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summary

This thesis investigates the autogenous and drying shrinkage of cement pastes
incorporating wood biomass fly ash (BFA) and municipal solid waste
incineration bottom ash (MSWI BA) as supplementary cementitious materials.
Nine paste mixtures were produced at a water-to-binder ratio = 0.35, with total
ash replacement levels between 0 and 30 wt% and different BFA-MSWI BA
combinations. The experimental programme comprised tests on fresh
properties (workability and setting time) to ensure comparable casting
conditions, mechanical properties (compressive and flexural strength, elastic
modulus) to place the deformation in the context of load-bearing performance,
and direct measurements of autogenous shrinkage under sealed conditions up
to 7 days and drying shrinkage after 28 days of curing as the main indicators of
volume stability. Microstructural characterization at selected ages was carried
out in parallel to support the interpretation of the observed shrinkage behavior.

On this basis, the key results on workability, setting time, mechanical properties
and shrinkage behavior are summarized in the following paragraphs.

Replacing cement with BFA or MSWI BA reduced slump and flowability in all
mixtures. At the same total replacement level, mixtures containing only BFA
show larger losses of workability than mixtures with only MSWI BA. Both ashes
extended initial and final setting times, and the extension increased with
replacement level. For equal total ash content, BFA blended mixes generally
exhibited longer setting times than MSWI BA blended mixes. Compressive and
flexural strength decreased with increasing BFA and MSWI BA content at all
tested ages, and the elastic modulus followed the same trend.

For autogenous shrinkage over the first 7 days, all mixtures displayed a
sequence of an initial deformation stage, a swelling peak and a subsequent
shrinkage phase. The final 7-day autogenous shrinkage increased with total
ash content and depended on ash type—BFA blended mixtures showed larger
autogenous shrinkage (130%-171% of CEM | paste’s autogenous shrinkage),
MSWI BA blended mixtures showed smaller autogenous shrinkage (10%-33%
of CEM | paste’s autogenous shrinkage). The paste with 20% MSWI BA and
10% BFA (30% total replacement level) shows the highest 7-day autogenous
shrinkage. Combining BFA with MSWI BA does not reduce autogenous
shrinkage; shrinkage increases with BFA dosage, and the lowest 7-day
autogenous shrinkage is obtained for mixtures containing only MSWI BA (20%
MSWI BA).

For drying shrinkage after 28 days of curing, all ash-bearing mixtures showed
higher shrinkage than the reference. Drying shrinkage increased with the total
ash replacement level. Among the mixtures with the same total replacement,
BFA blended pastes generally exhibited higher drying shrinkage, while MSWI
BA blended pastes showed smaller increases compared to cement paste.
Mixtures with same BFA dosage blended with MSWI BA could lower drying
shrinkage values from 21% to 33%, indicating that the presence of MSWI BA
mitigated the drying shrinkage observed in BFA blended systems.

Within the research scope, mixtures with more MSWI BA and less BFA
achieved lower autogenous and drying shrinkage than CEM | paste.
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1.Introduction

1.1.Motivation

As the seeking for sustainable alternatives to reduce the environmental impact
of cement production developing, industrial by-products and waste ashes have
gained attention as supplementary cementitious materials (SCMs)[1]. Among
them, Biomass Fly Ash (BFA) and Municipal Solid Waste Incineration Bottom
Ash (MSWI BA) are two promising candidates due to their abundance and
potential reactivity. MSWI BA is defined as the mineral-rich residue discharged
from the grate at the end of municipal solid waste combustion, typically
comprising 80-85% mineral fraction with recoverable metals[2], [3]. The
biomass fly ash (BFA) considered in this study refers to the fine particulate ash
collected from wood-biomass combustion flue gas[4]. In terms of availability,
Europe alone generates ~19 Mt-yr~' of MSWI bottom ash (2018 data) [2], while
biomass-combustion ashes amount to several-tens to hundreds of Mt-yr™
globally, with European BFA = 5.5 Mt in 2020[4]. For context, conventional SCM
streams are of similar or larger order of magnitude—coal fly ash = 300 Mt-yr™*
(=2020) [5] and blast-furnace slag ~330-375 Mt-yr~'[6], [7]—underscoring that
MSWI BA and wood-BFA are sufficiently available to merit valorization as
SCMs. Leveraging these ashes aligns with circular-economy strategies by
diverting residues from landfill, recovering metals, and reducing demand for
clinker-intensive binders[8].” Their use supports circular economy strategies
and reduces dependency on traditional clinker-based systems.

To put MSWI BA and BFA in the practical SCM landscape introduced above, it
is useful to contrast them with the conventional SCMs that have historically
dominated practice.Traditionally, coal fly ash (CFA) and ground granulate blast
furnace slag (GGBS) became prevalent because they combine wide availability,
established performance, and clear standards (EN 450-1 for fly ash; EN 15167
for GGBS; ASTM C618 and ASTM C989 in the U.S.)[9], [10], [11]. GGBS
exhibits high reactivity, allowing it to form a dense and durable geopolymer
matrix with relatively mild activation conditions. CFA, while generally exhibiting
lower reactivity, is still highly valued due to its ability to reduce heat of hydration
and enhance long-term strength development when used in alkali-activated
systems[12], [13]. Additionally, CFA and GGBS have been extensively studied
and standardized for use in concrete, leading to their widespread adoption in
both research and practical applications. However, with the ongoing phase-out
of coal-fired power plants and the steel industry’s transition to low-carbon
production, the availability of these materials is expected to decline over the
next few decades[14], [15], [16]. This has driven research into alternative
precursors, such as BFA and MSWI BA, which offer significant sustainability
advantages by repurposing industrial by-products and reducing reliance on
conventional raw materials[17].



CFA and GGBS have been successfully incorporated into binder systems over
the past few decades. CFA has been extensively used in both alkali-activated
binders and Ordinary Portland Cement (OPC) concrete[18], primarily as a
partial cement replacement to enhance long-term strength and workability.
GGBS, known for its high reactivity, has been particularly effective in alkali-
activated concrete, where it promotes early strength development and
improves durability[19]. In contrast, MSWI BA and BFA have not yet been
widely adopted in cement applications due to their variable composition and
lower reactivity compared to FA and GGBS[17], [20], [21]. But this problem can
be solved by preprocessing, such as grinding or calcination, to enhance their
contribution to strength development[22]. Therefore, the use of BFA and MSWI
BA as alternatives is promising.

However, one of the key concerns with valorising these ashes is their influence
on the volume stability of cement-based materials. In particular, shrinkage-
related deformations—autogenous shrinkage driven by self-desiccation and
capillary stresses, and drying shrinkage governed by capillary tension and
disjoining pressures—are central to early cracking risk and long-term
durability[23], [24]. The incorporation of BFA can modify hydration kinetics and
pore structure and thereby alter autogenous and drying shrinkage
responses[25], [26]. For MSWI BA, studies have reported volume changes in
cementitious systems (e.g., gas-evolution-related swelling at early age) and
increased drying shrinkage when used to replace conventional aggregates or
powders, highlighting the need to control mixture design and curing [27], [28].
These deformation can translate into cracking and durability issues in practice,
making a deeper, mechanism-based understanding of how BFA and MSWI BA
affect shrinkage at both macro and micro levels, which are essential for safe
and sustainable implementation.

1.2 .Research gaps

Despite the promising sustainability benefits of using BFA and MSWI BA as
SCMs, one of the most critical challenges is their influence on the volume
stability of cement-based materials. Volume changes such as autogenous
shrinkage and drying shrinkage are closely linked to early-age cracking and
durability. The incorporation of ashes can alter hydration kinetics and pore
structure, thereby modifying these shrinkage responses[29]. However, for BFA
and MSWI BA, the mechanisms and boundary conditions remain insufficiently
resolved for robust implementation.

Currently, limited studies have systematically compared BFA and MSWI BA
side-by-side with respect to both autogenous and drying shrinkage. Existing
reviews and experimental reports tend to emphasize strength, permeability, or
leaching behavior, while shrinkage mechanisms are treated only briefly or
indirectly [28], [30]. Important knowledge gaps include how ash incorporation
affects pore refinement, reaction kinetics, and potential internal-curing, and how
these translate to macroscopic deformation.

Furthermore, without sufficient control over shrinkage behaviours, the practical
application of BFA and MSWI BA as sustainable alternatives may be
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compromised, diminishing their environmental benefits due to potential service-
life reduction and repair needs.

1.3.Research questions

Previous studies have shown that supplementary cementitious materials can
significantly influence the volume stability of cement-based materials. However,
the specific effects of BFA and MSWI BA on autogenous and drying shrinkage,
as well as the underlying mechanisms, are still not fully understood. Based on
this knowledge gap, the present work is guided by the following main research
question:

Main research question

“‘How does the partial replacement of Portland cement by BFA and MSWI BA
affect the autogenous and drying shrinkage of cement paste, and how can this
understanding be used to design mixtures with reduced shrinkage?”

To address this main question, three sub-questions are formulated:

1. Phenomenon — macroscopic behaviour
What is the impact of adding BFA and MSWI BA on cement paste’s
performance?

2. Reason — underlying mechanisms
How do ashes influence the Autogenous and Drying shrinkage?

3. Application — mix-design implications
How to guide mix design to minimize Autogenous and Drying shrinkage?

1.4 Research goals

The primary goal of this research is to provide mix design guidance to improve
volume stability in BFA and/or MSWI BA blended cement., with a particular
focus on autogenous shrinkage and drying shrinkage. This study aims to
identify the underlying mechanisms responsible for shrinkage behaviours and
propose effective strategies to mitigate negative effects, thereby enabling the
safe and durable use of these waste ashes as supplementary cementitious
materials.

To achieve this goal, the following specific objectives are defined:

1. To evaluate the effects of BFA and MSWI BA on cement paste’s fresh,
mechanical, autogenous and drying shrinkage performance.

2. To identify and analyze the mechanisms responsible for autogenous and
drying shrinkage

3. To establish guidance in using BFA and MSWI BA on maintaining lower
autogenous and drying shrinkage as sustainable SCM



1.5.Research scope

This research focuses on evaluating the volume stability of cement-based
materials incorporating BFA and MSWI BA as partial replacements for cement.
The study is divided into two main stages and is limited to laboratory-scale
investigations.

The scope of the study is outlined as follows:

1. Two types of waste ashes are studied: (i) wood-biomass fly ash (BFA) and
(i) municipal solid-waste incineration bottom ash (MSWI BA), both from
defined sources used in this study. No other SCMs are included, to isolate
the effects of BFA and MSWI BA. Because MSWI BA and BFA exhibit
substantial compositional and mineralogical variability across plants and
processing routes, results here reflect these specific materials; transfer to
other contexts should be preceded by local material characterization and,
if needed, mix-specific calibration-

2. Both autogenous shrinkage and drying shrinkage are measured on paste
specimens. No restrained shrinkage or creep-related deformation is
considered. or durability aspects (e.g., carbonation, chloride penetration)
are outside the scope of this work.

3. All tests are conducted at laboratory scale under controlled curing
conditions (20° , 95% RH). The study focuses on early-age and 28-day to
60-day measurements. Long-term behavior is not covered.

1.6.Thesis outline

The thesis outline for this research is depicted in Figure 1.1. The outline entails
a brief description of the chapter content.

Chapter 1 — Introduction

This chapter introduces the background and motivation of the study, defines
the problem and research gap, outlines the research objectives and scope, and
presents the structure of the thesis.

Chapter 2 — Literature Review

A comprehensive review of existing research on BFA and MSWI BA is provided,
with a focus on their chemical and physical properties, shrinkage behavior, and
their potential roles in autogenous and drying shrinkage. Existing knowledge on
autogenous and drying shrinkage mechanisms is also discussed.

Chapter 3 — Materials and Experimental Methods

This chapter introduces the materials used in this study, including their physical,
chemical, and mineralogical properties. It also presents the experimental set up
applied to assess the fresh properties, mechanical performance, shrinkage
behavior, and microstructural characteristics of the cement-based systems.



Finally, the methodological framework of the study is outlined, including how
the experiments are structured to address the research questions and
objectives.

Chapter 4 — Fresh and Mechanical Properties

This chapter presents the fresh and mechanical properties of cement-based
systems incorporating BFA and MSWI BA as SCMs. The results are discussed
in terms of 6 key aspects: slump, flowability, setting time, compressive strength,
flexural strength, e-modulus. Together, these findings provide an overall
assessment of how SCM incorporation affects performance at the macroscale.

Chapter 5 — Autogenous Shrinkage.

