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Nguyen, Hoang, Ettringite-based binder from ladle slag: From hydration to its
fiber-reinforced composites. 
University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 751, 2020
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Ladle slag (LS) is a by-product of refining molten steel. Given that the production of one ton of
crude steel produces 12–15 kg of LS, Europe produces approximately 2.6 million tons of this slag
annually. In Finland, LS currently has limited use in low-value applications. It has shown high
potential in producing cementitious binders due to its high calcium and aluminum content. The
goal of this thesis is to offer the best solution to utilize LS in the construction industry for both its
environmental and economic benefits. To achieve this goal, the present research focuses on two
pathways:
(1) Developing a cementitious binder with minimal pre-treatment for raw materials and chemicals
that meets the requirements to be used as a construction material (papers I–II)
(2) Producing a high-performance fiber-reinforced cementitious composite from the LS-based
binder with a good balance of high mechanical performance, small carbon footprint, embodied
energy, and high durability (papers II–IV).

This thesis is based on studies that have found that LS can hydrate with gypsum to form an
ettringite-based binder for which the only treatment needed is milling the precursors. Citric acid
works effectively in the binder as a set retarder to control setting time and workability. The binder
can thus be used in various construction applications. Polypropylene fiber can be used to produce
the most balanced ettringite-based composite considering mechanical performance, CO2
emission, and embodied energy with great resistance under chemical and physical stress. The
results of this thesis will enable better utilization of LS for high-value construction applications.

Keywords: by-product, durability, ettringite, ladle slag, mechanical properties,
monosulfate, retardation





Nguyen, Hoang, Kuonapohjainen ettringiittisementti: hydrataatiosta kuituvah-
vistettuihin komposiitteihin. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 751, 2020
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Mikserikuona (LS) on teräksenvalmistuksen sivutuote. Jokainen tonni raakaterästä voi tuottaa
noin 12–15 kg kyseistä kuonaa, joten Euroopassa tuotetaan yhteensä noin 2,6 miljoonaa tonnia
tätä kuonaa vuodessa. Suomessa LS:n käyttö on tällä hetkellä rajoittunut matalan lisäarvon
sovelluksiin. Kyseinen kuona omaa kuitenkin suuren potentiaalin sementtisideaineiden valmis-
tuksessa korkean kalsium- ja alumiinipitoisuutensa vuoksi. Tämän väitöskirjan tavoitteena on
löytää korkeamman lisäarvon ratkaisu LS:n hyödyntämiseen rakennusteollisuudessa sekä ympä-
ristön että taloudellisten hyötyjen näkökulmasta. Tämän tavoitteen saavuttamiseksi tässä tutki-
muksessa tarkastellaan kahta hyödyntämisreittiä:
(1) Rakennusmateriaalien mekaaniset vaatimukset täyttävän sementtisidosaineen kehittäminen
minimaalisella raaka-aineiden esikäsittelyllä ja kemikaalien lisäyksellä (julkaisut I–II)
(2) Korkean suorituskyvyn kuituvahvisteisen komposiitin kehittäminen LS-pohjaisesta sideai-
neesta, joka omaa korkean mekaanisen suorituskyvyn, pienen hiilijalanjäljen, korkean kestävyy-
den, ja jonka valmistus on energiatehokasta (julkaisut II–IV).

Tämä väitöskirja pohjautuu tutkimuksiin, joissa on todettu, että LS lujittuu yhteisreaktiossa
kipsin kanssa muodostaen ettringiittipohjaisen sideaineen, jota varten ainoa tarvittava käsittely
on raaka-aineiden jauhaminen. Sitruunahappo toimii sideaineessa tehokkaasti hidastimena säätä-
en asettamisaikaa ja parantaen työstettävyyttä. Sideainetta voidaan siten käyttää erilaisissa
rakennussovelluksissa. Polypropeenikuituja voidaan käyttää tuottamaan optimaalinen ettringiitti-
pohjainen komposiitti ottaen huomioon mekaaniset ominaisuudet, hiilidioksidipäästöt ja valmis-
tusenergia, ja jolla on lisäksi riittävä kestävyys kemiallisessa ja fysikaalisessa rasituksessa.
Tämän opinnäytetyön tulokset mahdollistavat LS:n paremman hyödyntämisen korkean lisäar-
von sovelluksissa rakennusteollisuudessa.

Asiasanat: ettringiitti, hidastimet, kestävyys, mekaaniset ominaisuudet, mikserikuona,
monosulfaatti, teollisuuden sivuvirrat
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COD crack opening displacement 
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DIC digital image correlation 
e.g. exempli gratia 
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FEM finite element method 
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i.e. id est 
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A Al2O3 
C CaO 
F Fe2O3 
M MgO 
S SiO2 S SO3 
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1 Introduction 

1.1 Background 

Utilizing industrial side streams has both economic and environmental benefits. 
The cement industry is responsible for 5–7% of total CO2 emissions globally [1]. 
The mass market for cement and its products (e.g., concrete and pre-cast or pre-
mix concrete), however, is in high demand worldwide and will likely increase [2]. 
Therefore, a new cementitious binder with properties like ordinary Portland cement 
(OPC) but that is more eco-friendly is of increased interest. Materials that take 
advantage of industrial by-products and obtain high mechanical performance and 
low prices are good candidates to develop new binders for partially replacing OPC. 

In recent years, studies of alternative cementitious binders from industrial side 
streams have been intensively researched [3]–[5]. Geopolymers and alkali-
activated materials (AAMs) have been identified as low-carbon alternatives since 
they can reduce up to 80% of OPC CO2 emissions [6], [7]. However, this is not 
always the case, since the costs and greenhouse gas emissions of AAMs can be 39% 
and 14%, respectively, which are higher than those of conventional OPC concretes; 
this depends on the raw materials and transportation costs of AAMs [8]. Another 
drawback of these materials is the expense of obtaining alkali activators, including 
costs related to mining, transportation, and processing raw materials. Hence, 
Passuello et al. [9] suggested further studies of alternative alkali activators to 
achieve better environmental influence of AAMs. Consequently, an inorganic 
binder with few chemicals is of immediate interest. 

Ladle slag (LS) is an industrial side stream from steel manufacturing processes 
currently used mostly in low-value applications or disposed of in landfills. 
According to a statistical report from the World Steel Association [10], Europe will 
produce 2.1–2.6 million tons of LS annually if every ton of crude steel results in 
12–15 kg of unrecycled LS. LS has shown promising properties as a precursor of 
cementitious materials [11]–[13]. Alkali-activated LS has attained compressive 
strength up to 70 MPa [11] with appropriate durability [12]. However, developing 
a cementitious binder that minimizes the chemicals used to activate LS is still 
needed. 

Cementitious binder is also brittle, which can lead to sudden failure under 
tensile stress. Fibers are an option to reinforce cementitious composites and to 
reduce the brittleness of materials by changing their post-peak behavior. Tensile 
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behavior can be significantly improved with fibrous reinforcement [14]–[16], 
which enhances the post-peak strength and strain capacity of cementitious 
composites via fiber-bridging action. Micro fibers can also yield strain-hardening 
behavior with multiple cracks [17], [18]. These improvements lead to several 
engineering applications for cementitious composites, such as self-healing [19], 
self-consolidating [20], and high-early-strength material [21]. Fibrous 
reinforcement also improves the durability of composites under cyclic loading [22] 
and freeze-thaw tests [23]. 

To achieve better LS utilization, two pathways will be the focus of this thesis. 
First, a new binder from LS with minimal processing and chemical use is studied 
for insights into hydration from fresh to hardened states. Second, the development 
of high-performance fiber-reinforced cementitious composites from this LS-based 
binder offers possibilities to utilize the composite as a component in construction. 

1.2 Aims and scope 

This thesis aims to offer solutions to better utilize LS as a high-value raw material 
in construction. To reach this target, studies in this thesis will address the hydration 
and the composite for insights into the use of LS as a precursor for cementitious 
binder and its application in construction. 

1.2.1 Hydration 

To utilize LS with minimal chemical use, the thesis aims to activate slag with 
sulfate to form an ettringite-based binder. This part of the thesis will provide 
insights into the hydration of LS activated by gypsum with the following research 
questions. 

1. What are the products and mechanism of hydration between LS and gypsum? 
2. How can the hydration kinetics of the binder using citric acid be controlled to 

obtain expected workability? 
3. How does this acid alter the hydration and products of this binder in both fresh 

and hardened states? 
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1.2.2 Composite 

To reduce the brittleness of cementitious matrices, micro fibers reinforce developed 
binders. Little published work discusses the role of fibers in ettringite-based 
composites and their effects on mechanical performance, material durability, and 
environmental footprint. Therefore, this part of the thesis aims to design high-
performance cementitious composites using the developed ettringite-based binder 
to obtain the best composition by answering the following research questions: 

1. What is the best fiber to use in high-performance cementitious composites 
developed from the binder that can balance mechanical performance, 
environmental impact, and economic efficiency? 

2. How do the developed binder and its composite behave under a combined 
physical-chemical attack? 

3. What are the deterioration mechanisms of the materials? What is the role of 
fiber in the durability of the composite? 

4. How can numerical modeling predict the mechanical behavior of a composite 
reinforced with a finite element method (FEM)? 

This thesis is a compilation of four research articles covering the two 
aforementioned aspects of the developed material. Table 1 breaks down the 
research questions by published article. 

Table 1. Breakdown of research questions addressed in research papers. 

Aspect Research question Paper I Paper II Paper III Paper IV 

Hydration 1 ● ● - - 

2 ● - - - 

3 ● - - - 

Composite 1 - - ● - 

2 - - - ● 

3 - - - ● 

4 - ● - - 

1.3 Outline of the thesis 

This thesis consists of six chapters: 

– Chapter 1, “Introduction,” gives an overview and background information of 
the need for this research and highlights the aims and scope of the thesis. 
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– Chapter 2, “Fundamentals,” is an extended literature review covering topics 
from the material hydration to the development of the cementitious composite. 
The chapter reviews topics ranging from the utilization of LS to the basis of 
ettringite formation, ettringite-based binders, and some fundamentals of fiber-
reinforced cementitious composites. 

– Chapter 3, “Materials and methods,” explains the methodology of the thesis. 
– Chapter 4, “Results and discussion,” presents the results and relevant 

discussion compiled from four published articles to answer the aforementioned 
research questions (Section 1.2 and Table 1). This chapter, therefore, is divided 
into five sub-sections: Sections 4.1 and 4.2 are about binder hydration, and 
Sections 4.3–4.5 discuss the properties of the developed composites. 

– Chapter 5, “Conclusions,” highlights the findings of the thesis. 
– Chapter 6, “Outlook and future work,” discusses some open research questions 

and future research directions. 
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2 Fundamentals 

2.1 Utilization of ladle slag in cementitious binders 

LS is generated from the steel-refining process in a ladle furnace. Steel is refined 
in a ladle furnace (i.e., deoxidized and desulfurized) using various agents 
containing, for example, calcium, magnesium, and aluminum to remove impurities 
and unwanted elements in the steel before its casting. Hence, as a by-product of the 
process, LS is often rich in calcium and aluminum. 

LS is still under-utilized, so a better way to add value to the slag is needed. The 
slag currently can be used in several applications, such as road construction and 
agricultural fertilizer [24]. Although LS can be a supplementary cementitious 
material or raw material for cement clinker production, several obstacles block its 
utilization as a precursor for cementitious binders. One major crystalline phase in 
LS is γ-C2S, which has poor hydraulic properties [25]. The conversion from β- to 
γ-C2S during LS cooling down also leads to volume expansion by approximately 
12% [26], causing the self-pulverization of slag, so LS faces challenges in handling, 
storage, and utilization. 

Adolfsson et al. [27] reported the presence of several Al-containing phases in 
LS, the formation of which can vary based on steel processing and composition 
[28]. The authors showed a wide variation in LS mineralogy depending on alloying 
elements, deoxidation agents, and steel grade [28]. Some common phases include 
mayenite, tricalcium aluminate, belite, and periclase. The mineralogy of LS also 
varies among countries (Table 2) for reasons reported by Adesanya [29]. These 
differences between batches of slag create potential challenges in utilizing the slag 
as a cementitious precursor (this is a main challenge of reusing most industrial 
wastes or by-products). 

Several attempts have been made to investigate the potential uses of LS via 
different pretreatments or chemical activation. Adesanya et al. [11], [12] employed 
LS as a precursor for AAMs and reported a maximum compressive strength of 
roughly 70 MPa with good durability under freeze-thaw cycling. To improve the 
reactivity of the slag, several studies have used rapid cooling by high-pressure air 
[30] or water jets [31] to make the LS mineralogy amorphous. However, a minimal 
treatment with few chemicals that still attains the expected mechanical properties 
is needed to utilize this slag. 
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Table 2. Chemical compositions (wt%) and mineralogy of ladle slag reported in the 
literature (reprinted [adapted] from Ref. [29] © 2019 University of Oulu). 

Country CaO 

(%) 

SiO2 

(%) 

Al2O3 

(%) 

MgO 

(%) 

Fetotal 

(%) 

f-CaO 

(%) 

Mineralogy 

Canada [32] 57–66 6–13 16–24 3–5 0.7–4 7–11 CH, MgO, C2S/C3S, CaO, 

C12A7, C3MS2, C2AS and C2F 

Spain [33] 50–58 12–20 4–19 7–12 1.6–3.3 3.5–19 C3MS2, C3A, β-C2S, γ-C2S, 

CA4, MgO, C2F, Spinel, CH, 

C12A7, etc. 

