal fly ash cement (4300 cm?/g) is sig-
nificantly higher than that of coal bottom ash cement (3710 cm?/g). Given that the matrix
of both cements is the same, except for the 35% coal ash (fly or bottom), this difference can
only be due to the lower fineness of the coal bottom ash. Accordingly, the compressive
strength of CEM II/B-Z is lower than CEM II/B-V (Figure 1a). Surprisingly, this trend is
not as pronounced in the case of CEM II/C-M (S-Z) (Figure 1b) and CEM VI (5-Z) (Figure
1c). Moreover, it can be said that the performance is similar in the case of other cements
made with coal bottom ash (Z) despite having a lower fineness.

o
o N
P

ressive strength at 28 days (MPa)
NN NNNWWWW WD
O N B OO0 O N B O

m A (300/0.55)
B (300/0.50)
= C (325/0.50)
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(o]
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42 4
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2
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o
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Figure 1. Compressive strength at 28 days (MPa): (a) CEM II/B-V and CEM II/B-Z); (b) CEM II/C-M
(S-L) and CEM II/C-M (S-Z); (c¢) CEM VI (S-L) and CEM VI (5-Z).

Figure la graphically illustrates the differences that exist between both ashes at-
tributed to their different fineness, while Figure 1b compares cements containing lime-
stone (L) or coal bottom ash (Z), as well as blast-furnace slag (S). Coarse limestone powder
normally acts as a filler, whereas coal bottom ash presents pozzolanic and filler properties.
Greater differences could be expected at a later age.
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Figure 1c compares cements with the lowest content of clinker (Table 3). Conse-
quently, the lowest compressive strength data are recorded but follow the same trend as

in Figure 1b.
CEM VI (5-Z)

. CEM VI (S-L.) 100
% CEM II/C-M (5-Z)
g CEM II/C-M (S-L)
]

CEM II/B-Z

CEMII/B-V

0 1.000 2.000 3.000 4.000 5.000 6.000

Specific surface area Blaine (cm?/g)

Figure 2. Specific surface area Blaine (cm?/g).

3.2. Depth of Penetration of Water Under Pressure

The depth of penetration of water under pressure test assesses the permeability and
durability of hardened concrete. The deeper the water penetration, the lower the durabil-
ity. Figure 3 shows the depth of penetration measured in the concretes made according to
the mix design presented in Table 4, with the cements listed in Table 3. According to the
Spanish Structural Code (CodEs, Chapter 9, Art. 43.3.2 “concrete impermeability”) [19],
the durability of structural elements of concrete exposed to highly aggressive environ-
ments (XS, XD, XF, XM, or XA, as given in the European standard EN 206 [30]), must be
assessed by UNE-EN 12390-8. The criteria for verifying compliance (CodEs, Section 57.3.3
and Table 43.2.2) [19] are set out in Table 5. The set of quality criteria is based on a broad
consensus among specialists in the concrete field, national regulators, and experienced
users. The classification differs from one class of environmental exposure to another and
has two levels of requirement for water depth (average and maximum) (Table 5).

Table 5. Durability criteria for structural concrete exposed to highly aggressive environments based

on the depth of penetration of water under pressure (mm) [19].

Class of Environmental Exposure =~ Maximum Depth (mm) Average Depth (mm)
XS1, XS2, XD1, XD2, XD3, XAl, XM1,
XM2, XM3, XF1, XF2, XF3, XF4, XAl (any

<50 mm <30 mm
type of concrete)
XA2 (mass and reinforced concrete)
XS3, XA3 (any type of concrete) <30 mm <20 mm

XA2 (only precast concrete)

The mix design was selected in order to cover the range of the minimum cement
content and maximum water/cement ratio set out for each class of environmental expo-
sure in the CodEs [19], in a similar way as in the European standard EN 206 [32].