This chapter examines the early-age deformation of sealed pastes where
autogenous shrinkage dominates. Comparing a reference with different mix,
track deformation from final setting to 7 days. The chapter concludes with how
and why MSWI BA and BFA can affect early-age deformation.

Chapter 6 — Drying Shrinkage.

This chapter reports drying-shrinkage as the volume change of pastes
measured during exposure after 28-day curing. It compares the reference mix
with MSWI BA and BFA blended pastes and explains the differences using
pore-structure analysis.

Chapter 7 — Conclusions and Recommendations

The final chapter summarizes the main findings, addresses the research
questions, and provides recommendations for further research. The feasibility
of using BFA and MSWI BA in volume-stable and sustainable cement-based
materials is discussed.
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2. Literature Review
2.1 .Utllization of BFA and MSWI BA

BFA, particularly derived from agricultural and wood-based residues, has
gained increasing attention as a promising SCM due to its potential for carbon
footprint reduction and resource recovery. Owing to its high contents of reactive
silica and alumina[31], [32], BFA has been explored for use in OPC
replacement, geopolymer synthesis, and lightweight aggregate production [33],
[34]. Recent studies have highlighted the considerable potential of BFA for
broader applications in cementitious systems. Liang’s work demonstrated that
even at high replacement levels—up to 70% in binary pastes and 30% in
GGBS-blended systems—wood-based BFA maintained satisfactory
mechanical performance, with only marginal strength loss after 90 days[35].
Park et al. further showed that physical pretreatment of wood fly ash (WFA),
including calcination and ball milling, significantly enhanced early-age reactivity
by promoting hydration, reducing setting time, and improving strength[36].
Complementarily, Xu et al. investigated flotation as a method to improve the
chemical and pozzolanic characteristics of BFA from diverse sources[37].

Several recent studies have reported on the technical performance and
material characteristics of BFA in cementitious systems. In one study, WFA with
a high CaO content was incorporated into concrete at 15% and 30% cement
replacement levels. The 28-day compressive strength of concrete was reduced
by up to 37%, while the 2-year strength remained low, indicating limited long-
term pozzolanic reactivity[38]. Another study compared the mechanical
performance of concrete containing different types of BFA, including co-fired
biomass-coal ash, pure wood ash, and blended ash. At a 25% replacement
ratio, compressive and flexural strengths of concrete with co-fired and blended
BFA were reported to be statistically equivalent to those of coal fly ash
concrete[39]. In terms of environmental performance, one investigation
analyzed the leaching characteristics of wood biomass ash (WBA) in cement
composites. Three WBA samples from different power plants were used to
replace 15% of the cement, and leaching tests were conducted on monolithic
and crushed samples. Elevated leaching values were detected in untreated
WBA, whereas leaching was reduced after incorporation into the cement
matrix[40].

2.2 Hydration process and formation of
microstructure of cement paste

2.2.1.Hydration process of cement paste

The exothermic behavior of cement hydration provides valuable insights into
the underlying chemical reactions occurring at various stages. By analyzing the
rate of heat evolution, it becomes possible to identify the formation and
transformation of hydration products that govern setting and early-age
performance.



Figure 2.1 illustrates the typical heat evolution rate during the hydration of
Portland cement under isothermal conditions, highlighting three distinct peaks
corresponding to specific hydration reactions. The sharp initial peak
corresponds to the wetting of cement particles and the rapid formation of
ettringite (AFt) due to the reaction between tricalcium aluminate (C;A) and
sulfate[41], [42]. The first major peak, attributed to the hydration of tricalcium
silicate (C3S or alite), marks the acceleration period of hydration. This reaction
forms calcium silicate hydrate (C-S-H) and calcium hydroxide (CH), contributing
to early strength development[43]. A secondary peak is observed after the alite
reaction, likely due to the delayed formation of ettringite[44]. This may result
from continued sulfate availability and the sustained release of aluminates from
clinkers or supplementary cementitious materials. At a later stage, a smaller
heat evolution is associated with the conversion of ettringite into monosulfate
(AFm), once sulfate is depleted[45], [46]. This reaction proceeds more slowly
and represents the continued hydration of C;A in a low-sulfate environment.

5
'; Second,
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Figure 2.1. Calorimetry curve of ordinary Portland cement[42].

This sequence of thermal events not only reflects the chemical evolution of the
system but also serves as a foundation for understanding how early-age
hydration kinetics can be influenced by material composition, admixtures, or
alternative binder systems.

2.2.2 Formation of microstructure of cement paste

The development of microstructure in hydrating Portland cement paste plays a
critical role in determining its volume stability. As hydration progresses, the
formation of hydration products leads to the progressive filling of pore space
and the establishment of a rigid skeleton. Several researchers have noted that
the pore structure evolves dynamically at early ages, with a reduction in total
porosity and a shift towards finer pores[47]. This refinement enhances capillary
stresses due to increased meniscus curvature in smaller pores, which



contributes to autogenous shrinkage[48]. Moreover, the pore connectivity and
degree of saturation within the capillary network affect the magnitude and rate
of internal water transport, further influencing the extent of deformation. Thus,
pore structure not only reflects the degree of hydration but also governs early-
age volume changes through its control on moisture movement and internal
stresses.

A classification was made into capillary pores and gel pores as shown in Table
2.1.

Table 2.1: Classification of pores in hydrated cement paste[49].

Type of pores Description Diameter Affected properties
Capillary pores Large 50nm-10um Permeability, strength
Medium 10nm-50nm Permeability, strength, shrinkage
Gel pores Small 2.5nm-10nm Shrinkage
Micro 0.5nm-2.5nm Shrinkage, creep
Interlayer spaces  Structural <0.5nm Shrinkage, creep

Figure 2.2. illustrates two-dimensional sections of C3S particles before and after
hydration under different boundary conditions. As shown, hydration leads to a
denser matrix with increased formation of hydration products (C-S-H and CH),
which progressively occupy the pore space and reduce the initial porosity. This
structural transformation underlines the direct relationship between hydration
progression and the reduction of free pore volume.

C3S CSH CH
non periodic conditions periodic conditions

before hydration

after two months hydration

Figure 2.2 Two-dimensional section of hydrated C3S particles situated 50 um from the
computational volume surface[50].



2.2.3.Early-age swelling

During the hydration process of OPC paste, the volume changes include
shrinkage and swelling. The reaction during cement hydration causes chemical
shrinkage of OPC concrete. Moreover, the consumption of capillary water
during hydration could cause autogenous shrinkage of OPC concrete[51].

The formation of specific minerals (e.g. portlandite and ettringite) could cause
expansion[52], [53]. This period of expansion, which initiates shortly after set,
provides a considerable benefit in shrinkage mitigation even at longer time
scales [54]. The impact of the expansion in mitigating autogenous shrinkage is
considerable, as the expansion can amount to up to 60% of the reduction in
unrestrained shrinkage under sealed conditions [55].

A hypothesis for early-age swelling in cement-based materials is based on
crystallization-induced stress from the rapid formation of hydration products
within confined pore spaces. As supersaturation of the pore solution increases
during early hydration, minerals such as ettringite and portlandite begin to
precipitate. In small capillary or gel pores, this precipitation can generate
crystallization pressure due to volume expansion, pushing against the pore
walls and leading to measurable expansion of the paste. This mechanism is
independent of capillary pressure collapse and may be enhanced using finely
divided SCMs, which promote localized nucleation and accelerate the buildup
of internal stress[56]. Moreover, the type of SCM used can significantly
influence the extent of early-age expansion. Variations in chemical composition,
particle size, and reactivity lead to different rates of hydration product formation,
which in turn affect crystallization pressure and expansion behavior. Wu et al.
discovered the incorporation of Silica Fumes refined the pore size distribution,
therefore enhances the crystallization stress and results in a large early-age
expansion[57]

2.2.4 Presence of water

Water plays a multifaceted role in cementitious systems, influencing hydration,
pore structure development, and volume stability. It is generally classified into
chemically bound water, physically adsorbed water, and free or capillary water,
each contributing differently to material performance[58]. Chemically bound
water is integrated into hydration products such as C-S—H, ettringite, and
portlandite, and represents an irreversible component of the solid phase.
Physically adsorbed water, on the other hand, is held by surface forces within
gel and small capillary pores, and its content is governed by relative humidity
(RH). Studies have shown that adsorbed water forms multi-molecular layers,
the thickness of which increases non-linearly with RH[59].

Capillary water refers to the water residing in the capillary pores of cementitious
materials, held by surface tension forces but not chemically bound to hydration
products. Unlike chemically or physically bound water, capillary water is mobile
and plays a key role in fluid transport, hydration, and volume stability. As
hydration progresses or as the material dries, the reduction of capillary water
leads to the development of capillary pressure within the pore network[60]. This
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pressure is the primary driving force behind autogenous shrinkage and drying
shrinkage [61]. Therefore, capillary water strongly governs the shrinkage
behavior of cement-based materials.

Figure 2.3 illustrates the nanostructure of C-A-S-H gel, showing how water is
distributed as interlayer, adsorbed, and capillary water, with capillary water
occupying larger pores and playing a key role in shrinkage.

e Adsorbed Water

'-: ‘\_ Interlayer Water

" Capillary Water

Interparticle Bonds
Disordered Layers

Figure 2.3 lllustration of nanostructure of C-A-S-H gel[62].

2.3.Mechanisms of autogenous and drying
shrinkage of cement paste

2.3.1.Mechanism of autogenous shrinkage

Autogenous shrinkage refers to the volume shrinkage of cementitious materials
under sealed and isothermal conditions, where no moisture exchange with the
environment occurs. It is a specific form of autogenous shrinkage, which
includes both shrinkage and possible expansion. Among the different causes
of autogenous shrinkage, shrinkage due to hydration-induced volume loss is
the most common and critical in modern low water-to-binder ratio systems.

The root cause of autogenous shrinkage is chemical shrinkage, a phenomenon
in which the absolute volume of hydration products is less than the total volume
of the original cement and mixing water[63]. During the hydration of Portland
cement, this chemical shrinkage typically amounts to 6—7 mL per 100 g of
cement consumed[64]. When the cement paste is still in its fluid state, this
volume loss manifests as external shrinkage, since the system lacks
mechanical resistance.

As hydration proceeds, a continuous network of solid hydration products begins
to form, increasing the stiffness of the matrix and preventing further bulk
collapse. However, the ongoing consumption of water leads to a progressive
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emptying of the pore structure. This triggers the formation of water—air menisci
within capillary pores (see Figure 2.4, which causes a drop in internal relative
humidity (RH) according to Kelvin's law [65]. The emergence of curved menisci
also generates tensile stresses in the pore liquid, as described by Laplace’s law,
accelerating self-desiccation shrinkage.

In addition, the reduction in RH affects the thickness of adsorbed water layers
on the surfaces of solid particles [66]. This results in changes in both surface
tension and disjoining pressure, which further destabilize the microstructure. At
this early age, the mechanical stiffness of the paste remains low, and its viscous
nature makes it highly sensitive to internal stresses—such that even slight
internal tension may lead to substantial deformation.

Figure 2.4. Schematic representation of a cross section of a hydrating cement paste.
Left: low degree of hydration. Right: high degree of hydration[67].

2.3.2.Mechanism of drying shrinkage

The shrinkage of OPC concrete is governed by several different mechanisms,
including capillary pressure, solid surface energy, disjoining pressure, and
interlayer water movement. These mechanisms vary in dominance depending
on the surrounding RH.

At RH levels above 40%-50%, shrinkage is primarily driven by capillary
pressure, which arises due to the formation of menisci in mesopores as water
evaporates during drying. This surface tension of pore water creates negative
pressure within the pores, leading to volumetric shrinkage of the concrete.
Studies have shown that this mechanism is particularly active within this RH
range[68], [69]. Supporting evidence from Parrott and Jennings [70], [71]
indicates that the BET surface area of OPC is minimized around 40%-50% RH,
highlighting the prevalence of capillary-driven shrinkage in this range.

When drying occurs below 40% RH, capillary menisci become unstable due to
the decrease in pore radius (Kelvin radius ~1-2 nm), altering the moisture loss
behaviour and shifting the dominant shrinkage mechanism [32]. Research by
Maruyama et al. [68] shows that shrinkage occurring at low RH is largely
reversible upon rewetting and correlates linearly with BET surface area,
suggesting a transition to shrinkage driven by solid surface energy. In this
mechanism water molecules adsorbed on the surfaces of solid skeletons
reduce surface tension[72], [73]. As these molecules evaporate, surface
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tension increases, causing shrinkage.