 

Finland [29] 46–51 8–10 27–29 6–8 1–5 0–0.4 C12A7, γ-C2S, C3A, and MgO 

 

Spain [34] 58.0 17.0 12.0 10.0 - 18–22 Spinel, C3MS2, MgO, β-C2S, γ-

C2S, CaSO4, CH, Alite, and 

Bregidite 

Sweden [27] 40.0 5.0 32.5 5.9 4.8 - C12A7, C3A, FeO, C20A13M3S3, 

β-C2S, CM�̅�2, C2F, and C2MS2 

Italy [35]–[37] 55–42 9–18 11–23 4–9 2–7 - C12A7, MgO, γ-C2S, gehlenite, 

CaCO3, β-C2S, and quartz 

Greece [38] 56 23–26 1.3–2.0 4.3–7 1.5–1.7 0.6–0.9 γ-C2S, CH, C2F, and CaCO3 

Italy [39] 54.5 16.4 11.1 4.0 8.7 - γ-C2S, MgO, CaCO3, C12A7, 

CaS, β-C2S, and Mg CO3 

Romania [40] 49.6 14.7 25.5 7.8 1.1 - β-C2S, Anorthite, CaS, and α-

Al2O3 

Taiwan [41] 48.6 23.7 4.2 8.1 1.21 - - 

2.2 Ettringite-based binder 

Ettringite is a common hydrate in Portland cement and the main product formed in 
calcium sulfoaluminate (CSA) cement and calcium sulfate–blended calcium 
aluminate cements. In Portland cement, ettringite formed because of gypsum added 
to the cement to avoid flash setting. Secondary ettringite, in contrast, can lead to 
deterioration in concrete due to external sulfate attack or delayed ettringite 
formation [42]. Ettringite has a column-channel structure reported for the first time 
by Moore and Taylor [43]. The columns (formula: [Ca3Al(OH)6•12H]3+) are 
parallel to the c-axis with 3SO4

2- and H2O molecules in the intervening channels. 
Ettringite is trigonal; in the absence of free Ca(OH)2, it crystallizes in well-
developed prismatic or acicular crystals, and in its presence, it crystallizes in 
colloidal form [44]. 
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Ettringite-based binders are promising alternatives to OPC and can be 
produced from Al-rich slag with calcium sulfate sources [45]. The main phase of 
the binders is ettringite, which is formed by chemical reactions between solid 
calcium aluminate and calcium sulfate sources [46]. The most-known ettringite 
systems are CSA cement, blended calcium aluminate cement (CAC) with calcium 
sulfate sources, and supersulfated cement (SSC). Depending on the precursors in 
these systems, the hydration may vary, as shown in Eqs. 1–3 [46]–[48]. As reported 
by Winnefeld and Lothenbach [46], ettringite forms with amorphous Al(OH)3 
during the first hours of hydration, while monosulfate starts its formation after the 
depletion of calcium sulfate sources. The authors also pointed out that reactive 
calcium sulfate (e.g., gypsum) is a crucial factor in providing enough calcium and 
sulfate to control the cement’s hydration. In the presence of minor phases in the 
precursors of ettringite-based binders, other hydration products may form, such as 
C–(A–)S–H phases, strätlingite, and hydrogarnet. The following reactions can take 
place in the ettringite-based binders: 
 

 C A S + 2CSH + 34H → C A ∙ 3CS ∙ 32H + 2AH , (1) 
 3CA + 3CS + 38H → C A ∙ 3CS ∙ 32H + 2AH , (2) 
 C S A + CH + 3CS + 34H → C A ∙ 3CS ∙ 32H + CSH. (3) 

 
Ettringite-based binders have been favored for their low CO2 emissions (due to 
lower clinkering temperature and the use of industrial side streams), fast setting, 
and comparatively low pH while offering mechanical properties comparable to 
OPC. The CSA clinker can be produced by utilizing industrial by-products, such as 
fly ash and blast furnace slag [49], [50], while SSC mainly employs blast furnace 
slag and calcium sulfate (e.g., gypsum and anhydrite) for its hydration. Ettringite-
based binders can also obtain interesting characteristics such as high chloride 
resistance and heavy metal immobilization, as reported in Ref. [51], [52]. In this 
thesis, the ettringite binder was produced for the first time from ground LS and 
gypsum. 

The main hydration products in CSA cement or blended CAC cement with 
calcium sulfate are ettringite, monosulfate (C4ASH12), and amorphous aluminium 
hydroxide (AH3), in the latter of which ettringite starts forming during the first 
hours of hydration. After the depletion of calcium sulfate sources, monosulfate 
starts its formation with a strong reduction in Ca and sulfate concentration in the 
pore solution and an increase of pH from about 10–11 to 12.5–12.8 [46]. Calcium 
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sulfate sources also influence the hydration of ettringite-based binders. In Ref. [53], 
gypsum was reported to accelerate the hydration of ye’elimite in CSA cement more 
efficiently than anhydrite, while a mixture of both can benefit the strength 
development of CSA cement. In anhydrite-blended CAC cement, the phase 
assemblage depended strongly on the CAC/anhydrite ratio; the availability of 
anhydrite affected the formation of ettringite and other minor hydrates, such as 
monosulfate and Al(OH)3 gel [47]. A reduction in the degree of hydration was also 
observed at the lower W/B ratio likely due to (i) insufficient water for complete 
hydration and (ii) a reduction in the availability of space. 

The hydration process in ettringite-based binders usually happens quickly. 
Ettringite-based binders’ rapid setting (i.e., initial setting times of roughly 10 
minutes) is mainly due to their faster hydration reactions [49]. In SSC, hydration 
kinetics have been reported to mainly depend on the alkali activator and calcium 
sulfate content [48]. In steel slags, Al-rich phases (e.g., mayenite C12A7) or glassy 
slags react rapidly, leading to fast hydration to form ettringite [54] and eventually 
quicker strength development than low-Al slags [55]. As reported in Ref. [54], the 
mortar composed of LS and dehydrated gypsum hardened in less than 4 minutes 
without retarder. Relative to OPC, CSA cement reacts faster; most hydration heat 
releases after 2–12 hours of hydration [56]. This fast reaction of CSA-type cements 
requires retarders to obtain sufficient workability. Zajac et al. [57] investigated the 
effects of three commonly used retarders in the ettringite system: sodium gluconate, 
sodium potassium tartrate, and borax. The retardation occurred by preventing 
hydrate formation (tartrate and gluconate) or the dissolution of ye’elimite and 
lowering the initial pH (borax) [57]. However, for other ettringite systems, the 
effects of retarders and their mechanism of function remain unclear. 

2.3 Fiber-reinforced cementitious composite 

Fiber-reinforced cementitious composite (FRCC) has been investigated since the 
1960s in both academic and industrial research [58]. In the past 30 years, several 
studies have investigated the use of short fibers to reinforce cementitious materials 
to improve their mechanical performance. Naaman and Reinhard [59] suggested a 
classification for fiber-reinforced concrete and first mentioned high-performance 
fiber-reinforced cementitious concrete (HPFRCC) in 2003. In recent years, 
HPFRCC has been intensively researched and commercialized with several sub-
categories and products, such as Ductal (by Lafarge) [60], CEMTECmultiscale [61], 
and engineered cementitious composites (ECCs) [17]. According to the Japan 



25 

Society of Civil Engineers, several types of FRCCs were classified based on their 
mechanical performance [62]. This section will provide an overview of the 
development of FRCC focusing on ductile fiber-reinforced cementitious composite 
(DFRCC) and HPFRCC, the role of fiber, and some fundamentals of these 
composites from the literature. 

2.3.1 The role of fibers 

Cementitious binders are brittle, leading to low tensile strength and strain capacity 
(Fig. 1). This can cause sudden failure for load-bearing structures comprising 
cementitious binders. Therefore, reinforcement is essential to improve the 
mechanical performance—especially the tensile performance—of these structures. 

The main purpose of using fiber in cementitious composites is to reduce the 
brittleness of materials by changing their post-peak behavior. Unlike steel rebar, 
the use of fibers as reinforcement is not to substantially enhance composite strength 
but to improve the initial tensile performance of the material. The tensile behavior, 
including the post-peak strength and strain capacity of developed composites (Fig. 
1), can be significantly improved with the presence of fibers [14]–[16]. FRCCs 
often generate single cracks in which the composites exhibit quasi-brittle behavior 
under tensile or bending loads. In contrast, DFRCCs and HPFRCCs exhibit 
deflection and strain-hardening behavior (under bending and uniaxial tensile loads, 
respectively) with multiple cracks [62]. These composites thus exhibit higher 
tensile performance (e.g., strain capacity and tensile strength), toughness, and 
fracture energy than unreinforced material and conventional FRCC. 
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Fig. 1. Different tensile failure modes in cementitious composites. 

The addition of micro fibers improves the strain-hardening and multiple-cracking 
behavior of DFRCCs and HPFRCCs [17], [18]. These improvements enable several 
applications that will be mentioned in Section 2.3.3. Furthermore, due to the 
generation of micro cracks, DFRCCs and HPFRCCs can offer unique properties 
and applications, such as autogenous self-healing [63]. Micro fibers can also 
significantly enhance the durability of composites under dynamic loading [22] and 
volume expansion due to the fiber-bridging effect [23]. 

There is a wide range of fibers with different physical, chemical, and geometric 
properties used in HPFRCCs. To choose a proper fiber as reinforcement in 
cementitious composites, there are three main requirements: (1) compatibility of 
the properties of the composite with the application, (2) sufficient fiber-matrix 
interfacial properties to transmit stresses, and (3) optimal use (fiber volume fraction 
and fiber ratio) to obtain effective post-cracking behavior [64]. In this context, 
polypropylene (PP), polyethylene (PE), and polyvinyl alcohol (PVA) fibers are 
commonly used synthetic fibers to produce HPFRCC; each fiber offers various 
advantages. PVA fiber forms strong chemical bonds with cementitious matrices due 
to its hydrophilic nature, significantly improving the strength and ductility of the 
composite for strain-hardening behavior and improved energy absorption capacity. 
PP fiber offers competitive performance with PE and PVA fibers due to its 
availability in different technical properties, lower cost, and simple manufacturing 
process. High-strength PP fiber also exhibits higher performance as concrete 
reinforcement [65]. Lastly, PE fiber is economically disadvantageous due to its high 
price compared to PP and PVA fibers. 
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2.3.2 Design of fiber-reinforced cementitious composite 

To produce a highly ductile composite based on a brittle matrix, several principal 
parameters influence the mechanical properties and material selection: fiber 
properties, matrix-related parameters, and interface-related parameters [66]. In Ref. 
[67], Li detailed the relationship of micromechanics (i.e., fibers, matrix, and 
interface) to the mechanical properties of an ECC composite (i.e., ductility and 
tensile strength). PSH behavior also plays a key role in the post-peak behavior of a 
strain-hardening composite, which generates more ductile post-peak behavior, 
including hardening and softening branches under uniaxial tensile loading 
compared to a plain brittle matrix (Fig. 2). In contrast, PSH behavior is not 
dependent on a particular fiber [58]; the choice of fibers used in HPFRCCs depends 
more on certain properties for using them in the developed composite (i.e., fiber 
aspect ratio, strain, and Young modulus). 

A composite must meet the following criteria to acquire PSH behavior [66]. 
First, the complementary energy of the material cannot be less than the crack tip 
toughness: 

 

 𝐽 = 𝜎 𝛿 − 𝜎 𝛿 𝑑𝛿 ≥ 𝐽 , (4) 

where 

 𝐽 = . (5) 

 
J’

b
 is the complementary energy calculated from the stress-strain curve of the 

composite, while 𝜎   is the maximum bridging stress corresponding to the crack 
opening 𝛿 . Jtip is the crack tip toughness, and Km and Em are the fracture toughness 
and elastic modulus of the matrix, respectively. Second, the first tensile cracking 
strength 𝜎  must not exceed the maximum fiber-bridging strength 𝜎  (i.e., 𝜎ss ≤ 𝜎0). Fig. 2 shows the energies and stress mentioned in Eq. 4 and Eq. 5 under tensile-
loading conditions. 

To quantitatively evaluate the sufficient margin between 𝜎 − 𝜎  and 𝐽 − 𝐽 , 
Kanda and Li [68] proposed two PSH indices: stress performance (𝜎 /𝜎 ) and 
energy performance (𝐽 /𝐽 ), which have a proportional relationship between them 
and the mechanical performance of ECCs. The higher the performance indices, the 
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greater the possibility of generating multiple cracking and the composite attaining 
PSH behavior. 

 

Fig. 2. A typical stress-strain curve under a uniaxial tensile test of a strain-hardening 
cementitious composite. 

2.3.3 Application of HPFRCC 

HPFRCCs and ultra-high-performance fiber-reinforced concretes (UHPFRCs) 
have excellent mechanical performance and can thus reduce and/or eliminate many 
passive reinforcements. This type of material also enables designing structures not 
possible with conventional concrete. As reported in Ref. [69], there have been many 
field applications of this material in the last two decades. The first structural 
application of HPFRCC was a pedestrian bridge in Canada in 1997. In South Korea, 
the Seonyu Footbridge used Ductal® with a single span of 120 m and no central 
support; the bridge consumed just half the materials required for normal-grade 
concrete [70]. The first UHPFRCC highway bridge was built in Iowa, USA, which 
consisted of three precast and pre-stressed concrete beams with a length of 33.5 m 
[71]. 

Curved UHPFRCC panels have also been used in many buildings worldwide. 
The Community Center in Sedan, France was built with a double-skin facade to 
protect the glass fascia behind and provide privacy using light-blue UHPFRCC 
panels. The UHPFRCC panels were 2 m × 4 m × 45 mm and let sunlight stream 
through to the interior spaces [69]. The motivation for choosing UHPFRCC instead 
of traditional panels (i.e., panels from metal, cast aluminum, or stainless steel) was 
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its high durability, maintenance during service life, and the lower energy 
consumption of its fabrication. 

Furthermore, HPFRCCs have been employed as repair or strengthening 
material for infrastructure. Ref. [72] gave an overview of its main field applications 
in Japan: 

– Bridge decks to improve fatigue resistance through tensile load-carrying 
capacity of the composite 

– Dampers in reinforced concrete to improve energy absorption and suppress the 
vibration of structures during earthquakes 

– Repair material for dams and irrigation channels to enhance the shielding 
properties of deteriorated concrete surfaces 

– Repair material for retaining walls damaged by alkali silica reactions to 
improve aesthetic appearance 

2.4 Research gaps and challenges of the binder and its composite 

Utilizing LS to produce a cementitious binder with minimal processing and 
chemical use is favorable. In SSC, the system still needs alkali activator (e.g., lime, 
OPC clinker, or alkali sources) to facilitate hydration. As in Ref. [55], the chemical 
composition of slag also affects the optimal alkali activator content required for 
SSC compositions. In Ref. [54], rapidly cooled LS was pre-treated and used as a 
precursor to produce an ettringite system through reactions with anhydrite. Despite 
promising properties with over 1.5 hours of initial setting time and around 45 MPa 
in compressive strength, the production of the binder required additional treatments, 
such as re-melting and rapid slag cooling, which was sub-optimal because it 
necessitated economically inefficient steps. Therefore, an ettringite-based binder 
with minimal pre-treatment and processing with expected workability and 
mechanical properties is the aim of the development in this thesis and was presented 
in Papers I–II. 

A better understanding of the hydration of ettringite-based binders, especially 
with the presence of set retarders, is a prerequisite for this development. In Ref. 
[54], LS reacted rapidly with anhydrite within minutes, while with the addition of 
a 0.5 wt% retarder, the same mortar could prolong its initial setting time of 2 hours, 
which is an appropriate workability for cement mortars. Notably, a binder’s setting 
time can be considered the initiation of solidification and subsequent hardening 
(i.e., the compressive strength gain) [73]. Therefore, prolonging the setting time of 
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ettringite-based binders plays an important role in the material’s workability and 
mechanical strength development at later stages. However, the retardant’s effects 
on the properties of ettringite binders are not yet fully understood, since little 
published data exist in the literature discussing this aspect. In Paper I, citric acid 
was used as a set retarder, and its effects on the fresh and hardened states of the 
ettringite-based binder from LS and gypsum were investigated. 

