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ABSTRACT

Portland cement concrete usually manifests autogenous or drying shrinkage resulting in serious
cracks and severe deterioration of concrete structures. To enhance the volumetric stability of
concrete, one of the main measurements is to apply expansive concrete. There are two kinds of
expansive concrete involving shrinkage compensating concrete (with low expansion energy)
and chemical-prestressing concrete (with high expansion energy). The chemical-prestressing
concrete not only compensates shrinkage but also introduces prestress inside concrete with
restraining objects such as reinforced bar or the formwork.

The evaluation of expansion performance of expansive concrete is required for its quality
control and applications. The conventional evaluation method stipulated in ASTM C806,
ASTM C878/C878M or JIS A 6202 was used as a common estimation method for expansion.
This technique was considered to be complicated and costly to implement. Then, a new
evaluation method using a cylindrical mold has been proposed as the substitute for the
conventional method, called as a simplified method. After proposing the new performance
valuation technique of expansive concrete, it is worthwhile to verify its applicability on the
reality. There have been few studies on the validation of the simplified method at normal
condition. They indicated that the simplified method and conventional method well correlated
at 20 °C condition. Besides, the steam curing was considered suitable for enhancing
performances of concretes, particularly on mixes incorporating mineral admixtures, and it is
widely applied to precast concrete. Further, there have not been any investigations on the
expansion evaluation of expansive concrete in steam curing so far. In order to widen the
application of the simplified method to evaluating the performance of expansive concrete in
material design and construction, the verification of the applicability of the simplified method

with steam curing is necessary.



Blast furnace slag (referred to as slag in this paper) is a byproduct of the iron and steel
manufacturing process that has been increasingly used as a cementitious ingredient in cement
and concrete composites. Generally, the inclusion of slag is regarded to be beneficial to the
performance of mortar and concrete. However, many studies have observed larger autogenous
shrinkage and more early-age cracking in slag concretes than in concretes without slag. While,
expansive concrete is used as a countermeasure for shrinkage and cracking, the incorporation
of slag in expansive concrete and the effects of such integration offer a promising target for
investigation. Although the impacts of slag on the properties of normal concrete have been
clarified in literature, the study on performance of expansive concrete incorporating slag is

scarce, particularly in the term of durability.

The objectives of this study were therefore, firstly, to validate the applicability of the simplified
method for expansion evaluation under steam curing; and secondly, to investigate the influence
of slag type and curing condition on the engineering properties of expansive concrete with the
validated simplified method.

This thesis includes five chapters, and detailed organization of the thesis is described as follows:
Chapter 1 shows the background, purposes, and methodology of this study.
Chapter 2 provides a brief literature review relating to the research contents.

Chapter 3 presents an experimental program to investigate the applicability of the simplified
method under steam curing. Specimens were cured with steam or at 20 °C from their first
casting up to 1 day. They were then sealed or water-cured at 20 °C for 7 days to investigate the
effect of later curing. Two estimation methods for measuring the expansive strains under
constraint were compared based on the expansive energies. The range of applicability of the
simplified method was analyzed. A new concept for the simplified method of estimating the
expansion by using the axial strain was then proposed. The experimental results showed that



two measurement methods exhibited a high correlation, which validates the use of the

simplified method under steam curing.

Chapter 4 describes an investigation on the impact of slag type and curing method on the
engineering properties of expansive concrete such as the strength, volumetric change and
transport characteristics. The two different slag compositions evaluated were combined with
ordinary Portland cement at 50% replacement by mass. Cylindrical specimens were cast and
initially cured by one-day steam or seven-day sealed 20 °C curing to investigate the effects of
slag type and initial curing on the expansive concrete properties. The specimens were then
exposed to the ambient environment with 60% relative humidity at 20 °C until 91 days as the
second stage of curing. The results indicate that pure slag impaired concrete performance,
whereas outstanding improvement in performance was observed when using slag with gypsum.
The results of this investigation can be used to provide improved concrete mix and curing

design when using blast furnace slag in expansive concrete.