Another explanation involves disjoining pressure[74], [75], which refers to the
pressure resisting adsorption forces between adjacent solid surfaces in
nanopores, mediated by van der Waals interactions. This pressure is balanced
by spreading pressure from adsorbed water layers. As RH drops, adsorbed
water layers thin, spreading pressure declines, and disjoining pressure is
released—Ileading to shrinkage of the solid framework. However, the
significance of this mechanism is still debated: some researchers [76]argue it
plays a major role even across a broad RH range, while others [77] believe its
impact is limited or negligible, especially above 40% RH.

Lastly, the interlayer water movement hypothesis posits that water transport
within gel interlayers also contributes to volume changes in concrete[78],
offering yet another dimension to the complex nature of OPC shrinkage.

2.4 Effect of BFA and MSWI BA on autogenous
and drying shrinkage
2.4.1 Effect of BFA

Direct, systematic studies on BFA’s influence are still limited, but adjacent
evidence points to mitigation pathways via internal curing and/or mild expansive
reactions. Mortar tests with wood biomass ash reported substantial reductions
in autogenous shrinkage[79], highlighting the role of ash porosity and retained
water; similar internal-curing benefits have been observed with other biomass-
derived additions. Broader fly-ash literature (primarily coal fly ash) shows a
decreasing trend of autogenous shrinkage with higher BFA replacement,
reinforcing the plausibility that BFA—especially high-CaO, porous types—can
partially offset autogenous strains, though targeted BFA studies resolving ash
chemistry, fineness, and curing are still needed[80].

BFA with high CaO—can reduce drying shrinkage in a long-term behaviour
compared with OPC. In a long-term concrete study, replacing 15-30% of
cement with high-CaO BFA cut one-year drying shrinkage by up to 65%; the
30% mixture even showed slight early-age swelling attributed to portlandite and
brucite formation, without cracking or loss of long-term strength[81]. In self-
compacting concrete, replacing coal fly ash with biomass wood ash increased
drying shrinkage during the first ~7—14 days, but the rate slowed thereafter, and
the final shrinkage converged to the reference mix, plausibly due to an internal-
curing effect from the porous ash; the authors recommend keeping the
replacement <30% by mass[82].

2.4.72 Effect of MSWI BA

When MSWI BA is used as a pre-saturated fine aggregate, it functions as an
internal-curing reservoir and consistently reduces autogenous shrinkage in low
w/b systems—e.g., high-performance mortars showed autogenous strains
nearly eliminated, and pervious/UHPC systems reported large reductions
(=~140 pe at 28 d), attributed to sustained internal RH after setting[83]. In
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contrast, grinding MSWI BA to a powder and using it as a SCM removes the
internal-curing role; studies on milled MSWI BA document altered early-age
volume change dominated by H, gas evolution from metallic Al, implying no
mitigation of self-desiccation and autogenous shrinkage[84]. Moreover,
fineness-driven evidence from ash-binder systems shows that finer ashes
increase autogenous shrinkage at a given replacement—by pore refinement
and higher capillary stresses—providing a clear case were using ash as a finely
ground SCM raises autogenous shrinkage relative to coarser ash[85].

When MSWI BA is recycled as construction materials, most studies report
higher drying shrinkage and a clear increase with MSWI BA content. A recent
critical review concludes that MSWI BA replacement raises water absorption
and air porosity and consequently increases drying shrinkage in both mortar
and concrete[86]. Mechanistically, pretreated MSWI BA can release water
before setting, effectively raising the paste’s water-to-binder ratio rather than
providing true internal curing—an effect observed to amplify drying-shrinkage
strains. Experimental campaigns on self-compacting mortars similarly note a
gradual rise in drying shrinkage as MSWI BA dosage increases[87]. When
MSWI BA is finely ground and used as a SCM, mortar mixes also show
increasing drying shrinkage with higher content, accompanied by higher
porosity[88].

2.5.Conclusion

Early-age volume change in cementitious systems is the macroscopic outcome
of two competing processes—expansion and shrinkage—measured from the
moment of final setting. For expansion, crystallization pressure and early
ettringite formation are most frequently cited. For autogenous and drying
shrinkage, the prevailing explanations invoke the consumption of capillary
water and attendant capillary tension and crystal pressure, changes in surface
energy of the gel, and disjoining-pressure effects, each effective over different
internal RH ranges. When alternative ashes are introduced, additional variables
arise: BFA exhibits composition-dependent behaviour (e.g., CaO content,
fineness), while MSWI BA shows strong “usage-mode” sensitivity (pre-
saturated aggregate versus finely ground SCM). These factors complicate
direct transfer of empirical expressions calibrated on ordinary Portland cement
systems.

The present work is therefore designed to quantify how replacing cement with
BFA and MSWI BA modifies both drying shrinkage and autogenous shrinkage
from early to later ages. Drying shrinkage will be evaluated under well-defined
RH by relating strain development to pore-structure evolution; autogenous
shrinkage will be measured in sealed conditions alongside early-age stiffness.
The outcome is a mechanism-informed basis for selecting ash type, dosage,
and usage mode to minimize volume change while meeting performance
targets
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3. Materials and Methods

3.1.Introduction

This chapter presents the materials, methodology, and experimental setup
adopted in the study to evaluate the volume stability of cementitious systems
incorporating BFA and MSWI BA. The physical and chemical properties of the
materials are described. The methodology section outlines a two-stage
approach: testing to assess workability, mechanical performance, and
shrinkage behaviour, followed by investigating pore structure and reaction
products and kinetics. In addition, the experimental setup is presented in detail
to ensure reproducibility and to clarify the procedures used for sample
preparation and testing.

3.2 .Experimental setup

3.2.1.Test on raw materials
» Chemical composition

X-ray fluorescence spectroscopy (XRF) was used to analyze the chemical
composition of each material in accordance with EN 196-2[89]. Samples
were first oven-dried and ground to a fine powder before testing. The
analysis was performed using a wavelength-dispersive XRF spectrometer
to determine the major and minor oxides.

> Mineralogical composition
X-ray diffraction (XRD) analysis was performed in accordance with EN 196-
2 [89]. Finely ground samples were scanned using a Cu-Ka radiation
source over a typical 20 range of 5-90°. Phase identification was
conducted using reference patterns from the COD database. For hydrated
pastes, measurements were taken after predetermined curing ages to
monitor the development of hydration.

> Particle size distribution
Particle size distribution was measured using laser diffraction in
accordance with ISO 13320[90]. Prior to testing, samples were oven-dried
and dispersed in isopropanol to prevent agglomeration. The analysis
provided cumulative particle size distribution curve to characterize the
fineness and gradation of each material.

> Morphology
The morphology of selected raw materials was examined using scanning
electron microscopy (SEM) following the procedure in ISO 16700[91].
Samples were dried, finely ground, and coated with a thin layer of gold or
carbon to ensure conductivity. Images were captured under high vacuum
at various magnifications to assess particle size, shape, and surface
texture.
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3.2.2.Fresh properties

>

Workability

The workability of the paste was assessed using the mini-slump flow test,
in accordance with EN 1015-3[92]. Freshly mixed paste was poured into a
truncated conical mold placed on a smooth surface (Figure 3.1). Upon
lifting the mold, the spread diameter of the paste was measured in two
perpendicular directions, and the average was recorded as the flow value.

Figure 3.1. Vibration table for workability test.

Setting time

The setting time was measured using the Vicat method in accordance with
NEN-EN 196-3[93]. An automatically recording Vicat apparatus (Controls
VICATMATIC 2, CONTROLS Group, Milan, Italy) was used (Figure 3.2.
Vicat apparatus.). Paste was cast into standard Vicat moulds and tested
continuously until the final setting time was automatically recorded by the
device.

Figure 3.2. Vicat apparatus.
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3.2.3.Mechanical properties

> E-modulus

Elastic modulus was measured according to EN 13412[94]. Paste samples
were cast into prisms (40mm x40mmx285mm) and cured for 7 days
under sealed conditions at 20 =1° C. The test was conducted using a
compression testing machine, with axial deformation measured by two
linear variable differential transformers (LVDTs) directly affixed to the
specimen surface at the mid-span (Figure 3.3). A compressive load was
applied incrementally up to 10% of the estimated maximum load, and
corresponding deformation was recorded. The modulus of elasticity was
calculated from the linear portion of the stress—strain curve.

Figure 3.3. Setup for E-modulus test.
» Compressive strength

Compressive strength tests were carried out in accordance with EN 196-
1[95]. Paste samples were cast into 40mm x40mm x160mm prism moulds,
demoulded after 24 hours, and cured under controlled conditions (20 =1°
C, >95% RH) for 1,7,28 days. At specified curing ages, specimens were
broken into halves, and the compressive strength was measured on the
broken sections using a universal testing machine. The average of three
specimens was reported for each data point.

» Flexural strength

Flexural strength was determined using a three-point bending test in
accordance with EN 196-1[95]. Paste was cast into 40 mm x 40 mm x 285
mm prism moulds, demoulded after 24 hours, and cured under standard
conditions (20 =1° C, >95% RH) for 1,7,28 days. At the testing age, each
prism was placed on two supports 100 mm apart and loaded at the centre
until fracture (Figure 3.4). The average of three samples was recorded.
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Figure 3.4. Setup for flexural strength test (three-point bending test).

3.2.4. Autogenous and drying shrinkage

> Autogenous shrinkage

Freshly mixed paste was cast under vibration into corrugated plastic tubes
(LDPE, @ 29 mm, length =~ 430 mm) to minimize restraint with ASTM
C1608[96]. Measurement of autogenous shrinkage started after the final
setting time, determined by Vicat testing. Prior to that, the specimens were
placed on a self-manufactured rotation machine (10 rpm) to prevent
bleeding (Figure 3.5 left). After setting, the specimens were held in a frame
consisting of two steel plates rigidly joined by six solid invar rods (Figure
3.5 right). Each specimen was gripped at one end, while the other end
remained free to move. Longitudinal deformation was recorded at the free
end using a displacement transducer (TRANS-TEK 350-000, accuracy 5
um). Measurements were taken every 5 minutes, with three specimens
tested simultaneously.

Figure 3.5. Rotation machine (left) and autogenous shrinkage test device (right).

» Drying shrinkage

Drying shrinkage was tested in accordance with EN 12617-4[97]. Paste
samples were cast into 40mm x40mm x285mm moulds and cured under
standard conditions (20 +=1° C, >95% RH) for 28 days. After initial curing,
the specimens were exposed to drying conditions (20 =1° C,50+=5%RH),
and the length change was monitored periodically using a length
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comparator(Figure 3.6). The reported shrinkage value corresponds to the
difference between the initial and current lengths divided by the original
length.

Figure 3.6. Setup for drying shrinkage measurement

3.2.5.Microstructure

> Pore structure

Pore structure was analysed using mercury intrusion porosimetry (MIP) in
accordance with ISO 15901-1[98]. Paste samples were cured for 28 days,
then solvent-exchanged with isopropanol and vacuum-dried to preserve
the pore structure. The MIP test was conducted using a porosimeter
capable of measuring intrusion pressures up to 400 MPa, providing access
to pore diameters ranging from approximately 7 nm to 100 ym. Cumulative
pore volume and threshold pore diameter were obtained from the intrusion
curves, and this pore-size window covers the medium and large capillary
pores that predominantly govern moisture transport, capillary tension and
thus the autogenous and drying shrinkage behaviour investigated in this
study.

> Reaction kinetics
Isothermal calorimetry was performed in accordance with ASTM C1679[99].
Freshly mixed paste (approximately 5g) was sealed in glass ampoules
and placed in an isothermal calorimeter (TAM Air, TA Instruments)
maintained at 20 +0.1° C. Heat flow was recorded continuously for 168
hours. The cumulative heat release and heat flow rate curves were used to
assess the hydration behaviour of the mixtures.

» Hydration products

XRD and QXRD tests were conducted as mentioned in Test on raw
materials at 3 days of curing.
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3.3.Materials

This study utilized three primary materials: BFA, MSWI BA (the following text is
collectively referred to as MSWI BA), and ordinary Portland cement (CEM |
42.5N). The chemical composition, particle size distribution, and morphology of
these materials were characterized prior to use.

3.3.1.Chemical composition

The chemical composition of MSWI BA, BFA, and CEM | 42.5N was determined
by X-ray fluorescence (XRF), and the results are presented in Table 3.1. All
three materials contain significant amounts of silicon (SiO,), calcium (CaO),
and aluminium (Al,O3), which are relevant for their potential cementitious or
pozzolanic reactivity.