Little research also exists on high-performance fiber-reinforced ettringite-
based binders. Like other cementitious binders, ettringite-based binders have brittle 
behavior. Therefore, enhancing their mechanical performance with pseudo-ductile 
behavior is favorable and can enable more options for their use in construction. By 
using fibers, binders can improve their ductility due to fiber-bridging action, 
improving both the hardening and softening phases. This is, on the one hand, a 
well-studied behavior of fiber-reinforced cementitious composites (detailed in 
Section 2.3) with many reports on pseudo strain-hardening (PSH) behavior (i.e., 
strain-hardening behavior on a brittle matrix attained by fibrous reinforcement) 
[66], [68], [74]. On the other hand, no published studies exist in the literature on 
the mechanical properties of PSH cementitious composites with ettringite-based 
binders. In 2015, Jewell et al. [75] investigated the interfacial bonds between 
different types of fibers and CSA cements, but since then, there have not been any 
further investigations of the macro-scale mechanical properties and durability of 
those composites. Consequently, Paper III designed and developed high-
performance fiber-reinforced composite based on ettringite-based binder, 
especially since the material offers environmental benefits over conventional 
cements. Finally, Paper IV provided insights into the durability of the developed 
composite under a combined chemical-physical attack and deterioration 
mechanisms in these conditions. This is an important step prior to the real-life 
application of the developed binder and composite in construction. 
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3 Materials and methods 

3.1 Materials 

3.1.1 Ladle slag 

SSAB Europe Oy (Finland) provided the LS; the slag was collected from a cooling 
pit at Raahe (Finland) and exposed to natural weathering. The LS was then sieved 
using a 2 mm sieve to remove all the leftover steel flakes before being milled with 
a ball mill (TPR-D-950-V-FU-EH by Germatec, Germany) to reach a d50 value of 
approximately 10 µm, as suggested in Ref. [11] and like OPC. The free CaO in the 
LS was zero according to the EN 450-1 standard [76]. Table 3 and Fig. 3 show the 
chemical and mineral composition of LS and gypsum, respectively. X-ray 
fluorescence (XRF) was performed on a PANalytical Omnian Axiosmax at 4 kV to 
determine the chemical composition. For quantitative X-ray diffraction (Q-XRD), 
TiO2 was used as an internal standard with 10–13 wt% sample mass, and the PDF 
number of phases assigned in XRD was referred to Ref. [77]. Fig. 4 shows the 
particle size distribution of LS and other raw materials. 

 

Fig. 3. The phase composition of LS and G measured by Q-XRD (under CC BY-NC-ND 
from Paper I © 2019 Authors). 
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Table 3. Chemical composition of raw materials [Paper I and Paper III]. 

Oxide LS Gypsum FA 

CaO 50.6 32.3 12.0 

SiO2 13.9 0.7 30.8 

Al2O3 24.4 0.1 15.1 

Fe2O3 0.4 0.1 26.7 

MgO 3.8 0.4 2.5 

SO3 0.4 42.0 3.5 

TiO2 4.1 - - 

LOI* 1 21.3 1.5 

Others 1.4 3.1 6.6 
*loss on ignition at 950 °C according to EN 196-2 [78] 

3.1.2 Gypsum 

The commercial synthetic gypsum was from VWR Finland (product code 
22451.360), the main phase of which is calcium sulfate dihydrate (CS ∙2H) with a 
fraction of 97 wt%, whereas anhydrite (CS) is a minor component, as shown in Fig. 
3. 

3.1.3 Fly ash 

Fluidized bed combustion fly ash (FBC-FA), an industrial side stream from 
fluidized bed combustion with relatively low CaO content [79], was provided by 
Oulun Energia (Finland) and was used to weaken the developed matrix for better 
PSH behavior and to utilize the by-products from other industries (e.g., thermal 
power station). According to Rissanen et al. [79], the addition of FBC-FA may 
increase porosity and water demand in mortars and consequently reduce 
compressive strength. Thus, a replacement of 20% of the FBC-FA by LSG binder 
was chosen to reduce roughly 25% of the compressive strength of the LSG matrix. 
Table 3 and Fig. 4 show the chemical composition and particle size distribution of 
the FBC-FA, respectively. 

3.1.4 Aggregate 

This study used standard quartz sand in compliance with EN 196 [80] as an 
aggregate to produce mortar samples; the specific grain-size distribution ranged 
between 0.08 and 2 mm. For the production of FRCC, fine sand (FS) was prepared 
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by milling standard sand to reach a d50 of approximately 100–150 μm, as previous 
work has done [13]. Sahmaran et al. [81] reported that micro silica sand (particle 
size roughly 200 µm) is preferable for PSH cementitious composites, since the fine 
aggregate can help achieve a uniform dispersion of fibers. The design framework 
for PSH composites based on micromechanical calculations suggests micro 
aggregates for better PSH behavior [66]. 

 

Fig. 4. Particle size distribution of raw materials (under CC BY-NC-ND from Paper III © 
2018 Authors). 

3.1.5 Citric acid as a retarder 

Citric acid (commercial product C1949 supplied by Tokyo Chemical Industry Co., 
Ltd., Japan) was used in this research. The acid was categorized as a retarder for 
OPC systems according to ASTM C494 [82, p. 194]. Despite the effectiveness of 
citric acid as a retarder in ettringite-based binders [30], [83], the mechanism is not 
yet clear. As discussed in Ref. [84], the acid prevents ettringite’s nucleation and 
subsequent crystal formation. The authors of Ref. [85], however, suggested that the 
acid retards the hydration of OPC not by complex formation but via reduced 
dissolution of clinker grains. 
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3.1.6 Fibers 

Different types of fibers were used to investigate their effects on LSG. In this study, 
PP and PVA fibers were used as reinforcement in LSG to enhance the mechanical 
properties of cementitious composites, including PSH behavior. Table 4 lists the 
mechanical and physical properties of the fibers. 

PP fiber is a high-tenacity fiber with two types: PP multi-fiber (PPMF) and PP 
split-film fiber (PPSF) (Table 4). Note that split-film fibers are obtained by cutting 
fibrillated tapes (i.e., split yarns) and have the same features as conventional multi-
fiber productions (e.g., spun fibers). PVA fiber was a good compromise for 
mechanical properties for its well-established contribution to the mechanical 
performance of cementitious composites. The fibers were used to reinforce the 
binder and produce the deflection-hardening ettringite-based composite. 

Notably, PP fiber is more cost-efficient than other polymeric fibers (e.g., PVA 
and high-modulus polyethylene fibers). According to the design framework for 
PSH composites [66], [86] and suggestions from [87], a minimum fiber volume 
fraction of 2% was chosen to yield a PSH behavior of hybrid-fiber-reinforced LSG 
composites with adequate workability. 

Table 4. Mechanical and physical properties of PPMF, PPSF, and PVA fiber [Paper III]. 

ID PPMF PPSF PVA 

Type Multi-fiber Split-film fiber Multi-fiber 

Young’s modulus (GPa) 9 4–6 41 

Elongation at break (%) 22 12 6 

Tensile strength (MPa) 910 340 1600 

Length (mm) 10 20 8 

Diameter (µm) 12 38 40 

Density (g/cm3) 0.91 0.91 1.3 

3.1.7 Admixtures 

In this research, a superplasticizer and dispersing agent were used to attain proper 
workability and fiber dispersion in mixtures. The superplasticizer was Melment 
F10 (BASF, Germany), which is a melamine-based chemical specified for calcium 
sulfate cements. The latter was sodium polymethacrylate named Darvan 7-N 
(Vanderbilt, USA). The dosage of the superplasticizer and dispersing agents were 
0.5% and 1%, respectively, by weight of total binder mass. 
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3.2 Methods 

3.2.1 Sample preparation and manufacturing 

In Paper I, the compressive strengths of the mortar samples of LSG at different 
percentages of citric acid were measured. The mortar samples were prepared 
according to EN-196 [80] for mechanical testing, and paste samples were used to 
characterize heat evolution and phase assemblage. LS and gypsum were initially 
blended in dry powder for 3 minutes, and then the citric acid solution and sand were 
added in a 5-liter mixer at low and high speeds (around 70 and 150 rpm, 
respectively) for 3 minutes. The mortar samples were cast into 40 × 40 × 160 mm3 
molds and vibrated for 2 minutes at a frequency of 1 Hz. The samples were sealed 
by plastic bags and cured at room temperature for 24 hours before demolding and 
then in a water bath at room temperature (approximately 23 °C) until testing. 

Based on the retardant effects of citric acid on LSG, a concentration of 1.8% 
acid was used to produce fiber-reinforced LSG composite in Papers II–IV. The 
specimen was processed as follows: Citric acid solution was prepared and kept at 
room temperature (roughly 23 °C) for 1 day prior to its use. LS, gypsum, FS, and 
the superplasticizer were then weighted and mixed in a 5-liter Kenwood mixer at 
low and high speeds for 1 minute at each. The citric acid solution was well-mixed 
with the fiber-dispersing agent and then added gradually to the dry mixture. The 
mortar was mixed at low speed for 3 minutes before adding the fibers into the 
mixture. The fibers were added gradually to the mortar to obtain uniform 
distribution and avoid clustering during mixing. During the process, the mixing 
speed was kept low and the mortar was checked periodically. After adding the fibers, 
mixing was continued for 10 minutes at high speed. It took 20–25 minutes to 
complete the mixing process. The casting and curing procedures for the 
cementitious composite samples were the same as those of the mortar samples 
described above. 
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Table 5. Mix proportions (by mass) of the LSG with different citric acid concentrations 
(under CC BY-NC-ND from Paper I © 2019 Authors). 

Material Slag Gypsum Sand W/B* Citric acid** 

LSG 0.7 0.3 3 0.45  
*The W/B (water-to-binder ratio) with the total binder mass was determined by summing the mass of the 

slag and the gypsum. 
**The citric acid was mixed with water to produce a solution with a targeted concentration. There were five 

different acid concentrations in a range of 0–2 wt%. 

Table 6. Mix weight proportions of the matrices LSG and LSG-FA (under CC BY-NC-ND 
from Paper III © 2018 Authors). 

Matrix ID Slag Gypsum FBC-FA W/B Citric acid Sand 

LSG 0.7 0.3 - 0.45 1.8% 0.5 

LSG-FA 0.56 0.24 0.2 0.6 

Table 7. Fiber volume fraction (vol. %) of investigated combinations on two matrices: 
LSG and LSG-FA (under CC BY-NC-ND from Paper III © 2018 Authors). 

Mix ID PPMF PPSF PVA 

Plain - - - 

PPMF/PPSF 1 1 - 

PVA/PPMF 1 - 1 

PPMF 2 - - 

PPSF - 2 - 

PVA - - 2 

3.2.2 Material characterization 

The setting time was determined on an automated Vicat apparatus (model E044N 
by Matest, Italy) at room temperature according to EN196 [80] for paste samples. 
Samples were poured into a plastic conical mold on a glass substrate, and the needle 
was set to measure the paste every 1 minute  until its final setting time. Table 5 
shows the mixture composition and proportion of the LSG mortar samples. 

The heat evolution of the binder’s hydration was recorded with an isothermal 
calorimeter (TAM Air Instruments) at 25 °C. Paste samples were mixed ex situ and 
poured into glass ampoules before placing them into the calorimeter. The sample 
mass was noted for further normalization. All samples’ masses ranged from 30–
38 g, and only three of the eight channels were used in the calorimeter at once. The 
baseline heat flow signal was determined prior to injecting glass ampoules into the 
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calorimeter. The heat flow signal was recorded automatically every second for 400 
hours. 

For the phase characterizations of all the mixtures, shown in Table 5, fresh 
paste samples were characterized by in and ex situ XRD to obtain the phase 
assemblage of the binder. In situ XRD was conducted on a D2 PHASER (Bruker) 
automated diffractometer with Cu-Kα radiation with a Lynx-eye super speed 
position-sensitive detector. The X-ray tube was set at 30 kV and 10 mA. The paste 
samples were placed into the sample holder after mixing for 3 minutes. The sample 
was sealed with Kapton foil to prevent water evaporation and carbonation during 
the experiments. The measurements were done at room temperature with a 
scanning range of 6–55° 2θ with a step size of 0.02° and a counting time of 0.3 
s/step. This resulted in a total of 103 diffraction patterns with time intervals of 13 
minutes over approximately 22 hours. The phase assignment was performed with 
EVA V.3.1 (Bruker AXS), and the Rietveld method [88] was used to quantify 
crystalline phases with the MAUD program [89], [90]. The phase contents (W) of 
gypsum and ettringite were derived from the refined Rietveld scale factors and were 
calculated from the changes of the scale factors starting from a known initial 
maximum content of gypsum as a precursor (i.e., 30 wt%) according to Eq. 6 [91], 
[92]: 

 𝑊 =   ×  30, (6) 

 
where St and Smax are the scale factors at a given time and at the beginning, 
respectively. The ex situ XRD analysis used a Rigaku SmartLab 9 kW to identify 
and quantify the crystalline phases from 5–70° 2θ using 0.02°/step with Cu-Kα 
radiation (Kα1 = 1.78892 Å; Kα2 = 1.79278 Å; Kα1/Kα2 = 0.5). XRD analyses 
were performed on fresh powdered samples at 1 and 28 days or after aging periods, 
as in Papers I and IV, respectively. The phase identification was done using X’pert 
HighScore Plus (PANalytical software); TiO2 (10–13 wt%) was used as an internal 
standard to quantify the amorphous content of the binder. The PDF number of the 
phases was referred to Ref. [77], while the refinement considered phase scale 
factors, lattice parameters, and intensity adjustment. 

The solid-state 27Al magic-angle spinning nuclear magnetic resonance 
spectroscopy (MAS NMR) spectra were conducted on a Bruker Avance III 300 
spectrometer at 78.24 MHz for the 27Al NMR. The paste samples were ground and 
packed into 7-mm zirconia rotors at a spinning frequency of 7 kHz. There were 
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2048 scans accumulated with a repetition rate of 2 seconds. Neither proton 
decoupling nor cross-polarization was used. Al(NO3)3 was used as a reference, so 
its chemical shifts were set to zero. The deconvolution of the 27Al MAS NMR 
spectrum into Gaussian components representing reactant species and hydration 
products used Origin software. The deconvolution involved assuming the isotropic 
chemical shift (±0.5ppm) for each phase from the literature and optimizing the 
NMR spectra parameters, such as signal intensity and full width at half maximum 
(FWHM). The deconvolution process was satisfactory only if the R2 value was at 
least 0.98. The errors in various components were obtained from the output 
parameters after deconvolution using the Origin software. Table 8 lists the chemical 
shift values used for various product components during the deconvolution. 
Notably, the reactant portion was deconvoluted into three components, and no 
phase assignment was conducted for these components—they were just used to 
estimate the total reactant phases remaining in the binders. 

Table 8. Chemical shifts for the NMR spectra deconvolution of various Al-containing 
phases (under CC BY-NC-ND from Paper I © 2019 Authors). 

Phases Chemical shift [ppm] References 

Ettringite 13.0 Skibsted et al. [93] 

Monosulfate 9.0 Skibsted et al. [93] 

Aluminum hydroxide 5.0 Rottstegge et al. [94] 

Reactants 52.7; 58.9; 68.7 - 

3.2.3 Mechanical testing 

To assess the mechanical performance of the composites developed from LSG, the 
following loading conditions were considered: flexural, compressive, and tensile. 