Chapter 5 states the conclusions of this research and recommendations for future works as well.
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Chapter 1. Introduction

1.1. General background

Concrete has inherent properties such as autogenous or drying shrinkages and low tensile
strength [1, 2]. Therefore, concrete structures may contract injurious cracks deleteriously
affecting the serviceability and durability of the structures, it is important to control the cracks
[3, 4]. Given this background, expansive concrete has been developed and used as a
countermeasure for cracking [5 - 7]. There are two kinds of expansive concrete involving
shrinkage compensating concrete (with low expansion energy) and chemical-prestressing
concrete (with high expansion energy). The chemical-prestressing concrete not only
compensates shrinkage but also introduces prestress inside concrete with restraining objects
such as reinforced bar or the formwork. At present, the most commonly used expansive agent

is a sulphoaluminate expansive agent [8 — 10]. It’s main compositions are Ye’elimite (4CaO -

341,05 - SO3), abbreviated as C,A45S, anhydrite (CaS0,) and lime ( Ca0), which forms
ettringite during hydration, as Eq. (1.1). The gypsum and calcium hydroxide in Eq. (1.1) come
from the hydration of anhydrite and lime in the expansive agent. The minerals of C3A and C,AF

in Portland cement can react with gypsum and calcium hydroxide to form ettringite also, as

Egs. (1.2) and (1.3) [9].

C,A3S + 8CSH, + 6CH + 74H — 3(C3A - 3CS - 32H) (1.1)
C3A +3CSH, + 26H — C3A - 3CS - 32H (1.2)
C,AF + 6CSH, + 2CH + 50H — 2(C3(Aos, Fo5) - 3CS - 32H) (1.3)

The expansion performance of expansive concrete needs to be evaluated for quality control and



application. Conventional evaluation methods for expansive concrete are based on uniaxial
constraints, e.g., ASTM C806 [11] for cement mortar, ASTM C878/C878M [12] for shrinkage-
compensating concrete, and JIS A 6202 [13] for expansive concrete. However, these techniques
are considered complicated and costly to implement [14, 15]. On the other hand, new simplified
methods of evaluating expansive concrete by using a cylindrical mold have been proposed as
a substitute for the conventional methods [15 - 17].

The proposed evaluation technique for expansive concrete should be verified for its
applicability in reality. Some studies have validated the simplified method under normal
conditions [16, 18]. They indicated that the simplified and conventional methods show a strong
correlation at 20 °C. Besides, the steam curing was considered suitable for enhancing
performances of concretes, particularly on mixes incorporating mineral admixtures, and it is
widely applied to precast concrete [19, 20]. Further, there have not been any investigations on
the expansion evaluation of expansive concrete in steam curing so far. In order to widen the
application of the simplified method to evaluating the performance of expansive concrete in
material design and construction, the verification of the applicability of the simplified method

with steam curing is essential.

From the viewpoints of the sustainable development, the use of slag, a byproduct from the iron
and steel manufacturing process, as a cementitious ingredient in either cement or concrete
composites has been increasing [21 - 23]. Generally, the inclusion of slag is regarded to be
beneficial to the performance of mortar and concrete [24]. The main factors influencing the
reactivity of slag are its chemical composition, glass content, and particle size distribution. The
hydration of pure slag is often relatively slow, thus an additional activator (e.g., alkali [25],
lime [26], or sulfate source [27]) is typically required to achieve sufficient reactivity. In
particular, once slag combined with PC, the calcium hydroxide ( CH ) from the hydrating

cement serves as an activating component promoting the slag dissolution and the formation of

2



calcium silicate hydrate (C — S — H) [28]. In the case of the calcium sulfate source added in the

slag cement system, the dissolved aluminum, calcium and silicon ions from the slag react with

the calcium sulfate (CS) forming ettringite (C;AS;Hs, ) and € — S — H phases, as demonstrated

in this simplified Eq. (1.4) [29].

CsS;A +3CS + CH + 34H — C;AS3Hs, + 3CSH (1.4)

Furthermore, many studies [30 — 32] have observed larger autogenous shrinkage and more
early-age cracking in slag concretes than in concretes without slag. The addition of slag to a
concrete mix also leads to an increase in drying shrinkage and a decrease in cracking resistance
[33, 34].