MSWI BA exhibited a relatively high content of Fe,03 (9.90%) and moderate
CaO (14.67%), while BFA had high CaO (49.59%) and the highest SiO, content
(17.62%) among the three. In contrast, CEM | 42.5N showed the highest CaO
concentration (64.96%) and relatively low loss on ignition (LOI = 1.00%). BFA
displayed a notably high LOI of 7.43%, suggesting the presence of unburnt
carbon or other volatiles.

Minor oxides such as Na,O, K,0, MgO, and SO; were also detected, along
with trace elements like Cr,O;, MnO, and CuO. These components may
influence hydration behavior, durability, and environmental compliance.

Table 3.1 Chemical composition of raw materials.

MSWI BA BFA CEM |
Ca0O 14.67 49.59 64.96
Si0, 54.9 17.62 16.23
Al,05 8.76 5.03 3.76
Fe,05 9.9 3.45 4.18
K,0 1 5.56 0.7
MgO 2.06 3.52 1.81
P20s 0.55 4.41 —
Na,O 4.93 1.04 0.31
TiO, 1.03 1.86 0.5
MnO 0.15 0.49 0.08

SO3 0.46 4.58 6.07
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Cr;03 0.11 0.04 0.03

V,05 0.01 — 0.02
cl 0.29 1.8 0.05
CuO 0.37 0.06 —
LOI 0.27 7.43 1

2 LOI = Loss on ignition.

3.3.2.Mineralogical composition

The XRD patterns of BFA and MSWI BA (Figure 3.7 and Figure 3.8) reveal
dominant crystalline phases such as quartz and calcite, along with various
minor minerals, indicating the heterogeneous and partially crystalline nature of
the ashes.

The mineralogical compositions of BFA and MSWI BA are summarized in Table
3.1 and Table 3.3. based on the internal standard method, the calculated
amorphous contents are 38.34% or BFA and 69.2% for MSWI BA. These high
amorphous proportions indicate that both ashes are highly heterogeneous.

1: Quartz
2: C3A0rt
3: Gehlenite
4: Larnite
1 5: Calcite
6: Portlandite
7: Hydroxylapatite
8: IronOxide
9: Lime
10: Manganosite
11: Periclase
12: Fluorite
13: Beusite
14: Rutile

Figure 3.7.XRD result of BFA

Table 3.2. Mineralogical composition of BFA
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ICSD

No Mineral Chemical Proportions
' 0
Name Formula (wt%) Codes
1 Quartz SiO, 19.51 541929
Tricalcium 1880
aluminate 2.51
2 (C3A Orth.) CazAl, 04
Ca,Al(AISi 2 60 1411155
3 Gehlenite )O- ’
4 Larnite Ca,SiO, 3.98 39006
5 Calcite CaCoO; 13.42 11611066
6 Portlandite Ca(OH), 3.67 191851
Hydroxylap Cas(PO,); 5 61 60521
7 atite (OH) ‘
Fe;0,/ 15840
8 IronOxide Fe,Os 1.54
9 Lime CaO 0.41 60199
Manganosit 9864
10 e MnO 0.66
11 Periclase MgO 2.01 52026
12 Fluorite CaF, 1.85 44937
(Mn?*,Ca, 71051
Mg)z(PO,) 2.51
13 Beusite 2
14 Rutile TiO, 1.35 9161
- Amorphous - 38.34
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1 1: Quartz

2: C3AO0rt

3: Akermanite
4: Magnetite

5: Albite

6: Calcite

7: Wuestite

8: deltaAl203m
9: Ferrosilite
10: Gypsum

Figure 3.8. XRD result of MSWI BA
Table 3.3. Mineralogical composition of MSWI BA

No Mineral Chemical Proportio ICSD
' Name Formula ns (wt%) codes
1 Quartz SiO, 12.85 541929

Tricalcium 1880
aluminate 0.61
2 (C3A Orth.) CazAl, 04
3 Akermanite Ca,MgSi,0, 4.50 26683
4 Magnetite Fe;O, 1.75 92356
5 Albite NaAlSi;Og 3.08 1402109
6 Calcite CaCoO; 0.52 1611066
7 Wouestite FeO 0.55 309924
Delta- 40200
alumina (- 1.59
8 A|203) AIZOB
9 Ferrosilite FeSiO; 4.88 36049
CaS0,'2H, 160977
10 Gypsum 0] 0.46
- Amorphous - 69.2
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3.3.3.Morphology

The morphology of MSWI BA and BFA was examined using scanning electron
microscopy (SEM) following ASTM C1723[100], as presented in . The two
materials exhibit distinct particle characteristics, which are expected to
influence their behaviour in paste mixtures.

MSWI BA particles (left image) are angular and relatively smooth, with a dense
structure and minimal visible porosity. The particles vary in size but show
compact shapes, which may contribute to efficient packing and moderate water
absorption. The lack of significant surface roughness suggests a lower
tendency for water retention compared to highly porous materials[101], [102].

BFA particles (right image) are highly porous and agglomerated, with rough
surface texture. Such morphology implies a higher effective surface area and
greater surface water uptake, leading to higher water demand and reduced flow
[103].

3.3.4 Particle size distribution

The particle size distribution of MSWI BA, BFA, and CEM | 42.5N was
measured using laser diffraction following ASTM B822[104] (Figure 3.10).
Among the three materials, MSWI BA exhibited the finest particle size, followed
by BFA and then cement. The finer particle size distribution of MSWI BA
suggests higher specific surface area, which may increase water demand and
influence its reactivity. In contrast, cement showed the coarsest distribution,
with BFA displaying intermediate characteristics[105]. The variation in particle
size among the materials is expected to affect both the fresh and hardened
properties of the paste mixtures.
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Figure 3.10. Particle size distribution test results.

3.3.5.Pretreatment

To minimize the negative effects of metallic aluminium in MSWI BA on early-
age performance, a chemical pretreatment was applied. The MSWI BA was
mixed with a 0.1 mol/L NaOH solution at a water-to-solid ratio of 0.3, forming a
slurry. The slurry was stirred and maintained under ambient conditions for three
weeks to promote the dissolution and removal of residual metallic aluminium.
This pretreatment aims to reduce hydrogen gas evolution during hydration and
to mitigate its potential impact on strength and shrinkage measurements[106],
[107].

3.4.Mixture design

Nine paste mixtures were designed to investigate the influence of MSWI BA
and BFA on shrinkage behaviour and mechanical performance. The control mix
(B1) contained 100 wt% CEM | 42.5N, while the remaining mixes (B2-B9)
included varying proportions of MSWI BA and BFA, as detailed in Table 3.4.

The maximum replacement level for MSWI BA was limited to 20 wt% due to
concerns over potential leaching of heavy metals at higher dosages, as
identified in preliminary testing[108], [109]. BFA in this study contains 1.8 wt%
CI~ (Table 3.1). To respect the total chloride limits for structural concrete in EN
206 / BS 8500 (0.10% for prestressed; 0.20—-0.40% for reinforced, by mass of
cement), the default BFA replacement is capped at 6%; at 10% replacement
the chloride input approaches the 0.20% class and is considered only with
mitigation (e.g., washing/blending and verification against the project chloride
class)[110], [111]. Therefore, when MSWI BA and BFA were used together, the
proportion of BFA was deliberately reduced to minimize negative effects while
still utilizing both materials.

This mixture design allows for systematic evaluation of the individual and
combined effects of MSWI BA and BFA at total ash replacement levels ranging
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from 5% to 30%, with a focus on optimizing performance and ensuring
environmental safety.

Table 3.4 Mix proportions of paste samples with varying ash replacement levels.

Raw Materials(wt%)

Paste Samples Total Ash Replacement (wt%)

CEMI142.5N MSWIBA BFA

B1 100 0 0 0
B2 95 0 5 5
B3 90 0 10 10
B4 90 10 0 10
BS 85 10 5 15
B6 80 10 10 20
B7 80 20 0 20
B8 75 20 5 25
B9 70 20 10 30

3.5.Methodology

The obijective is to provide actionable mix-design guidance for using BFA, and
MSWI BA, as SCMs. Fresh properties and mechanical properties are assessed
first because they control applicability[112]. Volume stability is equally critical,
since shrinkage-induced cracking and microstructural damage accelerate
degradation, and reduce service life[113], [114]. Volume stability is examined
in two regimes. Early age under sealed conditions is dominated by autogenous
shrinkage[115]. Deformation under exposure is governed by drying shrinkage,
consistent with ASTM C157/C157M practice for drying-shrinkage
evaluation[116].

In Stage 1, each mixture at a defined replacement level is characterized
consistently by key macroscopic behaviors. Fresh properties are measured to
EN 196-3 and EN 1015-3[117], [118]. Autogenous shrinkage is determined on
paste by the corrugated-tube method in ASTM C1698[119] under sealed curing.
After 28 days of sealed curing, drying shrinkage is measured as length change
following the environmental and procedural controls of ASTM C157[116].
These data establish the main trends and isolate mixes that warrant
mechanistic analysis.
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Stage 2 explains the reasons behind the phenomenon:

Early-age volume change is governed by autogenous shrinkage, chemical
shrinkage, and any early swelling. Its magnitude results from the interaction
between stiffness evolution and capillary tension induced by self-desiccation.
To resolve the causes of early deformation, isothermal calorimetry (ASTM
C1702[120]) is used to track reaction kinetics and degree of hydration, which
indicate the timing and intensity of capillary-stress build-up; quantitative X-ray
diffraction (ASTM C1365[121], internal-standard approach) identifies reaction
products to explain sources of early swelling (e.g., ettringite/syngenite
formation) and static elastic modulus is obtained following ASTM
C469/C469M[122] (adapted to paste geometry) to capture stiffness that
restrains or amplifies deformation.

Post-28-day exposed deformation is governed by drying shrinkage. Its
magnitude depends on capillary tension and on stiffness. Characterisation
therefore relies on mercury intrusion porosimetry (ASTM D4404[123]) to
determine pore-size distribution and cumulative intrudable pore volume for
interpreting capillary forces, together with elastic modulus (ASTM C469/C469M)
to quantify the material’s compliance. Drying is performed under a standardised
exposure consistent with ASTM C157/C157M[124] (20 + 2 °C, 50 £ 4 % RH) to
ensure comparability among mixtures.

Finally, deformations and microstructural findings are integrated to build explicit
links between ash dosage and the observed autogenous and drying shrinkage.
The results provide a mechanistic basis for recommending practical ranges of
BFA and MSWI BA contents and proportions that enhance volumetric stability
while preserving fresh and mechanical performance.
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4. Fresh and Mechanical Properties

4.1 .Introduction

This chapter presents the fresh and mechanical properties of paste mixtures
incorporating BFA and MSWI BA at a constant water-to-binder ratio. Nine mixes
were designed to isolate the individual and combined effects of BFA and MSWI
BA on fresh and mechanical properties over 0—-30 wt% total replacement. The
results are organized as follows: fresh properties (workability, setting time), and
mechanical properties (compressive strength and elastic modulus). Fresh and
mechanical properties are decisive for the practical applicability of mixes with
BFA and MSWI BA: they determine whether a mix design can be applied. In
particular, the elastic modulus is directly linked to shrinkage in both regimes—
under sealed curing and under exposure.

4.2 Fresh properties of cement paste

4.2.1 Workabillity of paste

Figure 4.1 and Figure 4.2 are slump and flowability test results of 9 different
mixes, showing that at a fixed water-to-binder ratio, replacing CEM | with ashes
progressively reduced workability across B1-B9 Slump declined from 42 to 28
mm, around 33%, while flow decreased from ~280 to 220 mm around 21%.
Because the mixing water was held constant (Table 3.4), these losses are
attributed to particle’s small size and porous morphology.

Particle size distribution result (Figure 3.10) shows that MSWI BA is the finest,
BFA intermediate, and cement the largest. Finer particle size distribution raises
specific surface and contact density, increasing yield stress and plastic
viscosity[105], explains the trends that workability decreases with BFA and
MSWI BA added. Morphology of raw materials ( . Figure 3.9) further indicates
MSWI BA is dense and angular, promoting interparticle friction, whereas BFA
is porous, rough, and agglomerated, which demands more effective free water
and increases internal friction[112], consolidate the negative effect about
workability of BFA and MSWI BA. These results are in agreement with the
findings of earlier research on ashes from other sources[125], [126].