The flexural and compressive strength tests were conducted with 4 × 4 × 16-
cm3 prismatic specimens via a Zwick Z100 and a Dartec with a load cell of 100 or 
400 kN, respectively, according to the standard EN 196 [80]. At least three 
specimens were tested for each mixture, in which the displacement was controlled 
at 0.4 and 1 mm/min for the bending and compression tests, respectively. The 
fracture toughness was investigated by the 3-point bending setup loading notched 
specimen according to RILEM recommendations [95] with the same displacement 
rate as the bending tests for the unnotched samples. The fracture energy was 
calculated based on Ref. [95], and the fracture toughness was computed by the 
effective crack model suggested in Ref. [96]. 
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Uniaxial tension tests were performed on dog-bone specimens with the 
dimensions recommended in Ref. [62]. The adopted main geometrical features 
were the following: a grip zone width of 60 mm, a free length width of 30 mm, a 
thickness of 13 mm, a total length of 330 mm, and a free length of 80 mm. The 
same specimen geometry was successfully used in previous investigations in the 
literature (e.g., [97]). The tensile tests were performed with a machine MTS 810 
(maximum load capacity set to 10 kN) with a loading rate of 0.5 mm/min. 

In Paper IV, the 4-point bending and compressive tests were used to assess the 
mechanical performance of materials after different aging cycles. Fig. 5 shows the 
scheme of the bending setup and the specimen geometry. Notably, the testing setup 
and sample size may affect the mechanical response of the material. Hence, the 4-
point bending test and sample geometry in this study were based on 
recommendations in Ref. [98] for strain-hardening cementitious composites. At 
least three specimens for each material were tested to determine the flexural 
characteristics of fiber-reinforced LSG composition. The 4-point bending test was 
also controlled by displacement with a speed rate of 0.4 mm/min. The flexural 
strength and flexural modulus of elasticity were calculated according to ASTM and 
ISO standards [99], [100] by using equations 
 

 𝜎 =  (7) 

and 

 𝐸 = . ∆∆ , (8) 

 
where σf and Ef are the flexural strength and flexural modulus, respectively, F is the 
maximum load, L is the span, b and h are the width and height of the specimen, 
respectively, and ΔF and Δs are the difference in load and the corresponding 
deflection at the two levels of flexural strain, respectively, as suggested in the 
adopted standards. 

The flexural and tensile tests were assisted by a two-dimensional (2D) digital 
image correlation (DIC) technique to monitor the crack pattern evolution and 
calculate the mid-span deflection in the bending tests. Images were captured and 
analyzed by LaVision StrainMaster [101]. Fig. 5 indicates the area of interest (AOI) 
of the DIC for the bending tests. The image acquisition frequency was set at 1 Hz, 
and the speckle-pattern region of the sample was illuminated by a light-emitting 
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diode (LED) light source. The aperture and shutter speed of the camera were set to 
f/4.0 and 2000 µs, respectively. The post-processing of the images allowed 
measuring crack-opening displacement (COD) from the full-field observation of 
the DIC on the white-painted surface with randomly distributed black acrylic paint 
dots. Some adopted correlation parameters were subset size (37) and step size (3). 

 

Fig. 5. Scheme of the 4-point bending test for specimens used in Paper IV with the area 
of interest for the digital image correlation marked in gray (under CC BY-NC-ND from 
Paper IV © 2019 Authors). 

3.2.4 Aging with a combined physical-chemical attack 

Artificial aging was designed based on the weather in Oulu (Finland) using a Weiss 
WK3-180/40 climatic chamber (Germany). The duration of the aging process was 
approximately 2 months with a total of 180 freeze-thaw cycles: 90 “cold” and 90 
“warm” cycles. Fig. 6a shows the weather recorded in Oulu from 2010 to 2018. 
The artificial cycles (see Fig. 6b) intend to simulate the extreme weather conditions 
characterized by a cold/wet winter and a hot/wet summer. In the “cold” cycle, the 
temperature ranged from 5 °C to −20 °C, while in the “warm” cycle, the 
temperature ranged from 10 °C to 30 °C. A cycle took 8 hours to complete, and the 
“cold” and “warm” cycles alternated every 45 cycles (roughly 2 weeks). The 
temperature was controlled automatically by thermal sensors in the climatic 
chamber. Since the specimens were fully immersed in curing solutions (detailed 
below), the relative humidity was not controlled during the aging process. The 
curing containers were also sealed during the aging period to eliminate the effects 
of carbonation. 

The plain and reinforced LSG was artificially aged in two solutions: tap water 
(W) and combined sodium chloride and sulfate solution (SL). W simulated a non-
coastal environment, while SL represented aggressive marine conditions. The 
concentration of SL was chosen based on a previous study [102] with 5 wt% 
Na2SO4 (product code 1.06649.0500 by Merck KGaA, Germany) and 3 wt% NaCl 
(product code 7647-14-5 by J. T. Baker, the Netherlands). After 28 days of curing 
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in a water bath, the specimens were fully immersed into W and SL separately and 
aged by freeze-thaw cycles in the climatic chamber. The solutions fully covered all 
faces of the samples and were changed every 90 cycles. 

 

Fig. 6. (a) Average temperatures recorded in Oulu, Finland in 8 years from 2010 to 2018; 
(b) proposed aging cycles: cold (left) and warm (right) cycles representing winter and 
summer in cold regions, respectively; the temperature rate depends on the temperature 
limits and the duration of the cycle (i.e., 8 hours) (under CC BY-NC-ND from Paper IV © 
2019 Authors). 
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3.2.5 Multi-criteria ranking method 

Paper III used a multi-criteria ranking method to optimize the mixture compositions 
(refer to Table 6 and Table 7) considering mechanical performance, cost, embodied 
energy, and CO2 footprint. 

The ingredients in the mixtures were the independent variables; the dependent 
variables (i.e., mechanical properties, cost, embodied energy, and CO2 emission) 
changed based on the independent variables [103]. In this study, the measures based 
on Eqs. 9–11 were used to rank all compositions based on mechanical performance, 
cost, embodied energy, and global warming intensity (GWI). The ranking 
suggested the mixture that best balanced the parameters. The individual desirability 
functions dj were evaluated using expressions 
 

 𝑑 =  (9) 

or 

 𝑑 =  (10) 

 
depending on whether the parameter is wanted or unwanted in the ranking. Yj is the 
result of the j-th parameter for a considered mixture, minfj and maxfj are the lowest 
and the highest results, respectively, of the j-th parameter over all the mixtures 
included in the ranking, tj is a weighting factor of the j-th parameter (all weighting 
actors tj are set to 1 so no parameter is more important than another). The overall 
desirability function D was evaluated from individual functions by using the 
equation 
 

 𝐷 = 𝑑 × 𝑑 × 𝑑 × … × 𝑑 , (11) 

 
where m is the number of parameters. 

This study considers eight parameters in the ranking. Section 3.2.3 detailed the 
input of mechanical properties and performance. The costs and embodied energies 
of the mixtures depended only on the mass fractions of the different fibers since LS 
and FBC-FA were industrial by-products and so were considered to have no 
significant differences in embodied energy. According to Ref. [104] and [105], the 
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embodied energies of slag and fly ash were roughly 0.59 and 0.11 MJ/kg, 
respectively. Therefore, the results were calculated with the mass fraction of each 
fiber type and the costs or energy per kilogram of the fibers. The costs of PVA and 
PP fiber were approximately 12.2 €/kg and 0.8 €/kg [106], respectively, while the 
embodied energy was 107 MJ/kg [107] and 84 MJ/kg [108], respectively. These 
values show that the fraction of PVA fiber must be minimized for an economical 
mixture, as suggested in Ref. [105]. 

 

Fig. 7. GWI for fiber-reinforced LSG and LSG-FA compared to AE concrete, ECC M45, 
HVFA-ECC, and EGC with 2% v/v fiber fraction (under CC BY-NC-ND from Paper III © 
2018 Authors). 

Regarding the GWI, the CO2 footprints of fiber-reinforced LSG and LSG-FA 
composites were identical and, importantly, much lower than the other 
conventional concrete and OPC-based ECC. Table 9 shows the GWI of the raw 
ingredients. Fig. 7 compares the GWI of the LSG and LSG-FA composites to that 
of air-entrained (AE) concrete, a typical OPC-based ECC (i.e., ECC M45), a high-
volume fly ash (HVFA) ECC, and an EGC with 2% fiber volume fraction (i.e., 2% 
v/v in ECC-2%), as reported by Ohno and Li [105]. The by-product-based 
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composites developed in this study produced approximately 147 kg CO2-eq/m3—
roughly four times less emission than the ECC M45. Moreover, the ettringite-based 
composites released almost 60% less CO2 gas than the EGC, which used alkali 
activators (i.e., NaOH and Na2SiO3) [105]. The EGC, LSG, and LSG-FA were also 
promising alternatives to other OPC-based concretes, namely the AE concrete, 
ECC M45, and HVFA-ECC. The OPC occupied the main proportion of the CO2 
footprint of the conventional concretes (e.g., up to 98% in the AE concrete). 
Therefore, using industrial wastes or by-products as cementitious materials 
significantly reduced greenhouse gas emissions. Notably, using waste gypsum can 
reduce the CO2 emission of the developed composites even more. The PP and PVA 
fibers had almost identical CO2 footprints (approximately 3.4 kg CO2-eq/kg) [105], 
[109]. Therefore, the gas emissions of all 12 combinations investigated in this study 
were identical. 

Table 9. GWI of raw ingredients and curing used in concrete, ECC, EGC, LSG, and LSG-
FA (under CC BY-NC-ND from Paper III © 2018 Authors). 

Ingredient* GWI (kg CO2-eq/kg) 

Portland cement 0.93 

Coarse/Fine aggregate 0.0062 

FS 0.025 

Fly ash 0.0074 

PVA or PP fiber 3.4 

Super plasticizer 1.5 

Water 0 

NaOH 0.86 

Na2SiO3 0.43 

LS 0.0127 

Gypsum** 0.051 

Curing*** 40 

*Data adopted from [104], [105], [110] 
**Data adopted from [111] for processing natural gypsum from quarrying raw material to storing crushed 

gypsum 

***Data in Ref. [112] assumed that liquid petroleum gas, used in the curing process, was estimated about 

40 kgCO2-eq for 1 m3 of geopolymer 

3.2.6 Numerical modeling 

The best-balanced mixture in the ranking in Section 3.2.5 was considered for 
mechanical modeling by the finite element method (FEM). This provides some 
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preliminary understanding of the accuracy of an available constitutive model for 
predicting the mechanical performance of the reinforced composite under the mode 
I fracture. The concrete damage plasticity (CDP) model was used to estimate some 
parameters of the model by a preliminary inverse analysis. 

The CDP constitutive model, as available in commercial software [113], was 
adopted in this investigation to predict the nonlinear behavior of the fiber-
reinforced LSG. The model combines isotropic linear elasticity and isotropic tensile 
and compressive plasticity to simulate the inelastic behavior of the considered 
material. The CDP model also considers non-associated potential plastic flow, 
resulting in a non-symmetric stiffness matrix [113]. The Drucker-Prager hyperbolic 
function is used to assess the potential flow. The fundamental constitutive 
parameters of CDP include the dilation angle β, the plastic potential eccentricity m, 
the stress ratio fb0/fc0, (the ratio between the compressive strength in biaxial and 
uniaxial compression, fb0 and fc0, respectively), the shape of the loading surface K, 
and the viscosity parameter V. The parameters β and m represent the shapes of the 
flow potential function and set, respectively, according to [114] (Table 10), and 
fb0/fc0 and K describe the shape of the yield function. The adopted values are the 
default values recommended by Ref. [114] (Table 10). The value of V was set to be 
zero in this analysis as a default setup in the software. 

Table 10. Numerical simulation: parameters for the CDP model in FEM analysis (under 
CC BY-NC-ND from Paper II © 2018 Authors). 

Material E (MPa) ν β m (*) fb0/fc0 (*) K (*) 𝜎 𝜎  𝜀 𝜀  Gf (N/mm) 

PP-LSG 2900 0.2 30 1 1.12 0.666 1.51 85.7 0.41 

(*) Adopted from Ref. [114]. 

The uniaxial behavior of the un-cracked material was assumed to be linear. For the 
cracked state, the compression stress-strain relationship obtained from the 
experimental testing was used in the CDP model from the average experimental 
results. For the tensile behavior, inverse analysis was conducted to determine the 
first crack tensile stress σ0, the maximum stress σu, and their corresponding strains 
ε0 and εu, respectively. Strain-hardening behavior, resulting in 𝜎 /𝜎 > 1  and 𝜀 /𝜀  > 1, was supposed to be for the post-cracking state, and the fracture energy 
Gf was obtained by calculating the underneath stress-strain curve from ε0 to εu. 

Boundary conditions were set to reproduce the two bottom supports and the 
top applied load on the mid-span. Twenty-node three-dimensional (3D) solid 
hexahedral elements with reduced integration (C3D20R) were used to simulate the 
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model. To assess the mesh dependence of the FEM, two different mesh sizes with 
5160 elements (coarse mesh) and 17280 elements (fine mesh) were used. The latter 
had a refined mesh where relatively high-strain gradients (i.e., cracks) were 
expected to develop (i.e., the center of the specimen). All meshes produced almost 
identical loads vs. mid-span deflection relations, while the fine mesh predicted, as 
expected, a damage evolution and distribution more similar to the experimental 
ones. 
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4 Results and discussion 

4.1 Hydration of the ettringite-based binder 

The main crystalline phase of LSG is ettringite, similar to SSC and calcium 
sulfoaluminate (CSA) cement [46], [115], [116]. LS may vary its mineral 
composition depending on processing and treatment at steel plants [28]. Mayenite 
(C12A7) is a main Al-containing mineral in LS along with Q-phase and C3A, as 
indicated by the XRD results (Fig. 3 and Fig. 8). C12A7 is a highly reactive crystal, 
so the phase tends to react rapidly with water to produce hydrogarnet (C3AH6) as 
follows [54] 
 

 C A + 51H → 6C AH + AH → 4C AH + 3AH + 18H. (12) 

 
Hydrogarnet might convert to a more stable form over time (i.e., C2AH8 to C3AH6), 
which could reduce strength. The hydration might prevent further C12A7 reactions 
and consequently impede any further strength development in the hydrated LS. By 
adding gypsum, the system forms ettringite ( 4C A ∙ 3CS ∙ 32H ) instead of 
hydrogarnets due to the hydration between C12A7 and gypsum (Eqs. 13–15): 
 

 C A + 12CS ∙ 2H + 137H → 4C A ∙ 3CS ∙ 32H + 3AH , (13) 
 C A + 4CS ∙ 2H + 49H → 4C ASH + 3AH , (14) 
 C A ∙ 3CS ∙ 32H ↔ C ASH + 2CSH + 16H. (15) 
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Fig. 8. Ex situ XRD characterization of LSG compared to as-received ladle slag (under 
CC BY-NC-ND from Paper II © 2018 Authors). 

4.2 Effects of retarder 

This section presents and discusses the effects of citric acid on LSG in its fresh and 
hardened states. This is the main discussion in Paper I. 