The minimum cement content and maximum water/cement ratio (w/c) set out in The
Spanish is given in Table 6 (CodEs, Table 43.2.1.a) [19]. These parameters are based on a
broad consensus among concrete researchers, concrete designers, and national regulators,
among other experts. In this case, for each exposure class group and concrete type there
is a threshold for cement content and water/cement ratio, as shown in Table 6. First, the
composition requirement must be met together with the water penetration requirement
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as defined in Section 57.3.3 (CodEs), as shown in Table 6 [19]. Later, concretes exposed to
the highly aggressive environments listed in Table 5 must be tested.

Table 6. Maximum water/cement (w/c) ratio and minimum cement content (kg/m?) for each expo-

sure class group and concrete type (CodEs, Table 43.2.1.a) [19].

Concrete Type

Exposure Class Groups
XCo0 XC1 XC2 XC3 XC4 XS1 XS2 XS3 XD1 XD2 XD3

Maximum Water/Ce-
ment (w/c) Ratio

Mass 0.65 - - - - - - - - - -

Reinforced  0.65 0.60 0.60 055 055 050 050 045 050 050 0.50
Prestressed 0.60 0.60 0.60 055 055 045 045 045 045 045 045

Minimum Cement Con-

Mass 200 - - - - - - - - - _

Reinforced 250 275 275 300 300 300 325 350 325 325 325

tent (kg/m?) Prestressed 275 300 300 300 300 300 325 350 325 325 325
Concrete type XF1 XF2 XF3 XF4 XAl XA2 XA3 XM1 XM2 XM3

Maximum Water/Ce- Mass 055 050 055 050 050 050 045 050 050 0.50
ment (w/c) Ratio Reinforced 055 050 055 050 050 050 045 050 050 050
Prestressed 045 050 045 050 050 045 045 050 050 0.50

Minimum Cement Con Mass 275 300 275 300 275 300 325 300 300 300
tent (kg/m?) Reinforced 300 325 300 325 325 350 350 325 325 325
Prestressed 300 325 300 325 325 350 350 325 325 325

Performance indicators are widely used by building materials researchers to control
the quality of the concrete mix design and/or to estimate the service life of structures built
with this concrete. However, they do not provide a holistic assessment of the general per-
formance of concrete mix designs since the concrete durability comprises a large number
of durable characteristics, such as corrosion of the steel reinforcement (carbonation and
chloride ingress into the concrete cover), freeze-thaw cycles, chemical attack, abrasion,
alkali-silica reaction (ASR), and so on. To overcome these limitations, single indicators
should be adequately used, converting them into a synthetic indicator which provides a
multidimensional assessment of concrete durability performance. Accordingly, there is a
growing interest in improving the use of single performance indicators. For instance, elec-
trical resistivity is being used successfully as an effective technique for predicting the du-
rability of reinforced concrete [33]. There is ample evidence that single indicators have
room to be employed evaluating concrete durability [34-36].

The use of this single indicator provides a tool for assessing the durability of concrete
mix designs, which can be considered essential in the regulated concrete sector to develop
low-carbon concretes based on low-carbon cements in the context of climate change miti-
gation. Nevertheless, it does not provide a holistic assessment of the general performance
of concrete mix designs since the concrete durability comprises a large number of durable
characteristics. This constraint has to be overcome by developing sounder relationships
between the durable properties and the single indicators.

The red line in Figure 3 indicates the upper limit criteria for XS1, X52, XD1, XD2, XD3,
XA1, XM1, XM2, XM3, XF1, XF2, XF3, XF4, XA1 (any type of concrete) and XA2 (mass and
reinforced concrete) environments according to the CodEs criteria (Table 5) [19]. As can
be observed in the bar chart, concretes made with all six cements comply with the CodEs
[19] requirement, except for CEM VI concrete made with D (275/0.60). Therefore, the
weakest mix design (D) cannot be used to elaborate concrete made with CEM VI when it
is going to be utilized to manufacture structural elements in the mentioned environments.

The use of this single indicator provides a tool for ranking mix design concretes ac-
cording to their respective durability. This information is essential in the regulated
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concrete sector to develop low-carbon concretes based on low-carbon cements and imple-
ment regulatory measures designed to improve climate change mitigation.