Both BFA and MSWI BA reduce the workability of the blended mixtures. For the
same total replacement level (10%, 20%), mixtures containing more MSWI| BA
exhibit a more pronounced loss of workability than those with BFA, indicating
that MSWI BA has a stronger adverse effect on workability.
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Figure 4.2. Flowability test results (mix design refers to Table 3.4)

4.2.2.Setting time of paste

Figure 4.3 is the final and initial setting time results of 9 different mixes, showing
that the initial and final setting times increase progressively from B1 to B9. The
phenomena can be attributed to the decrease proportion of reactive clinkers
and the lower early reactivity of BFA and MSWI BA. Replacing part of the clinker
with MSWI BA or BFA reduces the concentration of rapidly hydrating clinker
phases such as C3S and C2S, and therefore postpones the formation of a rigid
skeleton, delaying initial set[127], [128]. At the same total replacement level
(10 % and 20 %), BFA generally causes a more pronounced increase in setting
time than MSWI BA, which can be related to its finer particle size and higher
contents of alkalis and sulphates. The binary mixture containing both BFA and
MSWI BA at high replacement shows the largest retardation in setting.
According to the chemical compositions in Table 3.1, this mixture combines the
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lowest overall sulphate content with the strongest dilution of calcium from
Portland cement. Such low sulphate and calcium content delays the formation
of stable ettringite and the percolation of a continuous C—S—H skeleton, leading
to the most pronounced extension of the dormant period and setting times. This
observation is consistent with the reduced and delayed early heat release
recorded by isothermal calorimetry (Figure 5.2 and Figure 5.3), which directly
indicates slower early hydration.

Figure 4.3 shows that the increase in final setting time becomes much smaller
than in initial setting time once setting approaches about 10 h. This reflects the
transition to the later stages of hydration, where the solid C—S—H network has
percolated and stiffness growth is increasingly controlled by space-filling and
diffusion-limited reactions rather than by the initial ionic availability [129], [130].
In other words, once that continuous skeleton is established, subsequent
hardening is dominated by slower, diffusion-controlled filling of remaining
porosity and densification processes that proceed at similar rates across
mixtures; consequently, the additional delay in final setting caused by slower
early reactions tends to diminish and the final-set times converge[131]. MSWI
BA and BFA mainly influence this stage by reducing the proportion of reactive
clinker and slowing the initial dissolution of reactive phases of ashes such as
gehlenite/akermanite, so that the formation of a continuous skeleton is delayed.

Both BFA and MSWI BA prolong the setting of the mixtures. At the same total
replacement level (10%,20%), BFA causes a more pronounced increase in
setting time than MSWI BA.
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Figure 4.3 Setting time results (mix design refers to Table 3.4)

4.3.Mechanical properties of cement paste

4.3.1.Flexural and compressive strength of hardened paste

Figure 4.4 and Figure 4.5 are the results from flexural and compressive strength
test of 9 different mixes. Across all curing ages, both flexural and compressive
strengths increase with time, but at any given age the strength decreases as
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the total ash replacement increases. The pure cement paste (B1) attains the
highest strengths, low-replacement blends (B2—-B3) are slightly lower, medium-
replacement blends (B4—-B6) are further reduced, and high-replacement blends
(B7-B9) form the lowest cluster. The age-gain pattern is similar for all mixes—
the dominant increase occurs from 1—7 d and the subsequent 7—28 d gain is
modest—so ash replacement level primarily shifts the strength level downward
without changing the late-age slope.

The strength loss with ash addition is primarily due to the low reactivity of BFA
and MSWI BA. Mineralogical composition of raw materials (Table 3.2 and Table
3.3) shows both BFA and MSWI BA are dominated by quartz and calcite, with
minor silicate phases such as gehlenite/akermanite and other accessory
minerals. At 20 °C these crystalline phases are essentially inert in Portland
systems over 1-28 d, while the amorphous fraction reacts only slowly and
weakly[132], [133]. Replacing CEM | with BFA and MSWI BA decrease
reactivity of binder, reducing early formation of C-S—H and AFt/AFm; the
hydrates produced per unit paste volume decline, and the load-bearing
skeleton develops more slowly, giving lower flexural and compressive strengths,
hence the systematic, replacement-level-controlled drop in strength observed
in Figure 4.4 and Figure 4.5. The overarching trend remains: more ash leads to
lower strength due to reduced reactive binder content and slower hydrate
formation, which is in line with earlier research[126], [134].

254

20 4 = B1

—a— B2
B3
—s— B4
B&
B6
—a— BT
B8
B9

15

10

Flexural Strength (MPa)

1 7 28
Age (days)

Figure 4.4. Flexural strength results (mix design refers to Table 3.4)
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4.3.2.E-modulus of hardened paste

Figure 4.6 shows the evolution of E-modulus of 9 different mixes between
casting and 28 days E-modulus increases rapidly to day 7 and then grows only
marginally to day 28. At 7 days the spreads between mixes are still pronounced:
B1 shows the highest stiffness, while ash-blended mixes are lower because the
newly added BFA and MSWI BA exhibit lower early reactivity and contribute
less to the formation of skeleton within the first week, when cement has already
completed most of its hydration[132], [133]. By 28 days the curves converge,
and differences become small, indicating gradual space-filling from the slower
ash reactions that narrow the gap. The overall trend and ranking are consistent
with the flexural and compressive strength results.
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Figure 4.6 E-modulus test results (mix design refers to Table 3.4).
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4.4 .Conclusion

At a fixed water-to-binder ratio, replacing CEM | with BFA and MSWI BA
systematically degrades fresh and mechanical performance.

» Increases in both BFA and MSWI BA replacement level consistently reduce
workability; at the same replacement, MSWI BA decreases workability less
than BFA.

» Both initial and final setting are delayed with replacement of both BFA and
MSWI BA; the delay is stronger at initial set and generally larger for MSWI
BA than BFA.

» Both compressive and flexural strength decrease monotonically with
replacement level due to low reactivity of binder after BFA and MSWI BA
are blended; most of the strength are established by 7 d, with slower growth
of strength by 28 days from slower successive reactions.

» Elastic modulus rises rapidly to 7 d and only marginally thereafter; both
BFA and MSWI BA blended mixes remain below CEM | paste at 7 days
and 28 days.
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5. Autogenous Shrinkage

5.1.Introduction

Autogenous shrinkage is the early-age volume reduction that occurs without
external drying, driven by self-desiccation and the capillary stresses that
develop as hydration consumes pore water. Under restraint it can cause
microcracking, stiffness loss, and higher permeability—direct risks to durability
and service life[63]. This chapter quantifies autogenous shrinkage of pastes
with BFA and MSWI BA over 0-7 days, resolving the response into three
successive parts—post-set deformation, transient swelling, and shrinkage after
swelling [135], [136], [137]. The results provide mechanism-based guidance for
mixture design and curing to control early-age shrinkage.

5.2.Results of autogenous shrinkage

Figure 5.1 shows the results of autogenous shrinkage of all mixes from final
setting to 7 days and indicates a common response of magnitude of
autogenous shrinkage across from B1 to B9: after an early swelling episode,
autogenous shrinkage transitions to net shrinkage that proceeds approximately
linearly over the 7-day. BA blended cement paste reduces the magnitude
relative to B1, and BFA as well as BFA+ MSWI BA blended cement paste
increase it. The rank order at day 7 is B7 <B4 <B1 <B2 <B8 <B5<B6 <B3
< B9 (mix design refers to Table 3.4). For a fixed BA content (10%, 20%),
increasing the BFA fraction leads to larger shrinkage; with 10% MSWI BA
blended the order of autogenous shrinkage magnitude is B4 < B5 < B6, and
with 20% BA blended the order is B7 < B8 < B9. Thus, MSWI BA mitigates
autogenous shrinkage, most clearly in B7, whereas BFA and BFA+MSWI BA
elevates it.

Autogenous shrinkage can be interpreted as the strain response of the material
to internally generated stresses during hydration. Its magnitude is mainly
governed by two aspects: (i) the stiffness of the material, and (ii) the internal
driving forces. The driving forces in this context are primarily the crystallization
pressure associated with the formation and growth of hydration products and
the capillary tension arising from self-desiccation as water menisci retreat in the
capillary pore network. As these internal driving forces evolve with the progress
of hydration and dominate at different stages, they give rise to three
characteristic patterns of autogenous shrinkage curves in this study.

The 7-day magnitude of early-age shrinkage can be divided into three
components: the deformation after final setting, the amplitude of the ensuing
swelling peak, and the post-swelling shrinkage[135], [136], [137]. For most
mixes, final setting occurs during the chemical-shrinkage-dominated stage, so
shrinkage has already accumulated at the start of measurement[63], [135]. B4
and B7 are exceptions: their final setting coincides with the onset of swelling,
giving a higher initial baseline and a portion of swelling not captured within the
record. After the swelling peak, the subsequent rate controls how fast shrinkage
accrues; across mixes this rate aligns with the above ranking, reinforcing the
mitigating role of MSWI BA and the amplifying role of BFA.
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Figure 5.1. Autogenous shrinkage results (start from final setting, mix design refers to
Table 3.4).

5.3.Deformation after final setting

From the Figure 5.1, except for B4 and B7, the final setting of all mixes occurs
while the paste is already in the chemical-shrinkage—dominated period;
therefore shrinkage begins to accumulate rapidly from the start of measurement,
yielding higher magnitudes. By contrast, B4 and B7 reach final setting after
chemical-shrinkage-dominant period, i.e., within the swelling period, so the
measurement starts with a positive slope, and the initial accumulation is
absent—which contributes to lower total shrinkage.

Figure 5.2 is the result of heat flow evolution considering dosage of BFA as
variable over first 7 days, which indicate that across all groups, the curves follow
a common evolution: after an initial induction period, the reaction enters a rapid
heat-release stage with a main peak; the rate then declines and approaches a
quasi-steady, slow-hydration regime by about day 3. Increasing BFA content
systematically extends the dormant period and lowers the main-peak intensity,
with the peak occurring later. This behavior is evident both in the BFA blended
series (B1-B3) and in the mixes where MSWI BA is present (B4-B6, B7-B9).
Quantitatively, 5% BFA extends the dormant period by about 3 h, and 10% BFA
extends it by about 6.3 h, while concurrently reducing the main-peak heat flow,
indicating suppressed early-age reactivity.
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Figure 5.2. Heat Flow of 9 mixes (BFA dosage as variable, mix design refers to Table
3.4).

Figure 5.3 shows the results of heat flow evolution considering dosage of MSWI
BA as variable over first 7 days and shows broadly the same evolution as Figure
5.2. Varying MSWI BA causes only a slight change in the induction period—
dormant period is perturbed weakly compared with the effect of BFA. A clear
effect appears in the acceleration region: increasing MSWI BA consistently
lowers the main-peak heat flow. After the peak, the decay tails remain similar
across MSWI BA levels, indicating that MSWI BA reacts continuously in early
age. Overall, MSWI BA exerts a slight influence on dormant period and a
pronounced reduction of the main peak, indicating reduced early reaction
intensity while leaving the late, slow-hydration regime largely unchanged.
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Figure 5.3 Heat Flow of 9 mixes (MSWI BA dosage as variable, mix design refers to
Table 3.4).

From the calorimetry results, the chemical-shrinkage-dominant stage coincides
with the first main peak and extends around appearance of the second peak.
This interval corresponds to rapid hydration of alite and the build-up of chemical
shrinkage[138]. The second peak reflects the aluminate—sulfate reactions that
form ettringite and syngenite; once these crystallization reactions become
active, the net deformation shifts from pronounced shrinkage to the onset of
early-age swelling[139].

The timing of setting is critical. Calorimetry results show that chemical-
shrinkage dominates from the silicate acceleration peak until just before the
aluminate—sulfate peak, after which early-age swelling begins. Figure 5.4
indicates that MSWI BA extends the final setting time but does not extend the
dormant period. As a result, mixtures with BA tend to reach final set closer to,
or within, the swelling stage. Autogenous-shrinkage recording therefore starts
without the initial burst of chemical-shrinkage accumulation, and the early
positive deformation offsets part of the subsequent shrinkage. This timing effect
explains the lower 7-day autogenous-shrinkage magnitudes in BA-only blends
and supports the mitigating role of MSWI BA.
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Figure 5.4. Increment of setting time (compared with B1, mix design refers to Table 3.4).

In contrast, BFA not only extends the final setting time but also prolongs the
dormant period, and the dormancy extension can be comparable to or greater
than the set delay. The stronger retardation observed in the BFA mixtures can
be linked to the specific chemistry of BFA. As shown in Table 3.1, BFA contains
a more Ca-rich amorphous phase than MSWI BA and much higher contents of
alkalis, P,0s5, SO3, Cl and LOI than MSWI BA. When it replaces part of the
clinker, these ions disturb the sulphate balance and modify the pore-solution
chemistry, stabilizing the induction period and delaying the main hydration peak,
so that both dormant period and setting are markedly extended. MSWI BA, in
contrast, is mainly SiO,-rich with low CaO, SO;, P,0O5 and LOI, so its effect is
closer to a simple dilution of clinker; therefore, it causes less chemical
retardation and a shorter extension of the dormant period compared with BFA
at the same replacement level. Consequently, final set may still occur around
the time of the first main peak, when chemical-shrinkage is dominant. The
deformation record therefore begins with a rapid accumulation of autogenous
shrinkage immediately after final set, leading to a larger 7-day magnitude. This
timing effect is evident in the mixes rich in BFA (B3, B6, B9 in Figure 5.1), which
show greater post-set shrinkage despite similar late-age decay rates.