Based on the aforementioned characteristics of slag and expansive concrete, the incorporation
of such materials offers a promising target for investigation. Although the impacts of slag on
the properties of conventional concrete have been clarified in literature [21 - 24, 30 - 34], the
study on performance of expansive concrete incorporating slag is scarce.

In the practical, evaluation of concrete quality up to the depth of concrete cover is substantial
for proper maintenance of reinforced concrete structures [35, 36]. One of the employed
methods to analyze the existing concrete performance is the compressive strength. However,
compressive strength alone cannot be an indicator for mass transfer resistance of concrete [37].
Besides, carbon dioxide, chloride ion and water ingress are the primary cause of detrimental
effects in concrete. Their penetration into concrete is governed by the pore structure. Thus, a
number of previous researches [35, 37 - 39] considered transport characteristics, namely air
permeability and capillary water absorption, to be substantial indicators for the magnitude of

durability of concrete.



1.2. Objectives of the research

Based on all above-mentioned issues, this research project investigates several properties of
expansive slag concrete subjected to different curing conditions.

The specific objectives of the present study are as follows:

- To validate the applicability of the simplified method to expansion evaluation of expansive
concrete.

- To investigate the impact of slag types on the strength, volumetric change and durability
properties of expansive concrete under different curing conditions with the validated simplified

method.

1.3. Methodology of the research

First, to verify the applicability of the simplified estimation method to expansive concrete, two
estimation methods for measuring the expansive strains under constraint were compared based
on the expansive energies. Specimens were cured with steam or at 20 °C from their first casting
up to 1 day. They were then sealed or water-cured at 20 °C for 7 days to investigate the effect
of later curing. The specimens for the simplified method were measured their expansive strains
in the circumferential and axial directions, whereas the strain of samples for the conventional
method were obtained in a uniaxial direction.

Then, to quantify the effects of the different incorporated slags on the engineering properties
of expansive concrete, the two different slag compositions evaluated were combined with
ordinary Portland cement at 50% replacement by mass. A sulfoaluminate-type expansive agent
was used in a constant amount of 50 kg/m® in all specimens. Cylindrical specimens were cast

and initially cured by one-day steam or seven-day sealed 20 °C curing to investigate the effects



of slag type and initial curing on the expansive concrete properties. The specimens were then
exposed to the ambient environment with 60% relative humidity at 20 °C until 91 days as the
second stage of curing. The compressive strength tests of the $100 x 200 mm cylindrical
specimens were performed to examine strength development. The simplified method for
measuring the restrained expansion of concrete validated in the foregoing experiment was
applied with a cylindrical tinplate mold (¢100 x 200 mm, 0.28-mm thick) to estimate the
volumetric change. The air permeability and water absorption tests were employed to assess

the durability of the concrete.

1.4. Thesis outline

This thesis 1s divided into of five chapters, and detailed organization of the thesis is described
as follows (see Fig. 1.1).

Chapter 1 presents the background, purposes, and methodology of this study.

Chapter 2 provides a review of the existing literature on the application of expansive concrete

and its estimation methods, the utilization of slag and its effects on concrete properties.

Chapter 3 validates the applicability of simplified method to expansion evaluation of

expansive concrete.

Chapter 4 investigates the effect of slag type and curing condition on the performance of
expansive concrete, such as compressive strength, expansion/shrinkage behaviors and transport
characteristics. The validated method in the previous chapter is used to evaluate the expansive

behaviors.

Chapter 5 states a brief summary of the research and conclusions drawn from this study and

suggestions for further research.
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Chapter 2. Literature reviews

2.1. Introduction

This chapter reviews previous works within the scope of this topic that have been carried out
by various researchers. Concrete experiences volume changes independent from external loads,
usually shrinkage. In fact, there are many types of shrinkage but the more relevant ones are
autogenous shrinkage and drying shrinkage. Considering certain structural uses, concrete
shrinkage may cause cracking that must be avoided so the development of expansive concretes
is a good alternative to increase the durability parameters of many construction applications,
both for new construction and refurbishment. The expansion performance of expansive
concrete needs to be evaluated for its quality control and application. Thus, estimation methods
for quality control of expansive concrete are reviewed in section 2.2. The traditional and new
methods for evaluation of expansion of concrete are listed. The common curing method applied

to precast-concrete production are also presented.