4.2.1 Fresh-state properties 

The citric acid effectively retards LSG hydration at relatively high dosages ranging 
from 1–2 wt% solution. Fig. 9 shows the initial and final setting times of all 
mixtures with different amounts of citric acid. Citric acid prolonged the initial 
setting time by approximately 4 and 6 times when 1 and 2 wt% citric acid was used, 
respectively. The acid increased the final setting time by factors of roughly 3.2 and 
4.5, respectively, with the same dosages compared to the plain LSG. Acid has been 
reported to slow down the production of ettringite; Ref. [83] reported this effect in 
a ternary system of Portland cement–calcium sulphoaluminate clinker–anhydrite. 
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Citric acid has also been categorized as a type-B retarder for OPC [82], and the acid 
significantly reduces hydration kinetics at doses of 0.4–0.5 wt% cement [85]. 

 

Fig. 9. The initial and final setting times of LSG paste with different percentages of citric 
acid; for comparison, Portland cement usually has an initial setting time of 60–180 
minutes (under CC BY-NC-ND from Paper I © 2019 Authors). 
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Fig. 10. The heat of hydration measured by isothermal calorimetry, including (a) the rate 
of heat release (with magnifications #1 and #2) and (b) the cumulative heat release of 
LSG pastes with different citric acid concentrations; data for the heat evolution of OPC 
was adopted from Jansen et al. [117] (under CC BY-NC-ND from Paper I © 2019 Authors). 



51 

In contrast, the citric acid seemed to have negligible effects when used at lower 
doses (0.1–0.5%); the LSG samples set much faster with lower dosages than with 
1–2 wt% citric acid solution (Fig. 9). The initial and final setting times of the 
material slightly increased by maximums of 65% and 25%, respectively, with the 
presence of 0.5 wt% citric acid solution. The addition of small amounts of citric 
acid (0.1 wt% binder) could even slightly accelerate the hydration of aluminate and 
the formation of ettringite [85], [118], while the addition of citrate strongly retarded 
ettringite formation as the dosages increased to 0.2–0.5 wt% of the binder. In Ref. 
[83], when the citric acid content was 0.27 wt% of the binder, it could affect the 
early formation rate of ettringite. However, once all the citrate ions would have 
been complexed, the formation rate would have accelerated. 

The hydration kinetics of LSG observed via heat evolution were 
distinguishable in all the mixtures. Fig. 10 shows the heat of hydration measured 
by isothermal calorimetry from the beginning to roughly 2 weeks of hydration. The 
heat evolution ranged from roughly 30 hours for the plain mixture to 180 hours 
with a 2 wt% citric acid solution (see Fig. 10a, #2). Fig. 10a shows a prolonged 
steady-state period after the initial peak when the amount of citric acid was 
increased (e.g., up to roughly 70 hours with a 2 wt% citric acid solution). The citric 
acid also had a more dominant effect on this period than on the initial peak heat 
(Fig. 10a). The initial peak was only slightly delayed when the citric acid content 
was increased. In contrast, the time before the initiation of the second peak heat 
was significantly prolonged when the citric acid content was increased. The citrate 
retardation could be attributed to the reduced precursor dissolution rate [85], [119]. 
However, the mechanism could be a complex formation on the anhydrous cement 
surface [119]—or not [85]. Notably, the cited works investigated an OPC-based 
system, so the effects of citric acid on the dissolution of calcium in aluminum-
containing phases might contribute to the retardant effects [120]. 

The cumulative heat released (Fig. 10b) indicates that LSG with 0.1–1 wt% of 
citric acid solution had a comparable total heat release, while the plain LSG with 
the highest citric acid dosage attained a slightly lower value. After the first 100 
hours, the mixture with a 2 wt% citric acid solution produced the least cumulative 
heat. However, after more than 2 weeks of hydration, the total heat of the mixture 
was roughly the same as that of the plain LSG due to the low hydration kinetics. 
The LSG pastes with 0.1–1 wt% citric acid solutions, however, attained slightly 
higher heat releases than the plain material, perhaps due to citric acid promoting 
hydration reactions inside the cementitious binder via the chelation effect. This 
effect probably plays an important role in the strength development of the material 
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at a greater age. Since the cumulative heat release was recorded for 16 days of 
hydration, there were no data to consider the total heat in the LSG with a 2 wt% 
citric acid solution at the final age (28 days) correlating with its strength. 

Ettringite formed rapidly at the beginning of the hydration in the plain LSG, 
whereas the citric acid delayed the phase’s formation (as shown in Fig. 11). During 
the first measurements of in situ XRD, the trace of ettringite (AFt) was already 
detected in the plain LSG sample. XRD reflections of AFt were visible after 13 
minutes when the first measurement was taken. The reflexes of the ettringite peaks 
(e.g., at 2θ of roughly 9.5° and 19°) kept increasing rapidly in the first 10 hours of 
hydration and stabilized at the end of the measurement, consistent with other 
studies that showed fast formation of ettringite within the first 24 hours of hydration 
[121], [122]. In contrast, the citric acid delayed the formation of ettringite more 
clearly at a high dosage (e.g., a 2 wt% solution). Fig. 11 shows the traces of 
ettringite beginning roughly 2 hours after hydration in LSG with a 2 wt% citric acid 
solution. The LSG mixture with a 0.1 wt% solution seemed to have no delay in the 
formation of ettringite, thus exhibiting the rapid setting property shown in Fig. 9. 
There was also still gypsum left in all the hardened pastes after 20 hours of in situ 
XRD measurement. Therefore, further reactions might continue after this period. 
The presence of the amorphous phase at an early age, which formed from the 
hydration of LSG, was not clear in the in situ XRD results since the hump between 
around 12– 25° (i.e., the light-red-colored area in the in situ XRD maps) was mainly 
due to the presence of Kapton foil and water. 
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Fig. 11. In situ XRD characterization of LSG pastes in the first 20 hours (approximately 
100 scanning times) of LSG hydration with the considered contents of the citric acid 
solution; the measurement was conducted every 13 minutes with ettringite (AFt) and 
gypsum (G) (under CC BY-NC-ND from Paper I © 2019 Authors). 
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Fig. 12 shows the results of the quantitative phase determination of the in situ XRD 
measurements combined with the heat evolution of the LSG pastes. With the 
absence of citric acid (Fig. 12a), ettringite formed rapidly from the reaction 
between C12A7, Q-phase, and gypsum, leading to the initial peak of the heat release. 
The reaction continued in the steady-state region (roughly 1.5 hours of hydration) 
in which the decrease in heat release might be due to the transformation from non-
crystalline to crystalline ettringite [123]. Other studies have discussed this 
reduction in the rate of heat release caused by the transformation of ettringite into 
monosulfate at an early age [46], [124]. However, detecting monosulfate at this 
stage with XRD is difficult because the phase has a poor degree of crystallization 
at early-age hydration [124]. The second peak of the heat evolution was attributed 
to the ettringite formation, which agrees with the quick consumption of C12A7, 
gypsum, and ettringite in the phase content of the quantitative in situ XRD results. 
The reaction reached stability after roughly 10 hours of hydration; here, the heat 
release significantly decreased, and ettringite became the dominant highly 
crystalline phase in the binder. 

 

Fig. 12. Crystalline phase evolution from quantitative in situ XRD and heat flow curve 
during the reaction of LSG paste with a (a) 0 wt% and (b) 2 wt% citric acid solution 
(under CC BY-NC-ND from Paper I © 2019 Authors). 
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The citric acid reduced the hydration kinetics of LSG, as shown in Fig. 12b. The 
initial peak of heat evolution occurred at roughly 2 hours, and the ettringite slowly 
formed at that time. The reaction continued until the percentage of ettringite 
reached approximately 10 wt% of the total binder mass after 14 hours. The 
hydration kinetics were much lower than those of the LSG paste without citric acid. 
Hence, after the same amount of time, this proportion of ettringite in LSG with 2 
wt% citric acid was much smaller than the one without citric acid, agreeing with 
the cumulative heat release of the samples (Fig. 10b). Furthermore, the heat 
evolution in Fig. 10a shows the second peak of the sample after approximately 5 
days of hydration, which was attributed to the second ettringite formation. With a 
long induction period, the formation of ettringite was delayed, likely promoting the 
transformation from ettringite to monosulfate. At the end of the in situ XRD 
measurements, the total proportion of crystalline phases in LSG with and without 
citric acid was around 49% and 54%, respectively, signifying a large percentage of 
amorphous phases (roughly 50%) in the binder attributed to AH3, monosulfate, and 
unreacted phases. 

4.2.2 Hardened-state properties 

Ettringite was a dominant crystalline phase, but traces of monosulfate were found 
in all the LSG mixtures with different citric acid contents. The quantitative results 
from the XRD reported in Ref. [45] showed that ettringite might occur at 
approximately 35% in LSG from the reaction in Eq. 13. In contrast, the monosulfate 
trace was detected in the ex situ XRD, as shown in Fig. 13. Monosulfate might 
form at an early hydration time, as reported in many studies [46], [53], [124]. The 
formation of monosulfate could be due to either of the following reasons. First, 
when sulfate, calcium ions, and water content are insufficient in a solution, Al-
containing phases may hydrate with gypsum (e.g., Eq. 14) to produce monosulfate; 
this reaction has been reported to happen at an early stage of the reaction, which 
can be seen in the induction period of the heat evolution reaction [124], [125]. 
Second, ettringite can convert to monosulfate (Eq. 15); the reverse reaction may 
occur during the self-desiccation stage of hydration [124]. Furthermore, the 
stability of monosulfate is strongly dependent on its surrounding environment: the 
characterization of the pore solution, the amount of water, and the pH conditions. 
These factors affect the stability equilibria and modify the composition and 
structure of the monosulfate [126]. Monosulfate is also thermodynamically favored 
[83], and its content tends to increase in ettringite-based binders over time. 
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The phase composition in Fig. 14 shows slight differences among all the 
mixtures with different citric acid concentrations. In Fig. 3, the raw LS contains a 
minor amount of amorphous phase (roughly 3 wt%). As found in Ref. [127] for 
SSC, the amount of amorphous phase slags is less important for the reactivity than 
its optimal chemical composition. In contrast, the amorphous content ranges from 
25–35 wt% in LSGs with different citric acid contents, which is likely due to the 
formation of C–(A)–S–H, a low-crystallinity AFm phase (e.g., monosulfate and 
solid solution AFm), and AH3. Ettringite is also the main crystalline phase in the 
binder with a fraction of 33–40 wt% in the LSG. 

 

Fig. 13. Ex situ XRD characterization of LSG pastes after (a) 1 day and (b) 28 days of 
curing (under CC BY-NC-ND from Paper I © 2019 Authors). 
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Fig. 14. The phase quantification of LSG (/100 g paste) with different citric acid contents 
after 28 days of hydration (under CC BY-NC-ND from Paper I © 2019 Authors). 

Solid-state 27Al MAS NMR analysis suggests the existence of AFm in the structure 
of all the LSG paste mixtures at both early and final ages (Fig. 15). The reactions 
in Eqs. 13–15 indicated three main Al-containing hydration phases: ettringite, 
monosulfate, and aluminum hydroxide. The leftover reactant was also detected in 
both the low- and high-age samples. Ettringite was the highly crystalline phase that 
showed a relatively narrow peak (a small FWHM) at roughly 13.0 ppm. In contrast, 
AFm, including monosulfate, was a semi-ordered Al-containing phase, thus 
attaining a broader peak (a large FWHM) at around 9.0 ppm [93], [128]. Therefore, 
detecting the phase in XRD was difficult, including in and ex situ (Fig. 11 and Fig. 
13). However, both XRD and NMR agreed on the appearance of AFm at an early 
hydration regardless of the citric acid content, and the broadness of the AH3 phase 
peak proved its amorphous nature. The role of aluminum hydroxide needs to be 
better understood, as the gel offered a high indentation modulus and hardness and 
could improve the density of hardened mortar [129], [130]. 

Based on the quantitative NMR analysis results in Fig. 16, citric acid promoted 
the conversion from ettringite to monosulfate in the LSG. The fraction of ettringite 
in all the Al-containing phases was similar in all the mixtures after 1 day of 
hydration except for LSG, which had a 2 wt% citric acid solution due to the 
retardant effects of the acid delaying the early formation of ettringite (Fig. 12b). 
The conversion from ettringite to monosulfate was observed after 28 days; the 
fraction of ettringite in the LSG was reduced by approximately 10–15% (Fig. 16a). 
The conversion rate from ettringite to monosulfate and the citric acid content also 
had a proportional relationship likely due to the retardant effects of citric acid 
delaying the dissolution of calcium and reducing the water content. Monosulfate 
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also occurred early in a fraction similar to ettringite (i.e., roughly 30%); this result, 
however, conflicts with the XRD results reported previously due to monosulfate’s 
poorly ordered crystalline structure [128], [129], which led to underestimating the 
phase with XRD. Regarding aluminum hydroxide, the phase slightly increased after 
28 days of hydration, meaning that a further reaction occurred; Eqs. 13–15 all 
formed aluminum hydroxide as a minor hydration product. 

 

Fig. 15. Deconvolution of 27Al MAS NMR spectra of LSG paste with (a) 0 wt% and (b) 2 
wt% citric acid solution after 1 and 28 days of age (under CC BY-NC-ND from Paper I © 
2019 Authors). 

At early age, the compressive strength of LSG attained the highest increase with 1 
wt% citric acid solution. The compressive strength of the mixture increased slightly 
with a maximum of around 20% after 7 days of curing (Fig. 17a). In contrast, with 
the highest dosage of citric acid (i.e., a 2 wt% solution), the strength fell by 
approximately 14% compared to the LSG with a 1 wt% solution due to the presence 
of citric acid in the mixture, which prolonged the hydration process to form 
strength-giving phases in LSG. In contrast, the increment was not significant with 
lower dosages (0.1 and 0.5 wt% solution). 
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Fig. 16. Quantification of various Al phases obtained through the deconvolution of 27Al 
MAS NMR spectra: (a) ettringite, (b) monosulfate, (c) aluminum hydroxide, and (d) the 
leftover reactant in different citric acid concentrations after 7 and 28 days of age (under 
CC BY-NC-ND from Paper I © 2019 Authors). 
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Fig. 17. (a) Compressive strengths at 7 and 28 days of LSG mortars with different citric 
acid concentrations (average and standard deviation of four tests) and (b) correlation 
between the first peak of the heat evolution and the compressive strength after 28 days 
(under CC BY-NC-ND from Paper I © 2019 Authors). 