5.4 Early-age swelling

Figure 5.5 presents the early-age swelling within the first two days after final
setting. For B4 and B7, final setting occurs during the swelling stage; part of
their swelling before time zero is not recorded, so their peaks are
underestimated and excluded from comparison. Excluding these two mixes, all
curves rise to a single peak within 24 h and decay toward zero by about two
days. The peak magnitude ranks as B5 < B6 < B9 < B1 < B2 < B8 < B3 (mix
design refers to Table 3.4). Relative to reference B1, the BFA-only mixes B2
and B3 show higher peaks, indicating that adding BFA increases early swelling.
When BA and BFA are added together, the effect is not consistent: B5 and B6
are lower than the reference, B9 is slightly lower, while B8 is higher.
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Figure 5.5 Early age swelling of 9 mixes (mix design refers to Table 3.4).

Figure 5.6 shows that adding BFA and MSWI BA changes the hydrate
assemblage: mixes with either ash exhibit syngenite, and mixes with both ashes
additionally show Friedel’s salt. Syngenite (K,Ca(SO,),-H,0O) commonly forms
at early ages in potassium/sulfate-rich pore solutions and its crystallization in
confined pores has been linked to expansion of cement pastes[140], [141].
Friedel’s salt (Ca,Al(OH)sCl-2H,0) forms by chloride binding in AFm; several
studies report that its crystallization has slight effect on volume change in
cement paste[142], [143].

E: Ettringite

P: Portlandite
A: Alite E F E PEQ
B: Belite oo
F: Ferrite

D: Dolomite

Q: Quartz

F2: Friedel's salt
S: Syngenite

ER P AP EPAPEA T PR oA R @ P

B9

B7

B3

B1

0 20 30 40 50 6 70 80
26 (°)

Figure 5.6. Mineralogical composition of 4 symbolic mixes (mix design refers to Table
3.4).

39



Based on the XRF results (see Table 3.1), both ashes supply the ionic
precursors for syngenite. BFA is particularly rich in potassium and sulphate,
while BA also contributes. Dissolution of these oxides raises K* and SO,?” in
the pore solution in the presence of abundant Ca?* from cement and ash CaO,
so ash-bearing mixes readily precipitate Syngenite, consistent with the
universal observation of syngenite when either ash is added. Formation of
Friedel’'s salt requires chloride and AFm; the combined use of BA and BFA
elevates the chloride supply and provides ample Al,O3; together with CaO,
increasing both the chloride concentration and the availability of AFm
hosts[144], [145]. In the blends containing both ashes, this chloride—AFm
pathway is sufficient, and Friedel’s salt appears in XRD. Because these phases
draw on the same ionic pools as ettringite—calcium, Al-bearing species, sulfate
and water—their formation is in competition with ettringite, and the balance
among these competing precipitations governs the early expansion signature
observed in the mixes[146], [147].

Table 5.1. hydration products of 9 mixes in 3 days (mix design refers to Table 3.4).
B1 B2 B3 B4 B5 B6 B7 B8 B9

(Wt%)
Alite 251 231 232 190 220 201 212 212 197
Belite 7.0 5.1 6.2 7.0 4.9 6.2 54 4.9 4.5

Ferrite 123 129 7.7 8.0 8.9 8.1 8.6 8.1 8.2
Portlandite 18.1 16.2 129 129 137 128 144 161 16.1

Quartz - 2.3 3.3 54 7.3 7.7 7.7 9.8 11.3
Hematite 1.2 1.1 1.1 0.8 1.3 1.0 1.0 0.7 1.2
Dolomite - 1.2 4.5 2.3 1.7 1.6 1.2 1.1 -
Akermanite - - - 24 3.3 3.4 1.2 - -

Ettringite 8.4 5.8 4.4 5.7 0.6 0.5 7.7 1.5 0.6

Syngenite - 22 60 31 27 26 15 23 14
Friedels i i ] 04 10 - 25 35
salt

Amorphous 28.0 297 306 315 333 352 302 319 338

Calorimetry results (see Figure 5.2 and Figure 5.3) shows that reaction rates
level off after day 3, indicating that the interval in which crystallization
dominantly drives volumetric change is concentrated within the first three days.
Consistent with this window, the 3-day QXRD result evidence the largest
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amounts of ettringite and syngenite in B3, matching its highest early-age
swelling. B2 forms amounts of ettringite and syngenite comparable to B1, and
its swelling is likewise similar to the reference. When BA and BFA are combined,
both ettringite and syngenite decrease markedly while Friedel’s salt becomes
the prevailing new phase; the volume change therefore remains close to B1
with only modest deviations around it. These observations reflect a
redistribution among ettringite, syngenite, and Friedel’s salt that compete for
overlapping ionic reservoirs, shaping the magnitude of early expansion
captured within the first three days.

5.5.5Shrinkage after swelling

Figure 5.7 shows shrinkage after swelling of all mixes when consider BFA
dosage as variable, mixtures containing BFA show consistently greater
shrinkage after swelling: their curves lie distinctly below the non-BFA systems
more dosage of BFA lead to more shrinkage.
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Figure 5.7 Shrinkage after swelling (BFA as variable, mix design refers to Table 3.4)

Figure 5.8 shows shrinkage after swelling of all mixes when consider MSWI BA
dosage as variable, MSWI BA alone moderates the post-swelling shrinkage,
with curves remaining close to or only slightly below B1. In blended BFA+MSWI
BA systems, increasing the BA proportion shifts the response toward greater
shrinkage; however, the increment due to additional MSWI BA is modest and
remains smaller than the increase produced by adding BFA.
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During this interval, hydration continues, the post-swelling trajectories are
governed jointly by the elastic modulus, the capillary tension, and the swelling
caused by reaction products formed during this period, which together control
the magnitude of the observed shrinkage.

Figure 5.9 shows that at 7 days, all mixtures exhibit a reduced elastic modulus
relative to B1. The decrease is most pronounced in BFA-blended mixes,
whereas BA-blended mixes show a smaller reduction. This trend is consistent
with the previously reported 7-day strength results (Figure 4.5) and aligns with
calorimetry (Figure 5.2 and Figure 5.3), which indicated lower early reactivity
for BFA than for MSWI BA.
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Figure 5.9 E-modulus results at 7 days (mix design refers to Table 3.4).

The degree of hydration was estimated from the cumulative heat curves
obtained by isothermal calorimetry; the detailed calculation procedure is
provided in Appendix A. Figure 5.10 shows that at 7 days all ash-blended
mixtures reach a lower degree of hydration than the reference (B1), with the
decrease being largest for BFA blended mixes and BFA+MSWI BA blended
mixes (B2, B3, B5, B6, B8, B9) and smaller for only BA added mixes (B4, B7).
Under identical w/b, a higher degree of hydration drives lower internal relative
humidity and thus higher capillary tension; consequently, the reduced hydration
in ash-bearing systems implies a higher internal RH and therefore lower

capillary tension relative to the reference, with the strongest reduction occurring
in the BFA mixes[148].
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Figure 5.10. Degree of hydration at 7 days (mix design refers to Table 3.4).

Taken together, the results indicate three consistent patterns. First, BFA
amplifies shrinkage after swelling because BFA-bearing mixes show the largest
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7-day loss of elastic modulus; the pronounced stiffness reduction dominates
the response and converts the internal stresses during this interval into greater
shrinkage. In this study, the BFA-blended pastes exhibit the largest autogenous
shrinkage among all mixtures. From a practical point of view, such an increase
in autogenous shrinkage implies a higher risk of early-age cracking and loss of
volume stability when BFA is used at high replacement levels, especially in
restrained or low w/b structures. Second, MSWI BA also increases shrinkage
after swelling but to a smaller extent than BFA (Figure 5.5): although degree of
hydration at 7 days is higher than BFA-blended mixes, the accompanying
decrease in E-modulus is lower, so the shrinkage is less amplified (Figure 5.2
and Figure 5.9); moreover, prior phase analysis shows that systems with only
one type of ash tend to form more syngenite/ettringite in the early age (Table
5.1), which provides partial compensating expansion[146], [147]. Third, when
BFA and MSWI BA are used together the shrinkage is amplified because its
reduction on E-modulus is higher (Figure 5.9), and the concurrent formation of
friedel's salt further supress the formation of ettringite/syngenite which can
partially offset the shrinkage (Table 5.1); altogether, BFA-MSWI BA combined
blended mixes remain higher shrinkage after swelling to B1 and clearly higher
than the shrinkage induced by BFA.

5.6.Conclusion

» For BFA, when final setting occurs during the chemical-shrinkage-
dominated stage, the paste immediately begins accumulating early
contraction because of its and delayed dormant period. The ensuing
swelling peak remains high, since the expansive hydrates such as ettringite
and syngenite is formed. After the swelling, the system rapidly enters the
post-swelling shrinkage phase, where the markedly reduced E-modulus
amplifies the effect of capillary tension. As a result, BFA-rich mixes display
the largest total autogenous shrinkage among all groups.

» For MSWI BA, the delay of final setting restricts the accumulation of
shrinkage after final setting. A distinct swelling peak is typically observed,
driven by the early precipitation of ettringite and syngenite that temporarily
offset shrinkage. Once the swelling subsides, post-peak shrinkage remains
moderate: although MSWI BA slightly lowers hydration degree, its E-
modulus reduction is limited, which lessens the stiffness-related shrinkage
amplification. Consequently, MSWI BA—only mixes exhibit the smallest
overall autogenous shrinkage within the 0—7 day period.

» For blended BFA + MSWI BA systems, the shrinkage after final setting is
because the presence of BFA delays dormant period. The swelling peak,
however, becomes weaker than in single-ash systems, as the hydrate
assemblage shifts from ettringite/syngenite toward Friedel’s salt, which
provides little volumetric compensation. During the post-swelling stage, the
combined ashes lower stiffness and formation of expansive mineralogical
component, yielding a larger shrinkage response.
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0. Drying Shrinkage

6.1.Introduction

In this chapter, drying shrinkage after 28-day curing under controlled exposure
is quantified, and its evolution across mixtures is analyzed in relation to
microstructural parameters (MIP-based pore size distribution—especially the
10-50 nm range—and total porosity) and elastic modulus. Drying shrinkage is
a critical durability concern because it can lead to surface cracking, loss of
watertightness, and reduction of long-term stiffness, ultimately shortening the
service life of cementitious materials[73], [149]. The roles of BFA and MSWI
BA, individually and in combination, are evaluated to clarify how pore structure
refinement and stiffness reduction influence capillary tension and deformation,
and to provide guidance for designing more dimensionally stable blends.

6.2.Results of drying shrinkage

Figure 6.1 shows the drying-shrinkage evolution of the nine mixes after 28 days
of curing and subsequent exposure. All curves exhibit an increase in shrinkage:
a rapid initial stage over roughly the first 0-3 days, followed by a markedly
slower phase that proceeds nearly linearly toward the end of the observation
period (=28-35 days), with no rebound. Early-age magnitudes are broadly
similar across mixes, while differences gradually emerge after about 7-14 days.
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Figure 6.1 Drying shrinkage results(mix design refers to Table 3.4).

Figure 6.2 isolates the effect of BFA dosage under three MSWI BA
backgrounds (0%, 10%, 20%). In all cases, increasing BFA from 0% to 5% and
10% produces a graded rise in drying-shrinkage magnitude, with separations
that emerge after the early rapid stage and persist through the record. Raising
the MSWI BA background shifts the entire set of curves downward—indicating
lower shrinkage at a given age and simultaneously compresses the gap
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between the 5% and 10% BFA lines. Thus, MSWI BA mitigates the BFA-
induced increase: within each MSWI BA level the ordering remains 10% BFA >
5% BFA > 0% BFA, but the absolute differences are smaller at 20% MSWI BA
than at 10% MSWI BA and smallest relative to the no- MSWI BA case. The
relatively high standard deviations in Figures 6.2 and 6.3 are mainly related to
the limited precision of the shrinkage measurement setup. Drying shrinkage
involves very small length changes, so the finite resolution and stability of the
displacement device (zeroing, alignment, drift) can introduce noticeable scatter
between nominally identical specimens. Thus, the high STD indicates some
uncertainty in the absolute values, but the consistent trends between mixtures
suggest that the method is still reliable for comparative purposes in this study.
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Figure 6.2. Drying shrinkage results (BFA dosage as variable, mix design refers
to Table 3.4).