For the concrete engineering, blast furnace slag as a cementitious material has been applied
popularly because of beneficial properties such as reducing cement amount, improving
mechanical and durability characteristics. However, the larger autogenous shrinkage and more
early-age cracking commonly occur in slag concretes. The section 2.3 overviews all relevant
information about blast furnace slag — from production and processing to the effect that slag
additions have on the concrete performance such as strength, volumetric change and durability

characteristics. Based on results of literature, needs for the present study is discussed.
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2.2. Methods for quality control of expansive concrete

2.2.1. Expansive concrete

Expansive concrete is the general term for concrete consisting of an expansive agent mixed
together with cement, water, fine and coarse aggregates, and other admixtures. This concrete,
in contrast to conventional concretes based on Ordinary Portland Cement (OPC), expands
during the first hydration steps. Two basic classes for expansive concrete are shrinkage
compensating concrete and chemical-prestressing concrete. The main difference between them
is the magnitude of the eventual expansion, larger in the latter. When reinforced concretes using
expansive concretes are classified from the standpoint of function, they may be broadly divided
into shrinkage compensated concrete and chemically prestressed concrete. By restraining
expansion of expansive concrete with objects such as reinforcing bars, chemical prestress of
compressive stress will be induced in the concrete, while in the objects such as reinforcing bars,
chemical prestrain of initial tensile strain will be induced. Shrinkage compensated concrete is
reinforced concrete imparted with a small chemical prestress of a degree to offset or reduce
tensile stress occurring due to drying shrinkage or other causes. As for chemically prestressed
concrete, it is a reinforced concrete having chemical prestress imparted with a large chemical
prestress by addition of a large amount of expansive agent compared with shrinkage
compensated concrete so that chemical prestress will remain even when drying shrinkage has
been offset [1].

In most cases where expansive concretes are applied, such as pavements without expansion or
contraction joints, roofs made of monolithic concrete without roofing or taxiways without
joints, shrinkage compensating-concrete is used. However, there are certain cases where a
larger amount of expansion is required, thus the use of chemical-prestressing concretes is
mandatory [2- 5]. The mostly common method for reducing shrinkage and producing expansive

concrete is to form expansive ettringite [6], other expansive agents such as the free lime-based
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and MgO-type are also used [7 — 9]. Among different ettringite-triggered expansive agents, the
sulphoaluminate based is the most commonly used [10, 11]. Its main compositions are
Ye’elimite (4Ca0 - 341,05 - SO3), abbreviated as C,A45S, anhydrite (CaS0,) and lime (Ca0),
which forms ettringite during hydration, as Eq. (2.1). The gypsum and calcium hydroxide in
Eq. (2.1) come from the hydration of anhydrite and lime in the expansive agent. The minerals
of C3A and C,AF in Portland cement can react with gypsum and calcium hydroxide to form

ettringite also, as Egs. (2.2) and (2.3) [10].

C,A3S + 8CSH, + 6CH + 74H — 3(C3A - 3CS - 32H) (2.1)
C3A + 3CSH, + 26H — C3A - 3CS - 32H (2.2)
C,AF 4+ 6CSH, + 2CH 4 50H — 2(C3(Ays, Fos) - 3CS - 32H) (2.3)

Fresh concrete of expansive concrete shows about the same nature with ordinary concrete in
which expansive agents are absent [1]. It is known that the expansion rate, when restraint and
other conditions are constant, will have a roughly proportional relationship with the unit
expansive agent content [12, 13]. Consequently, if the required expansion rate is set for a
structure in which expansive concrete is to be used, it will be possible for an expansive agent
content corresponding to this expansion rate to be determined. Fig. 2.1 shows that the
expansive rate becomes larger with the increase of unit expansive agent content. Fig. 2.2 is an
example showing relations among unit expansive agent content, compressive strength and
expansion rate. It is shown that restraint expansion rate becomes larger with the increase of
expansive agent content. However, the strength of expansive concrete having expansive agent
content within 30 kg/m® and cured under non-restraint condition shows about the same value
with ordinary concrete. The strength decreases when expansive rate further increases to some

extent. Table 2.1 exhibits the types of expansive admixtures and standard quantities per unit
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volume of concrete for shrinkage-compensating and chemical prestressing concretes [ 14].
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Table 2.1 Types of expansive agents and standard quantities per unit volume of concrete [14]