At the final age and when used in high dosages, the citric acid exhibited positive 
effects on the development of the LSG’s compressive strength. The mixture with a 
2 wt% citric acid solution increased the strength by a maximum of 45% (Fig. 17a), 
and the presence of citric acid increased the compressive strength of mortar 
beginning with a dosage of a 0.5 wt% citric acid solution. In contrast, the lower 
dosage seemed to have a negligible effect, even after a longer curing time. The 
compressive strength of the LSG with a 2 wt% citric acid solution rose by 35% 
between its early and final age likely due to the eventual formation of hydration 
products from the effects of citric acid in reducing the dissolution rates of the raw 
materials. This result is consistent with the heat evolution shown in Fig. 10. The 
second peak of the LSG mixture with 2 wt% citric acid content shifted after 5–7 
days of hydration. Therefore, the strength significantly improved by the final age 
(Fig. 17a). The monosulfate also seemed to strengthen the LSG, as the strongest 
mixture contained the highest amount of monosulfate (see Fig. 16b). In contrast, 
the plain LSG attained roughly 50 MPa in compressive strength after 7 days and 
saw no later increase in strength. Therefore, the citric acid offered set retardant 
effects and a positive influence on the strength development of the LSG mortar. 
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The acid had no negative effects on different types of commercial calcium 
sulfoaluminate cements, as reported in Ref. [120]. By using citric acid, the 
workability and compressive strength of the LSG at both lower and higher ages can 
be optimized and controlled to fit different uses in construction. 

4.3 Fiber-reinforced ettringite-based binder 

To improve the mechanical performance of the ettringite-based mortar, different 
types of micro fibers were used to reinforce the material to develop high-
performance cementitious composites while minimizing the production cost and 
environmental footprint. The design and development of different fiber-reinforced 
composites from LSG and their mechanical performance is assessed in Section 
4.3.1, and the selection of the most favorable composition is shown in Section 4.3.2. 
This section is compiled from Paper III. 

4.3.1 Mechanical performance 

Bending 

Fibers played an important role in improving the flexural strength of the developed 
composites. Fig. 18a shows the flexural strength of all the mixtures under 3-point 
bending tests. The PVA fiber significantly enhanced flexural strength with roughly 
140% and 220% greater maximum load than the plain LSG and LSG-FA, 
respectively. This was mainly due to the hydrophilic nature of the fiber, which led 
to strong bonding between the fibers and matrices. PP fibers, however, enhanced 
the bending strength of composites around 60–80% compared to the plain materials. 
Although PPSF fiber has been reported to have a hydrophilic coating layer [13], the 
interfacial bonding between the fibers and matrices was not as good as the PVA 
fiber. As for the matrices, the FBC-FA reduced the flexural strength of the LSG by 
approximately 40%. However, regardless of the matrices, fibrous reinforcement 
generally improved the flexural strengths of the developed composites from 
roughly 90–220%. 
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Fig. 18. Flexural tests: (a) flexural strength after 7-day curing (average and standard 
deviation of three tests); (b) average stress vs. mid-span deflection curves of 12 
combinations; the averaged curves were computed by performing linear interpolation 
on data range input (under CC BY-NC-ND from Paper III © 2018 Authors). 

The post-peak behavior clearly exhibits the effects of fiber hybridization. Fig. 18b 
shows the average stress vs. mid-span deflection curves of 12 combinations, the 
curves of which were divided into three blocks from left to right: reference 
materials, hybrid-fiber-reinforced compositions, and mono-fiber-reinforced 
compositions. The hybrid fiber combined the effects of each mono fiber 
reinforcement, which can be clearly seen in PVA/PPMF-LSG. The combination of 



63 

PVA and PPMF fibers offered a peak load like PVA-LSG, but larger energy was 
absorbed in the post-peak branch. This effect resulted from the combination of 
bonding between the PVA fiber and matrices and energy absorption by the PPMF 
fiber [131]. The other hybrid-fiber-reinforced mixtures also exhibited this behavior. 
For instance, PPMF/PPSF had flexural strengths similar to the mono fiber-reinforced 
LSG and LSG-FA (see Fig. 18a). However, the post-peak branch complied with an 
average trend between the PPSF and PPMF fiber-reinforced mortars. Moreover, all 
the fiber-reinforced cementitious composites exhibited deflection-hardening 
behavior under the 3-point bending tests with peak loads about two times higher 
than the initial crack loads. 

 

Fig. 19. Flexural tests: contour of the maximum principal strain by the DIC technique at 
the maximum bending load of 12 combinations after 7 days of curing (under CC BY-NC-
ND from Paper III © 2018 Authors). 

The FBC-FA weakened the LSG, indicating more cracks generated observed via 
the DIC technique. Fig. 19 shows the crack patterns at the peak loads of the 12 
compositions. The plain materials (i.e., the LSG and LSG-FA) exhibited brittle 
behavior, single flat cracks at the peak loads propagating to sudden drops in load 
levels (see Fig. 18b). In contrast, other reinforced compositions generated multiple 
cracks where steady-state crack developments led to deflection-hardening behavior 
[132]. Comparing the matrices with and without FBC-FA, LSG-FA generated more 
cracks, especially with the hybrid fibers (i.e., PPMF/PPSF and PVA/PPMF) and the 
PVA fiber-reinforced composites due to two main factors: (1) weaker matrices and 
(2) good interfacial bonding between PVA fiber and/or the bridging effect of fiber 
hybridization (i.e., PPMF/PPSF). This led to loads transferring from fibers to matrices 
by cracks, resulting in more cracks in other flawed positions of the matrices [132]. 
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This repeated process resulted in multiple crack formations (Fig. 19) and, as 
observed, deflection-hardening behavior (Fig. 18b). 

Representative scanning electron microscope (SEM) images on crack surfaces 
confirmed the bridging action and interfacial bonding properties of the fibers and 
matrices (Fig. 20). The fracture surface of the plain LSG showed crack propagation 
along the interfacial transition zone between the matrix and FS (Fig. 20a). In 
contrast, the SEM image of the reinforced composite (i.e., PVA-LSG) showed that 
the fibers failed by de-bonding (Fig. 20b). Ref. [133] similarly observed a 
combination of fiber pull-out and rupture in PVA fiber-reinforced AAM. Moreover, 
the PVA fiber had some residual hydration on its surface, indicating good bonding 
between the fiber and LSG. This bonding strength created efficient load carrying 
capacity, high ductility, and multiple cracks at the macro scale, as shown in Fig. 18 
and Fig. 19. 

 

Fig. 20. Flexural tests: SEM images on fracture surfaces of (a) unreinforced material 
(LSG) and (b) fiber-reinforced composites (PVA-LSG) (under CC BY-NC-ND from Paper 
III © 2018 Authors). 

Unconfined compression 

The fibrous reinforcement greatly enhanced the compressive strengths of the LSG 
mixtures. Fig. 21 shows the compressive strength after 7 days of curing. Fiber-
reinforced LSG compositions increased their strengths up to 130% compared to the 
unreinforced materials due to fiber-bridging action, which restrained crack 
propagation. The fibers reduced the extent of stress concentration at a crack tip, 
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hence delaying the growth rate of cracks [134], [135]. The hybridization of PP 
fibers also improved compressive strength more than mono PPMF and PPSF fibers 
(roughly 15% higher). Since the micro and macro PP fibers had different 
dimensions, they played different roles in delaying the propagations of different 
crack sizes. In contrast, the PVA and PPMF mixture seemed to have no advantages 
over the mono PVA fiber. However, both the PVA and PVA/PPMF fiber-reinforced 
LSG had the highest compressive strengths (approximately 50 MPa) of all the 
compositions due to the high bonding strength between the hydrophilic PVA fibers 
and LSG. 

In contrast, the fibers did not similarly improve the compressive strength of the 
composites with the LSG-FA matrix. The maximum increase was roughly 40% 
(mono PVA fiber). The PPMF fiber reduced the compressive strength of LSG-FA by 
approximately 6%, which could be considered in the experimental scatter band. 
The matrix with the FBC-FA might have become more porous, allowing the 
initiation and growth of cracks faster and more easily [136]. Kang et al. [137] 
reported a similar reduction with a maximum 14.1% improvement of the 
compressive strength of hybrid-fiber-reinforced ultra-high-performance concrete. 

 

Fig. 21. Compressive strengths of materials after 7 days of curing (average and 
standard deviation of four tests) (under CC BY-NC-ND from Paper III © 2018 Authors). 
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Fracture toughness 

The fiber-reinforced composites had excellent load-carrying capacities due to the 
presence of fibers, while the plain material exhibited typical brittle failure. Fig. 22 
shows the average curves of load vs. crack mouth opening displacement (CMOD) 
of all 12 combinations. The fibers greatly improved the peak loads and post-peak 
branches of the developed composites. After the onset of the initial cracks, the 
fibers immediately started bridging and absorbing energy, showing no drop in load 
level; the only exception was PPSF-LSG, the load level of which fell significantly 
after the first crack appeared. This behavior could be attributed to the weakening 
effect of the FBC-FA filler leading to an earlier diffusion of micro cracking in the 
LSG-FA than in the LSG matrix. This is visible considering the early deviation 
from linearity of the load-CMOD curve of the PPSF fiber on the LSG-FA compared 
to the PPSF-LSG. Therefore, the dimensions of the PPSF fibers allowed the bridging 
action in the LSG-FA to start earlier than in the LSG. 

 

Fig. 22. Fracture toughness tests: average load vs. CMOD curves of 12 combinations 
tested with notched beams (under CC BY-NC-ND from Paper III © 2018 Authors). 

The CMODs at peak loads measured by the DIC technique (Fig. 23) distinguishes 
the reinforced and plain compositions. At the peak loads, the cracks of the 
reinforced mixtures with both LSG and LSG-FA matrices were wider and exhibited 
higher ductility. In contrast, the plain materials had small CMODs and lower peak 
loads than the reinforced compositions. For example, the CMOD of PPSF-LSG-FA 
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was roughly 1.3 mm at the peak load (i.e., 520 N), compared to a crack opening of 
around 0.01 mm for the plain LSG-FA at around 240 N. Notably, when multiple 
cracks appeared at notch tips (e.g., see PVA/PPMF-LSG-FA in Fig. 23), the CMODs 
measured by the DIC technique did not properly represent the material properties, 
as reported in Ref. [98]. Therefore, in Paper III, only samples with single cracks 
from the notch were considered representative for the fracture toughness test. 

Fracture energy significantly increased in all the reinforced composites, but the 
effect on fracture toughness varied depending on reinforcement. Fig. 24 shows the 
two parameters of all the compositions. For the PPMF fiber, the fracture energies of 
the composites on both the LSG and LSG-FA were identical (around 3.8 N/mm). 
However, the fracture toughness of the PPMF-LSG was approximately 1.5 times 
higher than the PPMF fiber-reinforced LSG-FA. Better bonding strength between 
the fibers and matrices led to a higher peak load under the mode I fracture (see Fig. 
22) and, eventually, higher fracture toughness. Similar performance was observed 
on the mono PVA-LSG and LSG-FA. A positive effect of the FBC-FA on fracture 
energy and toughness was its composition with PPSF. In contrast, the hybrid fibers 
(i.e., PPMF/PPSF and PVA/PPMF) exhibited opposite effects, although the 
considerable scatter prevents a general conclusion; more in-depth analysis is 
needed. For instance, the fracture energy of the PPMF/PPSF reinforced LSG-FA was 
larger, but the fracture toughness was identical to the hybrid PP-fiber-reinforced 
LSG. The PPMF/PPSF fiber also combined the effects of two mono fibers, obtaining 
moderate values compared to the PPMF and PPSF fiber-reinforced composites 
regardless of matrix type. 

 

Fig. 23. Fracture toughness tests: contour maps of the maximum principal strains 
captured by the DIC technique at the peak loads of 12 combinations (under CC BY-NC-
ND from Paper III © 2018 Authors). 
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In general, the fibers significantly improved the fracture toughness and energy of 
the developed composites. Reinforced mixtures could attain fracture energies and 
toughness more than 160 and 5 times the unreinforced materials, respectively. 
Moreover, the FBC-FA matrix did not jeopardize the fracture energy, a parameter 
that was increased by using the PPMF/PPSF, PVA/PPMF, and PPSF fibers, compared 
to the LSG matrix. The relatively low fracture toughness of the PVA-fiber-
reinforced mixtures (see Fig. 24b) was likely related to their low ductility. In 
contrast, the PPMF fiber contributed more to ductile behavior due to its slower 
reduction of load-carrying capacity due to fiber pull-out [131]. Therefore, the fiber 
hybridization of the PVA and PPMF fibers seems to enhance the absorbed energy. 

 

Fig. 24. Fracture toughness tests: (a) fracture energy and (b) fracture toughness at 
failure (average and standard deviation of three tests) (under CC BY-NC-ND from Paper 
III © 2018 Authors). 

Uniaxial tension 

The PSH behavior of fiber-reinforced mixtures was recorded under uniaxial tension 
tests. Fig. 25a shows the comparison of the average stress vs. strain curves 
(measured by the DIC technique) of all 12 combinations. The plain materials 
exhibited typical stress-strain curves for brittle materials, load levels dropping 
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suddenly after reaching peak loads with little strain. In contrast, other reinforced 
composites exhibited PSH behavior after initial cracks with different strain 
capacities and peak loads. The strain capacity (i.e., strain at max stress) of the 
reinforced mortars was 0.5–1.3% for almost all the combinations. Exceptionally, 
the PPSF-LSG retained a load level as high as the initial crack load up to a strain of 
2.5%. In contrast, the PVA and PVA/PPMF fibers on the LSG matrix resulted in poor 
strain capacities due to PVA lowering the ductility under tension. However, after 
initial crack development, the composites exhibited PSH behavior due to proper 
load-transferring action with increases in the peak loads of up to roughly 45% 
compared to the initial crack load (i.e., PVA-LSG). The use of hybrid PP-PVA fibers 
in OPC cement-based ECC has been reported with similar results [138]. 
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Fig. 25. Tensile tests: a) average stress vs. strain curves and b) tensile strengths of the 
12 combinations (average and standard deviation of three tests) (under CC BY-NC-ND 
from Paper III © 2018 Authors). 

The PVA fiber increased the tensile strengths of the developed composites on both 
the LSG and LSG-FA matrices. Fig. 25b shows the tensile strengths of all 
developed mixtures under a uniaxial tensile load. The fiber reinforcement increased 
the tensile strength by roughly 100% compared to the plain LSG-FA. Interestingly, 
the use of hybrid fibers seemed to confer no advantages in comparison to the mono 



71 

fibers. Regarding the LSG matrix, the effects of the PP fiber and its hybrid fiber 
mixture were distinguishable from that of the PVA and PVA/PPMF fiber. The PP 
fibers enhanced the tensile strength by roughly 25% compared to the plain LSG. 
Furthermore, no clear effect of the PP fiber combination existed on the tensile 
strength; this behavior was also indicated in the stress vs. strain curves in Fig. 25a. 
The PVA fiber, however, offered a better improvement of tensile strength than its 
hybrid mixture (i.e., PVA/PPMF). The tensile strength of the PVA-LSG was 110% 
higher than the unreinforced LSG, while the strength of PVA/PPMF-LSG attained 
an increase of roughly 30%. On the one hand, the strain capacities of the PVA fiber-
reinforced compositions seemed lower than those of the PP fibers, perhaps due to 
the high interfacial bonding strength between the PVA fiber and matrices leading 
to a dominance of fiber rupture instead of debonding. On the other hand, as noted 
by Felekoglu et al. [74], curing conditions might affect the tensile properties and 
performance of the PP fiber-reinforced composites. Therefore, further investigation 
into the effects of curing conditions on fiber-reinforced LSG and LSG-FA matrices 
is recommended. 