Figure 6.3 isolates the role of MSWI BA with the sign convention that more
negative strain denotes larger shrinkage. When BA is added alone, the curves
shift downward relative to B1, indicating greater drying shrinkage; the
separation emerges after the initial rapid stage (=7—14 d) and persists thereafter.
In contrast, under a fixed BFA background, increasing BA from 0% — 10% —
20% shifts the curves upward, i.e., mitigates shrinkage and compresses the
spread between the 5% and 10% BFA levels, indicating that MSWI BA could
mitigate the drying shrinkage caused by BFA.
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Figure 6.3. Drying shrinkage results (MSWI BA dosage as variable, mix design
refers to Table 3.4).

Here the analysis proceeds along two coupled axes: stiffness and capillary-
tension driving stress[149]. After 28 days of curing, mixes exhibit comparable
degrees of reaction; hence the internal relative humidity (RH) during
subsequent drying can be assumed similar across mixes. Under comparable
RH, the Kelvin—Laplace framework links pore size to capillary pressure and thus
to shrinkage. The Kelvin relation between RH and the meniscus (Kelvin) radius
kIS

2yVcosf
TK = = RTtn(rE)
where yis the surface tension of water, V,, is the molar volume, fis the
contact angle, Ris the gas constant, and Tis absolute temperature. The
associated capillary pressure is then

_ 2ycos6

Pc
Tk

Thus, for the same RH, mixtures with finer, more connected pores (smaller r)
develop higher capillary pressure and a larger driving force for shrinkage. The
effective drying strain subsequently depends on the elastic modulus: higher
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emodulus reduces strain for a given p., whereas a more compliant skeleton
amplifies it. In what follows, differences in shrinkage among mixes are
interpreted by combining (i) stiffness contrasts from elastic modulus and (ii)
pore-scale control of capillary tension inferred from MIP test

6.3.E-modulus of paste at 28 days

Figure 6.4 shows that at 28 days, the elastic modulus remains lower when a
greater proportion of ash is incorporated, consistent with the trend observed at
early age; however, the between-mix separations are appreciably smaller than
at 7 days. This attenuation of differences indicates ongoing, longer-term
reactions of both BFA and MSWI BA that partially recover stiffness with time.
Given the narrowed spread in E-modulus at 28 days, skeletal stiffness is
unlikely to be the primary driver of the observed divergence in drying shrinkage
among mixes. Instead, the results point to capillary-tension effects—governed
by pore-structure characteristics—as the dominant contributor to the shrinkage
differences.
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Figure 6.4. E-modulus results of 9 mixes at 28 days (mix design refers to Table 3.4).
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6.4.Pore structure of paste at 28 days
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Figure 6.5-Figure 6.13 shows the differential and cumulative pore size
distribution (PSD) curve of 9 different mixes. From the differential PSD curves,
all mixes exhibit a single dominant peak within the 10-50 nm medium capillary
pores band, defining a common critical pore width and indicating that pore sizes
are largely concentrated in this range. The broadly similar peak shapes imply
that, by 28 days, adding BFA or MSWI BA does not fundamentally alter the
qualitative form of the pore-size distribution; rather, the main differences are
incremental and will be detailed in the following sections. In contrast, the
cumulative curves clearly shift upward with increasing total ash content,
showing a higher total porosity at 28 days. This trend is consistent with a lower
effective degree of hydration for both ashes and corroborates the calorimetry
evidence of reduced reactivity.
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Figure 6.5 Differential and cumulative PSD curve of B1 (100% CEM I) at 28 days.
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Figure 6.6 Differential and cumulative PSD curve of B2 (95% CEM |, 5% BFA) at 28 days.
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Figure 6.7Differential and cumulative PSD curve of B3 (90% CEM |, 10% BFA) at 28 days.
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BA) at 28 days.
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Figure 6.10 Differential and cumulative PSD curve of B6 (85% CEM |, 5% BFA, 10% MSWI
BA) at 28 days.

——B7 ——B7
0.8 4 0.24

0.22 4

020

E
0.6 4 35 018

E 0415
G014
T
0.4 @ 012
E
w 010
2
F 0.8 ]
0.2 | £ 0.06
3
O 0.04 4
0.02

0.0 ) 0.00 e
1 10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000

Pore size Diameter (nm) Pore size Diam eter (nm)

Figure 6.11 Differential and cumulative PSD curve of B7 (80% CEM I, 20% MSWI BA) at 28
days.

Log Differential Intrusion (mLimL)

51



e
=)
1

0.24 -
5 022
5 <020
E 06 § 048]
5 E 016
5 5014
E =] ]
E 04 g o012
-_— 3 -
'g w 0.10 4
c

2 E 0.08
@ E 4
£ 02 \, £ 0.06
a g 1
o O 0.04-
[+]

- 0.02 4

0.0 S et Y — 0.00 2 S X
1 10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000
Pore size Diameter (nm) Pore size Diameter (nm)

Figure 6.12 Differential and cumulative PSD curve of B8 (75% CEM |, 5% BFA, 20% MSWI
BA) at 28 days.
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Figure 6.13 Differential and cumulative PSD curve of B9 (70% CEM [,10% BFA, 20%
MSWI BA) at 28 days.

From the differential PSD, a critical pore width can be extracted for each mix
(Figure 6.14). The critical pore width is defined as the pore size corresponding
to the peak of the differential mercury-intrusion pore-size distribution curve,
which represents the dominant, transport-governing capillary pores in the
network[150]. A smaller critical width indicates a denser pore structure,
whereas a larger value reflects coarser pores. The bar chart shows a clear trend:
increasing BFA content markedly reduces the critical pore width, evidencing
pore refinement. In contrast, adding MSWI BA increases the critical pore width,
i.e., coarsens the pore system. In co-blended mixes, BA partially counteracts
the BFA-induced refinement, shifting the critical width upward relative to the
BFA-only case.
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Figure 6.14 Critical pore width at 28 days (mix design refers to Table 3.4).

Figure 6.15 summarizes the 28-day total porosity for all mixes. A clear
monotonic increase is observed from B1 to B9, indicating that higher ash
contents yield higher porosity at 28 days. BA raises total porosity more strongly
than BFA at comparable backgrounds, and the co-blended mixes (with both
BFA and BA) reach the highest values. This trend is consistent with a lower
effective degree of hydration and aligns with the larger drying-shrinkage
magnitudes observed for mixes with greater ash replacement.
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Figure 6.15. Total porosity at 28 days (mix design refers to Table 3.4).

Figure 6.16 partitions total porosity into gel, medium-capillary, and large-
capillary fractions. Increasing the overall ash content systematically raises the
gel-pore fraction, indicating greater very-fine porosity at 28 days. At a fixed BA
background, adding BFA shifts capillary porosity toward the medium-capillary
band and reduces the share of large-capillary pores, consistent with pore
refinement (smaller critical width). Conversely, at a fixed BFA background,
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increasing MSWI BA enlarges the proportion of large-capillary pores within the
capillary domain, i.e., it coarsens the capillary network despite the concurrent
rise in gel pores. These opposing trends align with earlier observations that
BFA refine while BA coarsens the capillary pore system.
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Figure 6.16 Composition of pores at 28 days (mix design refers to Table 3.4).

BFA leads to a denser pore structure primarily through filler—seeding and
geometric effects. Its porous, rough, high—surface-area particles provide
abundant heterogeneous nucleation sites for C—(A)-S—H, promoting finely
dispersed hydrate precipitation within narrow interparticle gaps and around ash
rims; this preferential deposition constricts pore throats and shifts the pore-size
distribution toward smaller critical width[151]. In parallel, the fine BFA fractions
act as fillers that occupy interstitial voids between cement grains, increasing
packing density and thereby reducing characteristic capillary widths even
before extensive later-age product growth. Studies demonstrate that other
SCMs like fine limestone and silica additions provide extra surfaces that
promote C-S-H formation [152], indicating that BFA could have same effect.
The combined outcome is a refined capillary network—smaller throats and a
higher fraction of mesopores—consistent with the observed decrease in critical
pore width.

MSWI BA likely exerts a similar filler—seeding effect, as reflected by the higher
gel-pore fraction—indicating some pore-scale densification at 28 days.
However, even with pre-treatment, metallic Al in BA cannot be fully removed;
during hydration in alkaline pore solution it reacts and releases H,, perturbing
the developing microstructure[153]. This gas evolution promotes coarsening
within the capillary domain, which is consistent with the PSD evidence that BA
addition markedly increases the share of large capillary pores[154]. The
resulting dual action—more gel pores but a higher proportion of large
capillaries—explains why BA alone can shift the capillary spectrum toward
larger sizes.

The 10-50 nm medium-capillary pores are the most influential for capillary-
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tension—driven drying shrinkage under typical service RH. By Kelvin—Laplace
theory, at 40-70% RH these pores host curved menisci with large radius,
generating high capillary pressures; larger capillary pores (>50 nm) empty
earlier at higher RH and contribute less to stress thereafter, while gel pores
(<10 nm) largely remain saturated down to =50% RH and thus play a minor
direct role in capillary tension[155], [156]. Consequently, mixtures with a higher
fraction of 10-50 nm pores exhibit greater shrinkage, and reducing the volume
of pores in this band demonstrably lowers shrinkage.

Overall, BFA drives the paste toward a finer pore structure, which raises
capillary tension. The combination of higher capillary stress and lower stiffness
therefore amplifies drying shrinkage in BFA-only blended mixes. In contrast,
when MSWI BA is used alone, the medium capillary pore fraction remains
broadly comparable to the reference, but the elastic modulus decreases,
yielding larger shrinkage primarily through reduced stiffness. When co-blended
with BFA, MSWI BA reduces the proportion of medium capillary pores and shifts
the capillary domain toward coarser pores, which lowers capillary tension;
under these co-blend conditions, the stiffness differences are relatively small
compared with the pore-size effect. Consequently, MSWI BA moderates the
BFA-induced increase in drying shrinkage by offsetting capillary-tension build-
up, even though its direct effect on stiffness is limited.

6.5.Conclusion

In this chapter, drying shrinkage after 28-day curing was quantified and linked
to pore structure and stiffness using shrinkage curves, MIP-derived PSDs, and
elastic modulus to identify the dominant mechanisms.

» All mixes exhibit monotonic drying shrinkage: a rapid early stage followed
by a slower, near-linear stage; differences become clear after ~7—14 days.

» At 28 days, stiffness differences are modest; pore-structure—controlled
capillary tension is the primary driver of between-mix shrinkage differences.

» BFA increases total porosity but refines the capillary network (smaller
critical pore width; higher 10-50 nm share), raising capillary tension;
together with a lower elastic modulus, this yields larger shrinkage.

» MSWI BA used alone keeps the medium-capillary fraction similar to the
reference but lowers elastic modulus, leading to greater shrinkage mainly
via increased compliance.

» In co-blends, MSWI BA shifts pores toward larger capillaries and reduces
the medium-capillary fraction, lowering capillary tension; with similar
stiffness across mixes, BA moderates the BFA-induced shrinkage increase.
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/. Conclusion and Recommendations

/.1.Result overview

The main findings of the research are summarized in Table 7.1

Table 7.1. Summary of results.

Fresh Properties

Workability(flowability/slump)

Setting time

At constant w/c = 0.35, replacing cement with BFA and
MSWI BA reduced slump and flowability. The loss
followed BFA > MSWI BA. Compared to BFA, MSWI BA-
blends preserved workability best at the same total
replacement level.

Both MSWI BA and BFA delayed initial and final set, with
BFA causing the longer delay. MSWI BA produced shorter
delays than BFA.

Mechanical Properties

Compressive and flexural
strength

E-modulus

Relative to CEM | paste, both strengths decreased with
ash replacement, the loss ranked BFA > BFA+MSWI BA >
MSWI BA at all ages. Flexural strength followed the same
order as compressive strength. The low reactivity drives
the loss; MSWI BA is low-reactive but offers a filler effect
that limits the penalty, whereas BFA is even less reactive
and more porous, increasing water demand and gel-
porosity and thus reducing matrix stiffness and strength.

The overall trend mirrors strength: at equal replacement
and age, MSWI BA > BA+BFA > BFA. At 7 d, BA-only mixes
show the closest to the reference, indicating higher early
reactivity than BFA. MSWI BA is more reactive than BFA at
7 d, while BFA partially catches up by 28 d but remains
below BA.