Standard quantity of

Type of expansive ) expansive agent per unit
Type of expansive agent
concrete volume of concrete
(kg/m’)
For ordinary Conventional type 30
Shrinkage- concrete Low ratio of additives 20
compensating
concrete For mass Conventional type 30
concrete Low ratio of additives 20
Chemical For ordinary concrete 35+50
prestressing concrete  For concrete products 30 + 60

2.2.2. Estimation methods for expansion of expansive concrete

The expansion performance of expansive concrete needs to be evaluated in order to assure that
the shrinkage-compensated and chemical prestressed concretes have a desired expansion
characteristic. Some conventional evaluation methods for expansive concrete are based on
uniaxial constraints, e.g., ASTM C806 [15] for cement mortar, ASTM C878/C878M [16] for
shrinkage-compensating concrete, and JIS A 6202 [17] for expansive concrete. These tests
typically consist of a prismatic specimen with a restraining steel bar at the centroid of the
specimen and a length comparator used for measuring the change in length. Fig. 2.3 illustrates
the schematic measurement setup of the conventional method [18]. However, these techniques
are considered complicated and costly to implement [19, 20]. In particular, the test procedures
in ASTM require the specimen to be demolded no less than 6 h after casting. In a field
construction context, this means that the laboratory technician needs to work overtime or two
shifts. There is also a remarkable delay from the time casting to the first significant expansion

measurement being taken. Furthermore, demolding weak concrete bars and recording data

15



require proficient technicians so that the best accuracy can be achieved. Consequently, the
measurement equipment specified in these methods are not available at many ready-mixed
concrete plants, so the plants do not provide a suitable environment.

Besides, some studies have investigated the expansive properties of expansive concrete under
multiaxial constraints using a concentric double pipe [21, 22]. The effects of eccentricity of the
inner steel pipe against the outer steel pipe have also been considered [23]. However, these
kinds of techniques do not seem to be popular and are complex. They necessitate delicacy and
competence to be properly performed. In addition, expansive properties under an annular
constraint can be assumed by multiaxially amplifying the notion concerning the amount of
work under a uniaxial constraint [24]. Therefore, a measurement method that allows evaluation
anywhere by anyone is a pressing need in order to meet the growing demand for expansive
concrete.

Rice [19] presented a new method of testing expansive concrete wherein a concrete sample is
permitted to expand while subjected to a predetermined restraint, and subsequently to
contraction. The means of test comprises a split cylindrical mold which receives a concrete
sample contained in a pair of plastic bags having low friction characteristics; a measuring
device indicates the amount of expansion and contraction occurring in the cylindrical mold. In
addition, Landgren et al. [20] invented a method with an improvement apparatus for measuring
on-site expansive volumetric changes in hardened, shrinkage-compensated concrete samples.
It comprises a container having an open top and a cylindrical sidewall for receiving the curable
sample therein. A strain gauge is secured to the sidewall of the container to sense
circumferential expansion of the container as the volume change of the sample. In an exemplary
embodiment, the container herein is a 26 gauges steel cylindrical one gallon pail, having a
welded seam. Furthermore, Tsujino et al. [25] proposed a radically simplified method of