4.3.2 Selection of developed composites 

The PP and PPMF/PPSF fiber-reinforced LSG composites are the top three balanced 
materials (i.e., PPMF-LSG, PPSF-LSG, and PPMF/PPSF-LSG). Fig. 26 shows the 
individual and overall desirable functions of all the mixtures according to the multi-
criteria ranking method of both the LSG and LSG-FA matrices. Of the 12 
compositions, the PPMF-LSG maximized mechanical performance and minimized 
costs and embodied energy within the input data of this study (in Paper III). In 
contrast, the mono PVA-fiber-reinforced composites had an overall score of zero 
due to their high costs and embodied energies, although the materials had good 
mechanical performances. The unreinforced materials were the best in terms of cost 
and embodied energy partly because they did not use fibers. However, their 
mechanical performances were much worse than the reinforced mixtures. 
Importantly, due to the adopted formulation (Eq. 11), the overall score was very 
sensitive; changes in a single value would have a considerable impact on the results. 
For instance, PPMF-LSG-FA mechanically performed much better than the 
unreinforced LSG-FA, but it had the poorest compressive strength, leading to a zero 
overall score. 
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Fig. 26. (a) Individual and (b) overall desirable functions of the mixtures based on the 
multi-criteria ranking method (under CC BY-NC-ND from Paper III © 2018 Authors). 

Depending on the use and expected performance of the material, some less 
important parameters can be removed from consideration or more important 
parameters can increase its weight in the ranking. If the mechanical performance is 
the most important parameter, other factors (e.g., costs and embodied energy) can 
be neglected; the ranking would thus recommend the PVA-LSG as the best 
composition. If the tensile performance, such as PSH behavior and load-carrying 
capacity, enjoys higher priority than the other parameters, the strain capacity should 
be weighted by a factor higher than 1. Consequently, the PPMF/PPSF-LSG-FA or 
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PPSF-LSG-FA would be more favorable because of their weaker matrices, which 
caused more cracks and more pronounced PSH behavior, as discussed in Section 
4.3.1. 

The best reinforced composition, which was ranked in Section 4.3.2, was 
chosen to investigate its durability (Section 4.4 and Paper IV) and numerical 
modeling (Section 4.5 and Paper II). In these sections and apers, the mixture name 
was shortened from “PPMF-LSG” to “PP-LSG” for better readability.) 

4.4 Durability under a combined physical-chemical attack 

This section details the mechanical properties and phase characterization of the PP-
LSG under freeze-thaw cycles in water (W) and combined Na2SO4-NaCl solution 
(SL). The comparisons are based on three main aspects: the differences among 
materials in W and SL, the effect of PP fiber reinforcement, and the mechanical 
responses at different aging periods. 

4.4.1 Mechanical properties 

Weight variation 

Water/moisture absorption is a root cause of the deterioration of mechanical 
properties due to volume expansion under freeze-thaw cycling. The moisture 
uptake is a possible factor of physical damage due to the volume expansion of 
freezing water in pores that causes cracks in matrices and debonding at interfaces 
between fibers and matrices [139], [140]. Therefore, the weight variation of the 
samples under aging schemes can be used to preliminarily evaluate the effects of 
the aging process. After each aging period (Section 3.2.4), specimens were dried 
naturally in laboratory conditions for roughly 5 days, and any superficial 
condensation and residual dust were carefully removed. The weight variation was 
calculated as in Ref. [140] using equation 
 

 ∆ = 100 × , (16) 

 
where m0 and mt are the masses of the specimen at the initial state and at time t, 
respectively. 
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PP-LSG varied its mass slightly during the aging period, while LSG showed 
significant mass loss from water uptake. Fig. 27a shows the average weight change 
of three samples at the initial state and after 1 and 2 months of aging. The reinforced 
composite kept its mass stable, showing only slight change (i.e., approximately 2% 
mass loss) after 180 freeze-thaw cycles in both W and SL. The LSG in W, however, 
lost around 15% of its mass after 180 cycles, although no significant change was 
observed after 90 cycles (i.e., roughly 1.5%). Notably, the scatter bar of the LSG in 
W after 2 months of aging was large because the material had noticeable 
degradation. The LSG in SL, in contrast, decomposed completely after 90 cycles 
in the climatic chamber under combined sulfate and chloride attacks. These results 
highlight the role of PP fibers as reinforcement to reduce the damage from volume 
expansion caused by the freeze-thaw process and chemical attacks in SL. 

Visual inspection confirmed the positive effects of the PP fiber reinforcement 
on the composite in both W and SL environments (Fig. 28). No macro cracks were 
observed in the PP-LSG samples in both environments after aging. However, some 
micro cracks were observed on the PP-LSG in SL after 2 months (Fig. 28 B). The 
samples had good appearances (i.e., no significant damage observable by the naked 
eye) even after aging in a harsh environment like SL. The ability of fibers to delay 
crack propagation is the main factor contributing to this phenomenon, as reported 
in Ref. [102]. In contrast, the plain LSG showed poor freeze-thaw resistance and 
sulfate-chloride resistance in W and SL, respectively. Macro cracks appeared on 
unreinforced LSG aged in W after 90 cycles; until 180 cycles, the material was 
significantly damaged by the volume expansion caused by water absorbed in pores. 
Regarding the LSG in SL, the matrix reacted with the environment and formed a 
layered structure (Fig. 28 A). Section 4.4.2 will provide more details and 
information about the reaction and phase composition. 
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Fig. 27. Properties of LSG (left) vs. PP-LSG (right: (a) weight variation, (b) flexural 
strength, (c) flexural modulus of elasticity, and (d) compressive strength in W and SL 
after different aging periods (under CC BY-NC-ND from Paper IV © 2019 Authors). 
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Fig. 28. Sample appearance of LSG and PP-LSG after 0, 90, and 180 cycles aging in W 
or SL; zoomed-in surface of (A) LSG and (B) PP-LSG aged in SL after 180 cycles 
captured by optical microscope (under CC BY-NC-ND from Paper IV © 2019 Authors). 

Flexural strength and modulus of elasticity 

The flexural strength of PP-LSG in W remained stable, but under the combined 
sulfate-chloride attack, the strength of the composite gradually decreased. Fig. 27b 
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shows the flexural strength of the reinforced composite in W and SL after different 
aging cycles compared to the plain LSG. After 180 freeze-thaw cycles in W, the 
composite retained approximately 10.5 MPa of flexural strength, and no strength 
reduction was recorded compared to the samples before aging. The unreinforced 
LSG, however, reduced its flexural strength by roughly 35% after 90 cycles in W. 
As reported in Ref. [141], [142], freeze-thaw cycles may cause physical damage 
via volume expansion, leading to cracks in material structures. Sulfate and chloride 
ions also induce chemical volume changes through reactions between the ions and 
cementitious materials [141]. Therefore, micro fibers were employed as a solution 
to resist the frost and chemical attacks by reducing crack propagation [142], [143]. 
In this study, PP fiber played a critical role in controlling crack development and 
hence preventing the degradation of the mechanical properties under freeze-thaw 
and chemical attacks. Notably, the PP-LSG in SL still retained high flexural 
strength (i.e., approximately 6.5 MPa after 2 months of aging), much better than 
the plain LSG (i.e., destroyed after 90 freeze-thaw cycles) under such aggressive 
conditions. 

PP fiber was also a key factor in reducing damage to the flexural modulus of 
elasticity of the composite under the aging scheme, but it seemed to have no effect 
on the modulus at its initial state, as expected (Fig. 27c). PP fibers helped avoid a 
drastic decrease in the flexural modulus of elasticity via fiber-bridging action that 
transferred the internal stress caused by both the physical and chemical effects from 
the matrix to fibers. In W, the modulus of the developed composite was slightly 
reduced by approximately 4% and 8% after 1 and 2 months of aging, respectively. 
In the PP-LSG in SL, the environment caused a reduction of 53% after the 2-month 
period. The effect of SL, combining chemical and physical attacks, was 
distinguishable from the physical attack in W. After 180 freeze-thaw cycles, the 
modulus of PP-LSG in W was around 48% higher than that of the developed 
composite in SL. However, the flexural modulus of elasticity of the PP-LSG was 
much better than that of the unreinforced LSG. The composite in W and SL 
obtained flexural moduli of about 4.9 and 2.5 GPa, respectively, after 2 months of 
aging. In contrast, the LSG in these environments was completely spoiled within 
the same aging period. This result is comparable with other high-performance fiber-
reinforced cementitious composites reported in Ref. [23], [144], [145] with a 
roughly 35% reduction of the relative elastic modulus after 300 cycles. However, 
those studies were tested with ASTM C 666 [146], which proposes a different 
cycling scheme than the one used in this investigation. Therefore, further 
investigations are recommended to obtain a consistent comparison with other data 
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in the literature. Regarding the flexural modulus of elasticity at the initial state, 
fibrous reinforcement had no clear improvement with roughly 6.2 GPa for both PP-
LSG and LSG. 

 

Fig. 29. Flexural tests: average stress vs. COD curves of materials at (a) initial states 
and after (b) 90 and (c) 180 freeze-thaw cycles in W or SL (under CC BY-NC-ND from 
Paper IV © 2019 Authors). 

The fiber-reinforced composite exhibited deflection-hardening behavior under 
bending load regardless of the aging period and conditions. Fig. 29 shows the 
average stress vs. COD curves of the materials. These curves were divided into 
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three blocks: before freeze-thaw aging (Fig. 29a) and after 90 and 180 cycles (Fig. 
29b and c, respectively). The LSG showed a small COD, which is typical of brittle 
failure (Fig. 29a and b); under the physical attack in W, the flexural strength of the 
plain LSG was reduced by roughly 45% after 90 cycles. In contrast, the PP-LSG in 
W attained deflection-hardening behavior with COD at a maximum load of about 
1 mm in all cases. The post-peak branch of the reinforced composite after 180 
cycles in W (see Fig. 29c) also seemed prolonged with better load-carrying capacity, 
while the peak loads of the material were almost the same among the different aging 
periods. The reason was likely the better load transfer from fibers to matrix that led 
to the formation of more cracks in other flawed positions in the matrix [132]. Due 
to the attacks during the aging process, some micro damage had already occurred 
in the matrix. Similar behavior was also observed on PP-LSG aged in SL after 180 
freeze-thaw cycles, in which the residual load at 2 mm COD was roughly 90% of 
the peak load. Ref. [144] reported a significant drop in load level in the post-peak 
branch of PVA-ECC from OPC under 4-point bending tests after 300 rapid freeze-
thaw cycles (according to ASTM C 666 [146]). It seems that PP FRCC cured in W 
offered a better load-transferring capacity than ones reinforced with PVA fibers 
cured in the same conditions, as discovered in Ref. [74]. 

Compressive strength 

The developed composite retained good compressive strength in W, while its 
strength slightly reduced in samples cured in SL. Fig. 27d shows the compressive 
strengths of plain and reinforced materials in different aging periods and 
environments. The composite kept the compressive strength stable at roughly 60 
MPa after 2 months in W. In contrast, the compressive strength of PP-LSG fell by 
around 11% after 180 freeze-thaw cycles in SL. Note that the compressive strength 
of the reinforced material after the aging period met the requirements of many 
design codes (e.g., Euro code 2 [147]). Liu et al. [102] aged OPC-based ECC 
samples in Na2SO4 + NaCl solution at room temperature and observed higher 
compressive strength after 120 days of aging due to the pozzolanic reactions 
between cementitious materials and the environment. In Paper IV, the freeze-thaw 
cycles might accelerate the chemical attack, so the initial reaction between residual 
cementitious materials in the LSG and the surrounding environment was not 
observed. PP fibers also delayed the crack propagation starting on the surface of 
the sample, which kept the diffusion rate of sulfate and chloride ions at a low level 
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[102], [141]. Therefore, the compressive strength of the PP-LSG in SL only fell 
gradually. 

In contrast, the unreinforced LSG under attack from the physical and chemical 
factors degraded after 180 cycles. The compressive strength of the LSG in W 
decreased by roughly 18% after 90 cycles and completely decomposed after 2 
months of aging. Under the harsh marine conditions of SL, the plain LSG degraded 
after 1 month of aging with major changes in its structure due to chemical reaction, 
as observed in Fig. 28. These results highlighted the important role of PP fibers in 
improving the durability of ettringite-based binders under such aggressive 
conditions. 

4.4.2 Phase characterization 

The XRD results highlight the differences between the attacks and mechanism of 
degradation in both aging environments (Fig. 30). Negligible differences were 
found in the XRD patterns of the LSG and PP-LSG samples after 2 months of aging 
in W compared to the non-aged reference LSG (Fig. 30a). Ettringite is the main 
crystalline hydrate product, as reported in Papers I–II and Section 4.1. There were 
also small amounts of unreacted calcio-olivine (γ-C2S) and mayenite (C12A7) 
remaining from the hydration in the LSG. Therefore, the physical attack (i.e., 
volume expansion due to water uptake) was likely the main factor that influenced 
the LSG after 180 freeze-thaw cycles in W. In contrast, the chemical attack was the 
main factor spoiling the materials in SL. Sulfate could produce secondary ettringite 
by reacting with Al-containing phases (e.g., Q-phase and C12A7) and the C–S–H 
and AFm phase in the cementitious matrix [141], [148]; the formation of this 
ettringite caused volume expansion. After 180 cycles in SL, C12A7 was undetectable 
by XRD in the LSG (Fig. 30b), most likely due to its reaction with sulfate in SL. 
However, these crystals were seen in PP-LSG cured in the same aging scheme and 
environment (see dash lines in Fig. 30b for comparison) because of good crack 
control from PP fibers delaying the diffusion of sulfate ions into the matrix, which 
would otherwise happen via cracks on the sample’s surface. 
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Fig. 30. XRD characterization of LSG and PP-LSG in (a) W, (b) SL (without TiO2 as an 
internal standard), and (c) the phase quantification (using TiO2 as an internal standard) 
of LSG and PP-LSG after 180 freeze-thaw cycles in both environments compared to the 
initial state of the material (under CC BY-NC-ND from Paper IV © 2019 Authors). 

The XRD reflex intensities showed noticeable differences in the LSG aged in both 
environments after 180 cycles (Fig. 30). The quantitative XRD results (Fig. 30c left) 
are consistent with the following interpretation. When aged in SL, the fraction of 
ettringite increased by approximately 50%; the secondary ettringite was likely 
formed by sufficient SO4

2- ions in the environment. Simultaneously, there was a 
decrease in the fraction of amorphous phase (i.e., C–S–H, poorly ordered 
monosulfate, and aluminum hydroxide) by around 13% and no C12A7 detected in 
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the LSG after 180 cycles in SL. In contrast, the phase composition of the LSG at 
the initial state and after aging in W was identical, consistent with negligible 
chemical reactions in the material aged in this environment. Furthermore, γ-C2S 
seemed to have low reactivity in both the W and SL environments. As reported in 
previous work [45], LS contained approximately 22% γ-C2S—the phase might 
form C–S–H [149] as a part of an amorphous phase in the binder—and the γ-C2S 
remained about 6% after 28 days of hydration and aging periods in W and SL. The 
long-term reactivity of γ-C2S and its behavior under chemical loads is suggested as 
a future investigation. 