Shrinkage
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Autogenous Shrinkage Across all mixes the net autogenous strain ranked BFA >
BFA+BA > MSWI BA. BA-only pastes show the lowest 0-7
d shrinkage, whereas BFA-only pastes exhibited the
highest shrinkage; BFA-MSWI| BA combined blended
mixes were intermediate. Hydrate assemblage explains
the compensation: BA promotes ettringite/syngenite
formation that offsets part of the strain, while BFA+MSIW
BA shifts toward Friedel’s salt, offering less offset than
ettringite and syngenite. After the peak, shrinkage scales
with stiffness loss—mixes with a lower E-modulus exhibits
more shrinkage. Although ash addition causes higher 7-
day internal RH, this effect is outweighed by the stiffness
penalty: BFA causes the largest modulus to drop and thus
the largest post-peak shrinkage; MSWI BA causes only a
modest modulus decrease and therefore the smallest
post-peak shrinkage; BFA+MSWI BA blended mixes lie
between these bounds.

Drying shrinkage All mixes show drying shrinkage with a rapid early stage
followed by a slower near-linear stage; differences
become evident after ~7-14 days. By 28 d, stiffness
differences are modest, capillary tension is the main
driver of between-mix differences. BFA increases total
porosity and refines the capillary network, which raises
capillary tension; combined with its lower elastic modulus
this yields the largest shrinkage. MSWI BA blended mixes
keep the critical pore width close to CEM | paste but
lowers stiffness, so its shrinkage increase arises mainly
from higher compliance. In BFA+MSWI BA blended mixes,
MSWI BA shifts pores toward larger capillaries and
reduces the medium-capillary fraction, lowering capillary
tension; with similar stiffness across mixes, BA moderates
the BFA-induced increase in drying shrinkage.

/.2.Conclusion of the research
In this research, the research questions below can be answered:

What is the impact of adding BFA and MSWI BA on cement paste’s
performance?

Adding BFA or MSWI BA reduces flowability and delays both initial and final
set, with the magnitude BFA > BFA+MSWI BA > MSWI BA; at 5% the change
is small, and at 15-25% it is pronounced. Mechanical properties follow a
consistent order: compressive/flexural strength and E-modulus decrease with
replacement, ranking MSWI BA = BFA+MSWI| BA > BFA at comparable
dosages; from 7—28 d the gain is largest for BFA, co-blends are intermediate,
and MSWI BA remains highest. Regarding shrinkage, autogenous shrinkage
increases when BFA is used and also increases for BFA+MSWI BA co-blends,
while mixes with MSWI BA alone show a reduction relative to the reference; for
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drying shrinkage, both BFA alone and MSWI BA alone increase shrinkage,
whereas in co-blended mixes the presence of MSWI BA moderates the BFA-
induced increase, giving intermediate levels.

How do ashes influence the Autogenous and Drying shrinkage?
Autogenous Shrinkage:

Over 0-7 days the strain history comprises three stages: deformation after final
set, an early swelling window, and the post-peak shrinkage. Crucially, the timing
of final set vs. the rate of chemical shrinkage controls how much early shrinkage
accumulates. If final setting occurs while chemical shrinkage is still rapid, early
shrinkage accumulates quickly; if final setting occurs after that rapid phase, the
initial accumulation is largely avoided. Both BFA and MSWI BA delay final set,
but in different ways: BFA notably extends the dormant period, so final set tends
to fall during the rapid chemical-shrinkage phase — large early accumulation;
MSWI BA shifts final set to after the rapid phase — little or no initial
accumulation. In single-ash systems, mixes with BFA and MSWI BA show
partial compensation by early formation of ettringite/syngenite, whereas BFA-
MSWI BA combined mixes exhibit little effective swelling due to the formation
of friedel's salt. After the peak, the shrinkage scales with stiffness loss—
mixtures with a lower E-modulus shrink more. Although adding ashes lowers
the 7-day DoH relative to the reference (which would raise internal RH and
reduce capillary tension), this is outweighed by the stiffness effect: BFA causes
the largest E-modulus drop and therefore the largest post-peak shrinkage;
MSWI BA causes only a modest modulus decrease and, together with its partial
swelling compensation, yields the smallest 0—7 d autogenous shrinkage. In
BFA+MSWI BA co-blends, the hydrate assemblage shifts toward Friedel’s salt,
removing much of the swelling offset while stiffness decreases remain
moderate—so totals are intermediate. Consequently, the overall ranking of 0—
7 d autogenous shrinkage across mixtures is BFA > BFA+MSWI BA > MSWI
BA.

Drying shrinkage:

After curing, differences are governed mainly by capillary tension vs. stiffness
during moisture loss. BFA increases total porosity and the 10-50 nm pore
fraction (higher capillary pressure) and reduces E-modulus, so drying shrinkage
is largest when BFA is used alone. MSWI BA used alone shifts pores toward
larger capillaries and keeps the medium-capillary fraction closer to the
reference, so drying shrinkage is smaller than with BFA at equal dosage. In
BFA+MSWI BA mixes, the presence of metallic aluminum in MSWI BA
moderates the BFA-induced pore refinement, yielding intermediate drying-
shrinkage levels.

How to guide mix design to minimize shrinkage?

To minimize shrinkage, use MSWI BA preferentially; if co-blending with BFA,
keep MSWI BA dominant. Limit total ash < 15% of binder; if 20-25% is required,
cap BFA < 10% of binder and supply the remainder with MSWI BA. For
shrinkage-sensitive work, use 20% MSWI BA alone; if BFA must be included,
keep it at 5% and pair with enough MSWI BA so that cement remains = 85% of
the binder.
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/.3.Future Recommendations

The present study clarified how incorporating BFA and MSWI BA (alone and
co-blended) influences fresh behaviour, strength and stiffness, and both
autogenous and drying shrinkage of cement pastes at laboratory scale. As with
any research, there remain avenues to deepen understanding and address
limitations, particularly the short monitoring window, paste-level focus, and
controlled curing environment. Building on these findings, future work should
refine early-age characterization (chemical-shrinkage/setting window), verify
cracking risk under restraint, scale the binders to mortar/concrete, and broaden
environmental/age ranges. These efforts will extend the applicability of the
results and provide sharper guidance for shrinkage-optimized mix design using
MSWI BA and BFA.

Instrument the first-week chemical shrinkage—setting interplay.
Track chemical shrinkage together with isothermal calorimetry, autogenous
strain and in-situ setting (Vicat/ultrasound). For each MSWI BA:BFA ratio,
map when the rapid chemical-shrinkage phase occurs and place final set
after that phase. This window control is critical to avoid early strain
accumulation and helps safeguard durability.

2. Add restrained-shrinkage verification (cracking risk).

Complement paste free-shrinkage with restrained ring tests and basic
creep blocks to translate the observed autogenous/drying strains into
cracking propensity; use the same binder proportions to keep results
comparable.

3. Scale up from paste to mortar/concrete.
Validate the recommended MSWI BA—dominant blends at mortar/concrete
scale (same binder fractions) and quantify how aggregates modify
shrinkage, modulus and setting windows; this checks lab findings for field
relevance.

4. Broaden the lab envelope beyond 20 °C/95% RH and short ages.

Run parametrics in RH (30-80%) and temperature (10-35 °C) and extend
monitoring to 90—180 d. Pair shrinkage with pore-structure (MIP/NMR) and
dynamic modulus to create simple prediction charts linking 10-50 nm pores
+ composite Eto autogenous and drying shrinkage.

5. Broaden the pore structure analysis beyond 7 nm.

In future studies, the finer gel-pore range that cannot be reliably captured
by mercury intrusion porosimetry could be characterised using low-
temperature nitrogen adsorption (e.g. BET/BJH analysis), which would
provide a more detailed description of pores below about 10 nm and allow
a better linkage between microstructure refinement and shrinkage
behaviour.
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Appendix

A: Calculation of degree of hydration

The degree of hydration (DoH) at age tis obtained from calorimetry as the
fraction of the potential (ultimate) heat that has been released:

a(t) =22 (1)

where Q(t)is the cumulative heat of hydration measured up to t, and Q®is the
ultimate heat available from the material under the test conditions. This
definition is standard in hydration analyses that use isothermal calorimetry,
where the cumulative heat is directly proportional to reaction progress and the
ultimate heat acts as the normalization constant[157].

For blended binders (cement + ash), energy additivity gives

Qmix (t) = Arnix () Qaix (2)
with Q. .the ultimate heats of blended cement, and «,,;.the corresponding

DoH values. In practice, Q(t)is measured by isothermal conduction calorimetry,
and afollows from the ratio above.

The ultimate heat of the blended binder is the sum of the cement and ash
contributions,

Qr?r?ix = Xc ng + Xq Q;;h (3)
where x.and x,are the cement and ash mass fractions in the binder.

To obtain the cement ultimate heat Q7°, we estimate the cement’s potential
phase composition (C;S, C,S, C3A, C,AF) from bulk oxide chemistry using the
Bogue method, then apply a phase-heat weighting:

Q= ZiE{C3S,C25‘,C3A,C4AF} ¢iH; (4)

where ¢;are the Bogue-derived phase mass fractions and H;are the heats of
complete hydration for each phase. Bogue’s calculation of compounds from
oxide analysis is the classical basis for “potential phase composition”[158].

The ash ultimate heat is estimated by summing heats over potentially reactive
phases identified by QXRD

Qash = ZpEfR wp Hyp (5)

where w,is the mass fraction of phase p(including the amorphous fraction)
and H,is the heat of complete reaction of that phase (J/g of phase).

When R? data are available, the 7-day R® cumulative heat per kilogram of ash
is used as the upper bound for ash heat at the same age in OPC. R? places the
ash in a reaction-favorable environment: (i) excess Ca(OH), and fixed high
alkalinity (pH = 13) sustain glass dissolution and pozzolanic reactions; (ii) high
water availability and minimal self-desiccation limits; (iii) no competition from
cement clinker for ions or nucleation sites; (iv) optional sulfate supply avoids Al-
phase starvation[159], [160], [161]. Consequently, at a given temperature and
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age,

Q2 () < Q&L (D)
Table 5.1. hydration products of 9 mixes in 3 days (mix design refers to Table
3.4).able A shows the potential heat of phases in binder. After assigning per-
phase heats H,and phase fractions w,from QXRD, the ultimate reaction heat
of each ash is obtained by Eq. (5), yielding Qgraand Qyswiga- For each of the
nine binders, the ultimate heat of the blend is then computed by Eq. (3),
reported per kg binder. Once the 7-day cumulative heat curve Qi (t)is

measured, the degree of hydration at 7 d follows directly from Eq. (2).

Table A. Potential heat release of mineralogical composition.

# Phase Formula H (J/g) Note

1 Alite (C3S) 3Ca0-Sio, 502 Lerch & Bogue[162]

2 Belite (C,S) 2Ca0-Sio, 260 Lerch & Bogue [162]
Tricalcium

3 aluminate 3Ca0:-Al,05 867 Lerch & Bogue [162]
(C5A)
Tetracalcium

4 aluminoferrit 4Ca0-Al,03 * Fe,03 419 Lerch & Bogue [162]
e (C4AF)

5 Quartz SiO, 0 Stable[163]
Tricalci

6 ricaicium o ALOG 900-1100  Taylor, Kurdowski [164]
aluminate

;7 Gehlenite - AlAlSi)O, 250-350  RILEM TRM[165]
(melilite)

8 Larnite CaSi0q 250-270 Taylor, Kurdowski[164]

9 Calcite CaCOs 0 Stable [166]

10  Portlandite Ca(OH), 0 Product phase;

11 ::Zdroxy'apat Cas(P04)s(OH) 0 Inert [167]

12  Iron oxide Fes04 / Fe 03 0 Inert [167]
Lime (free Hydration

13 Ca0) ¢a0 1160 enthalpy[168]

14  Manganosite MnO 0 inert at test scale [167]

. Hydration

15  Periclase MgO 1600-2100 enthalpy[169]

16  Fluorite CaF; 0 Stable [167]

17  Beusite (Mn?*,Ca,Mg)3(P0.), 0 Stable [167]

18  Rutile TiO, 0 Inert [167]
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19

20

21

22

23

24
25

Akermanite
(melilite)

Magnetite
Albite

Woiistite

Delta-
alumina

Ferrosilite

Gypsum

Ca,MgSi, 0,
Fes04
NaAlSi;Og
FeO

Al,03

FeSiOs
CaS04:2H,0

250-350

RILEM TRM [164]
Inert[167]

Inert [167]
Inert [167]

Need to be activated
[170]

Inert [167]
[162]
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