restrained expansion measurement using lightweight steel molds which is also used for
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measuring compressive strength. This is a method in which a strain gauge is glued in the
circumferential direction, at mid-depth of a lightweight steel mold to measure the strain of the
mold under expansive pressure from the inside. The outline of measurement setup for the
simplified method is displayed in Fig. 2.4. This method is regarded as having a number of
advantages over the traditional ones. Specifically, it provides a testing process that can be
conducted at a construction site by unskilled workers. The specimen does not need to be
demolded for strain measurements. Indeed, data are recorded automatically and continuously
right after casting. Moreover, the cylindrical specimen can be used to measure the compressive
strength of expansive concrete. The newly proposed performance evaluation technique for
expansive concrete should be verified for its applicability in reality. Some studies have
validated the simplified method under normal conditions [26 - 28]. They indicated that the
simplified and conventional methods show a strong correlation at 20 °C. In the study of Nakarai
et al. [27], the applicability of the newly simplified estimation method of expansive cement
concrete with cylindrical light-weight steel mold is analyzed based on the concept of the
mechanical work. They reported that the uniaxial strain of standard specimen can be
quantitatively predicted from the circumferential strain of the simplified method (see Fig. 2.5).
Hosoda et al. [28] conducted a round-robin test at five testing institutions and found the linear
relationship between two measurement methods as shown in Fig. 2.6, suggesting that the
simplified method is capable of substituting the method of JIS A 6202.

In the reality, the use of precast concrete (PC) members in construction industry is on the rise
to ensure uniformity of high-strength concrete structures and reduce durations [29, 30]. To
eliminate factors leading to increase in construction costs, in situ production of PC members
could be considered [31]. However, as in situ PC production requires not only work space
availability, but also alignment of material supply with the frame work schedule, it is necessary

to plan just-in-time production and installation [32]. In such cases, a significant number of PC
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members need to be produced in a short period of time, and PC members must be strong enough
to withstand the lifting load, which requires a rapid curing approach. Therefore, the steam
curing is considered in the in-situ PC production since the curing ensures the development of
PC member strength to 70% of standard design strength in a day, which allows for PC member
installation by lifting [33 — 35]. Various methods have been used including steam curing at
atmospheric pressure (temperature less than 100 °C), steam curing at high pressure
(autoclaving), electrical heating of reinforcement, imposing electrical current to concrete
directly, and microwave heating. Among these, steam curing at low pressure is most common,

especially for large precast units [36 — 40].
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2.3. Utilization and effects of slag on concrete properties

2.3.1. History of blast furnace slag

The latent hydraulic reactivity of blast-furnace slag (slag) was discovered in 1862 by Emil
Langen in Germany [41]. The first use of slags in cements dates back to 1865, when in
Germany a slag-lime cement was commercially produced. By 1901 the manufacture of iron
Portland cement containing maximum 30% of slag became accepted and in 1907, the first blast
furnace cement with up to 85% slag content was produced [42]. Ever since, slag has been

successfully used in cementitious applications.

2.3.2 Production of slag

Blast furnace slag is produced in a blast furnace concurrently with Fe. Fig. 2.7 schematically
represents obtaining the blast furnace slag from the iron ore. Iron oxides are reduced to igneous
Fe in the furnace by adding a flux such as limestone or dolomite and a fuel and with a reducing
agent such as coke [43]. The igneous slag indwells on the pig iron and its temperature is close
to that of the igneous iron, which is between 1400 and 1600 °C. The slag rises to the surface
and is tapped off from be timely. If the igneous slag is cooled fast a glassy Ca—Al-Mg silicate
forms. There are two common practices to fast cool of igneous slag. In the first practices high-
pressure water (about 0.6 MPa) jets is used to granulate igneous slag directly at the furnace as
it departs the nozzle. In this practice, 3 m* of water is used for a ton of slag and after treatment
about 30% of water is exist in the obtained slag. As a second practices, palletization, which
was developed in Canada in the 1970s, is used. The igneous slag is cooled firstly with water
then flung into the air by a rotary drum (300 rpm). The water consumption is about 1 m*/t of
slag and the residual water content in the slag is only approximately 10% [44]. After the
granulated blast furnace slag is obtained, it must be dehydrated, dried, and ground before using

as a binder material. Magnets are often used before and after grinding to remove remaining

20



iron. For increased cementitious activity at early ages, the slag is normally ground finer than
Portland cement. As is well known that reaction rate increases with improving the fineness of

pozzolans like as Portland cement [45].
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Fig. 2.7. Production progress of slag [43].