The fib Model Code for Concrete Structures underlines that the experimental deter-
mination of the water permeability coefficient has not yet been standardized. Neverthe-
less, the depth of water penetration into concrete can be measured according to EN 12390-
8 [20]. Furthermore, it suggests the possibility to convert this value into a water permea-
bility coefficient, but it must be considered as an approximate value only [37].

In addition, for mature concrete the water permeability coefficient could also be esti-
mated roughly from the average concrete compressive strength. Since the fib Model Code
for Concrete Structures [37] is an international comprehensive code guiding the design
and assessment of both new concrete structures, it can be said that this single indicator
has certain international relevance.

mCEMII/B-Z ®WCEMII/B-V mCEMII/C-M (5-L) CEMII/C-M (5-Z) mCEMVI(SL) ®CEM VI (S-Z)
Average depth Maximum depth Average depth Maximum depth
A (300/0.55) B (300/0.50)
Mix design
(@)

ECEMI/B-Z ®mCEMI/B-V ®CEMI/C-M(SL) =CEMI/C-M(S-Z) ®WCEMVI(S-L) ®CEMVI(S-Z)

ou b il il

Average depth Maximum depth Average depth Maximum depth

C (325/0.50) D (275/0.60)

Mix design

(b)

Figure 3. Depth of penetration of water under pressure (mm): average depth and maximum depth:
(a) mix designs A (300/0.55) and B (300/0.50); (b) mix designs C (325/0.50) and D (275/0.60). Red line:
upper limit for XS1, XS2, XD1, XD2, XD3, XA1, XM1, XM2, XM3, XF1, XF2, XF3, XF4, XAl (any type
of concrete) and XA2 (mass and reinforced concrete).

The result of the test is the maximum penetration depth rounded to the nearest mil-
limeter. To assess the durability of a particular concrete mix design, the average and max-
imum water depth of three specimens was considered. Repeatability is generally reliable
for dense, low-permeability concrete. Therefore, water penetration depth tests show
strong potential for concrete sector adoption. By providing civil engineers with the ability
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to accurately assess and benchmark new concrete mix designs, this represents a key step
toward achieving durable concrete.

Concrete mixes B and C, manufactured with CEM VI (S-L) and CEM VI (S-Z), comply
with the average and maximum water penetration depth requirements for mass, rein-
forced and prestressed concrete structural elements exposed to exposure classes XS1, XS2,
XD, XAl, XM, and XF. Furthermore, they also fulfill the test requirements for concrete
exposure class XA2 for mass or reinforced concrete. In addition, for concrete exposed to
exposure classes XS3 (tidal, splash and spray zones, seawater) and XA3 (highly aggressive
chemical environment) for any type of concrete, as well as XA2 (moderately aggressive
chemical environment) for prestressed concrete, the results are satisfactory in both CEM
VI cements when the C mix design is used (cement content of 325 kg/m? and w/c ratio of
0.50). Nevertheless, the result does not yet entirely meet the criteria with dosage B (cement
content of 300 kg/m? and w/c ratio of 0.50). In any case, since the Spanish Structural Code
[19] mandates for exposure class XS3 (tidal, splash and spray zones, seawater) the use of
sulfate-resistant cement (SRC, SR in EN 197-1) or seawater-resistant cement (MR), CEM
VI cements could not have been used in XS3-exposed concrete even if satisfactory results
had been obtained in the water pressure penetration depth test.

According to the fib Model Code for Concrete Structures [37], limitations to the con-
crete porosity are traditionally expressed by the maximum water-to-cement ratio, mini-
mum cement content and moisture curing, following the deemed-to-satisfy approach. By
contrast, the use of the depth of penetration of water under pressure test, which is related
to the water permeability coefficient, would be technically sounder and politically advis-
able.