Carbonation was not considered in this study but can be an important factor in 
binder durability. Ettringite-based binder has a higher rate of carbonation than OPC 
[150], [151]. However, based on the work of Gastaldi et al. [152], one can expect 
that with the presence of the AFm phase in the CSA cement-based binder, this phase 
can act as an ion-exchanger between carbonate and sulfate ions to protect ettringite 
and buffer the pH of the binder. This is also in agreement with the thermodynamic 
modeling of carbonated CSA cement paste reported by Hargis et al. [150]. Hence, 
further investigation will focus on the carbonation rate of the LSG considering the 
role of mixed-phase composition and the presence of hydrates, such as monosulfate 
and ettringite. 

The phase composition of PP-LSG (Fig. 30c right) showed negligible changes 
in the fiber-reinforced LSG in W and SL compared to its initial state. Ettringite was 
approximately 20 wt%, while the remaining γ-C2S and C12A7 was 4–6 wt% and 
1.5–2.5 wt% in the composite before and after aging, respectively. In SL, PP fibers 
reduced the diffusion rate of the ions SO4

2- and Cl- into the matrix via crack control 
and prevented the chemical reactions of C12A7 and monosulfate with the ions to 
form secondary ettringite. On the other hand, since PP-LSG in W was mainly under 
physical attack, its phase composition remained unchanged and was identical to the 
unreinforced material (Fig. 30c). Since there were no significant changes in the 
phase composition of the composite, the PP-LSG in both SL and W retained high 
residual mechanical performance, as shown in Section 4.4.1. 

The role of chloride in SL and the effects of freeze-thaw aging in chemical 
attack need further investigation. As reported in Ref. [102], [153], [154], chloride 
could slow down sulfate attacks because the sulfate diffusion rate is lower in SL 
than only Na2SO4 solution, and the diffusion rate of chloride is much higher than 
that of sulfate. Therefore, Friedel’s salt (i.e., C3A·CaCl2·10H2O) might be formed 
from the reaction between Al-containing phases and chloride [153]. However, the 
salt was not clearly detected by XRD in this study (see Fig. 30b); this may be due 



83 

to the freeze-thaw cycles accelerating chemical diffusion and processes via the 
physical attack to form secondary ettringite as the final product. Another possibility 
is the effects of PP fibers decreasing chloride diffusivity, as reported in Ref. [155]. 
Thus, further study on the effects of aging schemes (natural vs. artificial) and 
environments on ettringite-based binders is recommended. 

 

Fig. 31. SEM images of plain (left) and reinforced LSG (right) after (a) 0 cycles, (b) 180 
cycles in W, and (c) 180 cycles in SL; images taken at the fracture surface of samples 
after bending tests except for LSG in (b) and (c), where the samples were destroyed 
after aging (under CC BY-NC-ND from Paper IV © 2019 Authors). 

SEM observation confirms the formation of secondary ettringite and the role of PP 
fibers in slowing down the chemical attack in SL. The SEM images in Fig. 31 show 
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the fracture surfaces of samples after 2 months of aging in W and SL compared to 
its initial state. Both unreinforced and reinforced LSG at the initial state and after 
2 months of aging in W (Fig. 31a and b, respectively) showed a stable ettringite 
phase and powerful bonding between the fibers and the matrix. In contrast, the LSG 
in SL reacted with the environment and formed secondary ettringite (Fig. 31c left) 
as thin needle crystals. The matrix of PP-LSG, however, remained unreacted and 
structurally sound under the combined physical and chemical attacks (Fig. 31c, 
right). Several micro cracks were observed via the debonded path of PP fibers in 
the matrix, which was attributed to the physical and chemical attacks forcing micro 
cracks in the material structure. Moreover, PP fibers had excellent chemical 
resistance [156] due to their semi-crystalline, non-polar-group structure [157]; 
therefore, there was no clear degradation in the mechanical properties of PP fibers 
in the aggressive environment, as observed in the SEM images. 

Finally, in Paper IV, Fig. 32 presents the damage mechanisms of W and SL 
with freeze-thaw cycles on the LSG and its composite. The physical attack was the 
main degrading factor in W. Freeze-thaw cycles facilitated physical damage via the 
volume change of absorbed water in structural pores (Fig. 32a). This process 
imparted internal stress σi, which led to crack formation in the LSG. In contrast, the 
destructive mechanism in SL was a combination of physical and chemical attacks. 
First, Cl- and SO4

2- diffused into structural pores along with water. Like materials 
aged in W, the freeze-thaw process caused volume expansion from water uptake. 
Sulfate ions, of course, might have had some initial reactions with the matrix to 
form secondary ettringite, which would have led to volume expansion from these 
chemical reactions (Fig. 32a). Therefore, this process produced internal stress σm 
via the volume change from both chemical and physical attacks. However, the role 
of chloride was unclear, as discussed. In both W and SL, PP fibers offered bridging 
action, which delayed crack development by crack deviation and bridging (Fig. 
32b). Thus, the fibers significantly slowed down the combined destructive physical 
and chemical factors via volume expansion. 
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Fig. 32. Schematic outline of the destructive mechanism of the LSG in (a) SL (left) and 
W (right) and (b) the role of PP fibers in the developed composite in controlling cracks 
due to physical and chemical attacks (under CC BY-NC-ND from Paper IV © 2019 
Authors). 
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4.5 Numerical modeling 

To predict the mechanical performance of the fiber-reinforced LSG, a numerical 
simulation by FEM is a good tool, the modeling of which provides a preliminary 
understanding of the accuracy of CDP model used for the developed composite in 
this study. 

The experimental and numerical results of fracture mode I for the notched 
beam are compared in this section for 1) load vs. mid-span deflection and 2) load 
vs. CMOD. The estimation and measurement of the distribution of the maximum 
principal strain by FEM and DIC, respectively, are also compared and detailed to 
show the damage evolution. The evolutions of the mid-span deflection and CMOD 
were compared to the average experimental results in Fig. 33 and Fig. 34, 
respectively. Accurate prediction is considered the load vs. mid-span deflection for 
the initial elastic deformation, peak load, and post-peak branch. The error of the 
area under the load vs. mid-span deflection curves between the experimental and 
numerical results was calculated using equation 
 

 𝐸𝑟𝑟𝑜𝑟 = × 100, (17) 

 
where Aexp and Anum are the areas underneath the experimental and numerical load 
vs. mid-span deflection curves, respectively. The performed calculation gave an 
error of approximately 2%. 

The numerical model can predict the PSH behavior observed on the PP fiber-
reinforced LSG composite via experiments (see Section 4.3.1). The stress 
performance index (𝜎 /𝜎  ) was estimated as roughly 1.51 (Table 10), which is 
similar to the experimental value (i.e., 1.5). 
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Fig. 33. Comparison of the experimental and numerical results of fracture toughness 
test: load vs. mid-span deflection (under CC BY-NC-ND from Paper II © 2018 Authors). 

The numerical prediction of the CMOD agreed well with the measurement by DIC 
(Fig. 34a). The comparison of the numerical and experimental load vs. CMOD 
shows the accuracy of the FEM model both for the initial deflection-hardening and 
the softening branches, while there was a slight underestimation for the peak load. 
Moreover, the maps of maximum principal strain by DIC and FEM were captured 
at the load level of crack initiation (Fig. 34b, point A) and the peak load (Fig. 34b, 
point B). The numerically recorded strain distribution precisely detected the crack 
onset with the correct strain gradient location (Fig. 34b A, bottom), as observed by 
experiments with DIC (Fig. 34b A, top). As the load level increased, the DIC map 
showed the crack propagation at the peak load going through almost two-thirds of 
the ligament height, which is also visible in the prediction of the FEM strain 
distribution, in which the highest strain gradient covered the same zone as the crack 
development. The strain concentrations indicate locations with higher probabilities 
of damage occurrence. Predicting the local effect of fiber reinforcement (e.g., 
bridging) requires dedicated material models (e.g., [132]). 
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Fig. 34. Comparison of the experimental and numerical results of fracture toughness 
test: (a) load vs. CMOD and (b) contour of maximum principal strain (εI) by DIC (top) and 
FEM (bottom) at crack initiation load (A: left) and peak load (B: right) (under CC BY-NC-
ND from Paper II © 2018 Authors). 
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5 Conclusions 
Studies in this thesis focused on better utilizing ladle slag (LS) as a precursor in 
cementitious materials and developing high-performance fiber-reinforced 
cementitious composites from LS. In Finland, the only source of LS is SSAB 
Europe Oy in Raahe, and the availability of the slag is around 20–25 thousand tons 
per annum, in comparison to a capacity of 1.5 million tons cement per annum from 
Finnsementti (i.e., the only cement producer in Finland). LS has shown potential to 
partially replace high-aluminum cement in some non-load-bearing applications and 
repairing work. 

LS can be used to produce an ettringite-based binder via hydration with 
gypsum (LSG). Ettringite is the main crystalline hydration phase of the binder 
(Paper I–II). To control the workability of LSG, citric acid can be used as a set 
retarder (Paper I). The acid works effectively at relatively high dosages (i.e., 1–2 
wt% solution), but has no clear effects at lower dosages (i.e., 0.1–0.5 wt% solution). 
Thus, the setting time and workability of the ettringite-based binder can be 
controlled using various concentrations of citric acid. The applications of this 
binder can thus be broadened to various fields of construction. 

The presence of citric acid in LSG alters its hydration. The acid delays the 
formation of ettringite, as observed via the heat evolution of hydration and in situ 
XRD analyses. With a 2 wt% citric acid solution, the heat evolution continued for 
180 hours compared to the roughly 30 hours of the plain LSG. The in situ XRD 
revealed the rapid formation of ettringite in the LSG (almost immediately after 
being exposed to water) without citric acid. In contrast, the formation of this phase 
was delayed by up to 2 hours with a 2 wt% citric acid solution. 

Both the XRD and solid-state 27Al MAS NMR suggested the formation of 
monosulfate as a main hydration product in LSG. Monosulfate formed early due to 
several conditions: the insufficiency of sulfate, calcium ions, the depletion of the 
water content, and the conversion from ettringite. In addition, 27Al MAS NMR is 
better at quantifying monosulfate than XRD because the phase has a semi-ordered 
crystalline structure. At the final age, there was a proportional relationship between 
the citric acid content and the conversion rate from ettringite to monosulfate. This 
may be attributed to the delay in the calcium dissolution in the reactant due to the 
retardant effect of the citric acid, promoting both monosulfate formation and 
ettringite conversion. 

All the mixtures showed high compressive strengths at the young and final ages. 
After 28 days of hydration, the LSG with a 2 wt% citric acid solution reached its 
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highest compressive strength (roughly 72 MPa), while the reference LSG mortar 
obtained approximately 50 MPa. Future studies should address the role of the AFm 
phase with monosulfate contributing to the compressive strength of LSG mortar, 
since the strongest mortar contained the highest amount of monosulfate. The C–S–
H gel produced from the hydration of γ-C2S needs to be understood better as well, 
especially after a long hydration time. 

Paper III developed several fiber-reinforced composites using LSG as a binder, 
while the PP and PVA fibers and their hybrid fibers were employed as 
reinforcement. The fibers significantly enhanced the mechanical properties and 
performance of the composites under different loading conditions (flexural, 
compressive, and uniaxial tensile loading). Strain-hardening behavior was 
observed on the developed composites with multiple cracks and prolonged post-
peak branches. 

The hybrid-fiber-reinforced composites had mechanical properties comparable 
to the mono-fiber-reinforced mixtures. The FBC-FA was also added to better utilize 
different by-products and weaken the LSG matrix to achieve better PSH behavior. 
As a counterpart, the compressive strength of the LSG-FA matrix fell by up to 60% 
compared to the plain LSG. The multiple-criteria ranking method suggested that, 
of the 12 mixtures, the one that balanced mechanical performance, cost, and 
environmental impact best was the PPMF fiber-reinforced LSG (PP-LSG) with 2% 
v/v fiber. 

The best mixture considering mechanical performance, CO2 emission, and 
embodied energy (chosen from Paper III) was investigated for its durability under 
aggressive conditions: a combined sodium sulfate–chloride solution and a freeze-
thaw cycling process (Paper IV). These conditions represented the marine 
environments of cold regions (e.g., northern Europe). The PP fibers played an 
important role in improving the durability of the ettringite-based binder under these 
aggressive marine conditions. The crack-bridging action of the fibers delayed crack 
development by volume expansion from physical attack (i.e., the freeze-thaw 
process) and chemical attack (i.e., the artificial coastal environment with Na2SO4 
and NaCl). In contrast, the unreinforced LSG exhibited poor durability under such 
aggressive conditions and completely spoiled under the aging schemes in W and 
SL. 

The PP-LSG composite showed excellent resistance to the physical attack from 
freeze-thaw cycles. In W, its mechanical performance remained stable with no clear 
changes in micro structure and phase composition observed via SEM and XRD 
compared to its initial state. In SL, the mechanical properties slightly decreased 
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after 2 months of aging under combined physical and chemical attacks. The 
developed composite kept the rates of diffusion of sulfate and chloride low and 
eventually delayed the chemical reaction between those ions with the matrix. The 
plain LSG, in contrast, decomposed after 90 freeze-thaw cycles in SL due to the 
volume expansion from water uptake and the formation of secondary ettringite. 

Finally, the use of the fiber-reinforced composite from this new binder in real 
applications requires a suitable constitutive model in a predictive design tool. In 
Paper II, the CDP model, implemented in a finite element code, was employed and 
demonstrated high accuracy for the PP-LSG. The prediction for mode I fracture 
behavior agreed well with the experimental results. 
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6 Outlook and future work 
This thesis offered a solution to utilize LS in an ettringite-based binder. The slag 
thus has potential as a cementitious raw material. From the perspectives of steel 
manufacturers, LS may vary its mineralogy depending on steel composition. 
Retarders, such as citric acid, are likely the best options to control the workability 
of the binder, as the dosage of citric acid is adjustable to obtain desired setting times. 
However, to achieve higher-quality LS, its mineralogy needs better control and 
sorting according to steel composition. 

Thermodynamic modeling is a future step to better understand hydration 
kinetics and mechanisms, the role of retarders, and the phase assemblage of LSG. 
Ideally, the model can be used to predict the phase assemblage of hydrated cement 
and the durability of cement via its interactions with prevailing service 
environments. Therefore, thermodynamic modeling should yield insights into 
several research gaps, such as the following: 

– The role and effects of citric acid and other contaminants in waste gypsum on 
LSG hydration 

– The conversion between AFt and AFm in service life considering the influence 
of relative humidity and temperature 

As for the composite, several research questions are of interest and suggested 
as future investigations, such as 

– How can the long-term mechanical performance of the developed composite 
be predicted with predicting models or its correlation with phase evolution? 

– What is the autogenous self-healing ability of the composite given multiple 
fine cracks and the high rate of carbonation of ettringite in the binder? 
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