2.3.3. Chemical composition and hydration mechanism

The composition of blast-furnace slag is changed depend on the ores, fluxing stone and
impurities in the coke feed into the blast furnace. Normally, silica, calcium, aluminum,
magnesium, and oxygen are more than 95% in the composition of the blast-furnace slag.
Typical chemical compositions of slag produced in different countries are tabulated in Table
2.2 [46]. For the better hydraulic activity of slag, its chemical composition is very important.
As chemically, slags can be classified into their basicity index. CaO/SiO; ratio given by
Nkinamubanzi et al. [47] is the simplest basicity indices and it was mentioned that calcium
over siliceous oxide ratio must be greater than 1. Hydraulic activity depends on the basicity of
the slag, the more basic the slag, the greater its hydraulic activity in the presence of alkaline

activators [48]. Keeping the basicity constant, increasing the ALO; content increases the
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strength and a deficiency in CaO can be reimbursed by a greater amount of alumina (MgO).
The effect of MgO as a replacement for CaO appears to be influenced both on the basicity and
the MgO content of the slag. Deviations in the MgO content up to about 8—10% may have
slight effect on strength development; however, more than 10% MgO may have a negative
effect [48]. Moreover, it was mentioned that hydraulic activity increases with increasing
calcium, aluminum and magnesium oxide contents and decreases with increasing SiO> content.
According to TS EN 197-1 and British Standards, the ratio of the mass of CaO plus MgO to
the mass of S102> must exceed 1.0. This ratio assures about high alkalinity, without which the
slag would be hydraulically inactive [48, 49]. The chemistry of slag and hydration phases
developed in CaO-Si0O>—AL O3 system is demonstrated in Fig. 2.8 [50]. It is admitted by
researcher that the principal hydration product of slag with Portland cement and water is
Calcium-Silicate—Hydrate (C—S—H) as seen in Fig. 2.8 (B). Regourd [45, 51-54] showed that
a slight instantaneous reaction also happen when slag cement is mixed with water, favorably
emancipating Ca and Al ions to solution. The reaction is limited, however, until supplementary
alkali, Ca(OH),, or sulfates are presented for reaction. The hydration of slag cement in blend
with Portland cement at normal temperature is a two-phase reaction. Primarily and through the
early hydration, the major reaction is with alkali hydroxide, but consequent reaction is largely
with Ca(OH); [45].

It is widely recognized that slag alone shows few cementing properties when mixing with pure
water unless they are activated with activating chemicals [55 — 57]. Alkaline solutions (such as
sodium and potassium hydroxides) are often used to activate slag in order to produce a strong
binding property. However, the use of these activators has not been commercially implemented
in the construction industry because they are not safe for on-site workers due to their high pH
toxicity. It is also too expensive to manufacture price-competitive cementless binders for

Portland cement (OPC) [58]. Recently, lime (CaO) is investigated for use in activating slag
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because it has a significantly lower cost and a lower alkalinity (pH = ~12.5 maximum) than
alkaline solutions [59 - 61]. The major chemical reaction for creating strength in the CaO-
activated slag system is similar to the pozzolanic reaction, i.e., the formation of calcium silicate
hydrate (C-S-H). Although Ca(OH); is chemically similar to CaO, because the dissolution of
CaO in water produces Ca(OH)>, the use of CaO exhibits a significantly better strength than
Ca(OH), for activating slag [60].

In fact, when using alkaline or lime activators, the corresponding increase in paste pH can lead
to increased corrosion of any reactive metals present in the wastes. Therefore, it is desirable to
increase the reactivity of slag without increasing pH. Collier et al. [62] investigated the effect
of sulfate activation on the early age hydration of BFS:PC composite cement, and indicated
that activation with gypsum produced the highest rate of slag reaction. Previous studies have
explored the use of calcium sulfate sources for increasing the strength of binders for slag [63,
64] and as an additive to alkali-activated slag [65] or to Portland cement [66]. In these studies,
the varying contents of gypsum affected the strength development. In particular, when the
calctum sulfate sources activated the slag, ettringite [CasAl2(SO4)3(OH)12.26H>O] was
predominantly produced as a major hydration product and it contributed to the early strength
development. Matschei et al. [67] reported that when calcium sulfates (e.g., CaOSOg4, and
Ca0SO0s4. 2H20) are incorporated into slag, the behavior of its self-activation could be
significantly different from that of slag without any calcium sulfates because of the
considerable promotion of hydration of slag with even small quantity of activators. In the case