Concrete permeability is a measure of the movement of fluids (gas or liquids)
through porous media (concrete). This characteristic highly affects the concrete durability
since it is related to the ingress of aggressive chemical species into the concrete. Normally,
permeability is estimated from a flow test, which is often more complex than estimating
the same concrete’s porosity. Some relationships between porosity and permeability have
been proposed in the literature [38].

The reactivity of ground coal bottom ash to be used in Portland cement has been
assessed in reference [38], which concluded that ground coal bottom ash has a pozzolanic
performance similar to coal fly ash. Therefore, partial or total replacement of coal fly ash
by ground coal bottom ash in Portland fly ash cements does not have any significant effect
on pozzolanic properties. In addition, some authors have found that both the high specific
surface area and the filler effect of fine coal fly ash leads to high compressive strength [6],
and durability [39-41]. In particular, the fineness of coal fly ash, measured with a 45 um
sieve, has a good correlation with concrete compressive strength [42,43]. A similar im-
provement in the mechanical properties with the fineness increase has also been reported
for other pozzolanic materials [44].

4. Conclusions

This research work discusses the durability results of concrete made with ground
coal bottom ash cements. Durability has been assessed by the depth of penetration of wa-
ter under pressure test. Performance indicators are necessary in the benchmarking studies
used to assess durability of concretes. This paper presents a methodological approach to
assess concrete durability, based on the depth of penetration of water under pressure test.
The single indicator computed for each concrete mix design is reliable and, therefore, an
appropriate tool for facilitating the decision-making process. From a technical and policy
perspective, the method and results presented in this study are of key importance since a
multidimensional evaluation of the performance of different types of concretes can be
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achieved by a single indicator, such as the depth of penetration of water under pressure
test.

CEM 1I/B-Z and CEM II/C-M (Z-S) concretes meet CodEs (Spanish Concrete Code)
durability criteria for XS1, XS2, XD1-3, XAl, XM1-3, and XF1-4 for all concrete types, and
XA2 for mass and reinforced concrete. CEM VI (S-L) and CEM VI (S-Z) concretes comply
for XS1, XS2, XD, XA1, XM, and XF (mass, reinforced, prestressed) with mixes B and C,
and for XS3 and XA3 (any type) and XA2 (prestressed) with mix C only. However, the
Spanish Structural Code mandates for XS3 and XA3 exposure classes the use of sulfate-
resistant cement or seawater-resistant cement.

Standardizing coal bottom ash as a cement constituent offers a significant oppor-
tunity for climate mitigation by reducing the clinker factor and narrowing the cost gap for
near-zero cements (=500 €/t). Therefore, the standardization of coal bottom ash (CBA) as
a cement constituent contributes significantly to climate change mitigation by enabling
clinker factor reduction.

These new cements will be standardized in Europe by 2028. Nevertheless, they must
be promoted and enforced for practical applications country by country, which might be
a regulatory barrier in some cases. Considering the global climate change emergency, the
shift to low-carbon cements is essential within climate change mitigation. This study will
contribute to enforcing the use of these new low-carbon cements for several practical ap-
plications by offering new knowledge and overcoming some regulatory barriers.

The use of this single indicator provides a tool for assessing the durability of concrete
mix designs, which can be considered essential in the regulated concrete sector to develop
low-carbon concretes based on low-carbon cements in the context of climate change miti-
gation. Nevertheless, it does not provide a holistic assessment of the general performance
of concrete mix designs since the concrete durability comprises a large number of durable
characteristics. This constraint must be overcome by developing sounder relationships
between the durable properties and the single indicators. Therefore, a considerable
amount of research work still remains to be conducted in this field.

Finally, concretes made with CEM II/B-Z or CEM II/C-M meet water penetration re-
quirements for all exposure classes and the methodology proposed in this study can be
used for further research programs on assessing the feasibility of new pozzolanic materi-
als as Portland cement constituents, considering their effects not only on compressive
strength performance but also on concrete durability. It will help to prevent different
types of waste from being deposited in landfills. Moreover, some wastes already accumu-
lated in landfills could be evaluated to be used as potential Portland cement constituents.
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