ofthe calcium sulfate source added in the slag cement system, the dissolved aluminum, calcium
and silicon ions from the slag react with the calcium sulfate (CS) forming ettringite (CsAS3Hs;)

and calcium silicate hydrate (C — S — H) phases, as demonstrated in Eq. (2.4) [68].

CsS;A+3CS + CH + 34H — C;AS;Hs, + 3CSH (2.4)
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Table 2.2 Typical ranges of selected properties of granulated blast-furnace slags produced

worldwide and in specific regions [46]

Central India,
Parameter Unit Min Max North anc.1 Western - Eastern Japanf
America Latin Europe  Europe Australia,
America RSA
34.6 - 33.5 - 32.0 - 33.5—- 32.6-
1 0
310, o 32 42 39.9 34.8 39.4 41.5 36.9
353 - 39.1 - 349 — 369~ 33.0-
0
a0 o33 B s 43.8 44.3 475 430
6.6 — 10.0 - 9.5 - 55— 10.2 -
0 >
ALO; oo 6 B s 13.0 12.5 12.4 19.3
7.0 — 5.0 - 2.5
0 9-9. 4.9 -13.
MgO % 3 14 131 59-99 13.4 112 9-13.8
0.2 -
TiO; % 02 >2 03-08 05-06 04-1.3 13 0.6-2.1
0.6 —
NaxO % 0.3 1.2 03-08 04-08 03-1.2 11 0.4-0.8
. 1.6 -
SOs % 1 4 20-30 1.1-37 20-45 1.8 1.7-4.0
CaO/SiO; - 0.9 1.3 09-12 1.1-13 10-1.3 (1)3 a 09-1.3
03111?2151‘[ % 66 100 Not analysed
dfrlllsliliy Kg/l 0.6 1.3 Not analysed

* Although expressed as SOs in the chemical analysis, essentially all sulfur in slag is present
in sulfide form due to the reducing conditions in the blast furnace (% SOz = 2.5x%S").

24



A B
Si0;
wt%
wit%
C-S5-H: CIS1.7
Paortland cement
ca0 fine limestone Ca0

Fig. 2.8. (A) CaO-Al,03-Si0:> ternary diagram of cementitious materials, (B) hydrate phases

in the CaO-A1LO3-S10; system [50].

2.3.4. Impact of slag on volumetric change of concrete

Concrete structures performances are directly affected by the time-dependent properties of
concrete such as drying and autogenous shrinkages. Incompatible results are presented related
with effects of slag on the creep and drying shrinkage of the concretes in the literature. El-
Cabib and Syed [69] investigated the free shrinkage of self-consolidating concrete produced
with high volumes of slag. They concluded that replacing up to 70% of cement by slag lessens
the free shrinkage of concrete greater than 45% when compared to concrete includes only PC.
Darquennes et al. [70] reported that for a content of slag inferior or equal to 50%, the evolution
rate and the amplitude at long term of the total shrinkage are lower than that of a PC concrete.
Over 50% of mineral additions, the total shrinkage is similar. These different behaviors are
principally due to the porous structure of cementitious materials. Brooks et al. [71] implied that
concrete containing slag content between the 30% and 70% had similar shrinkage compared
with concrete containing only PC. A review by Hooton et al. [72] found that with low-alumina
slag, drying shrinkage of concretes over a range of replacement levels was similar to that of
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OPC concrete. There did not appear to be a difference in relative drying shrinkage between
concretes made with blended cement and those made with slag added separately at the time of
mixing. Shariq et al. [73] investigated the creep and drying shrinkage of concrete containing
slag with the cement replacement of 20%, 40% and 60%. The test results indicate that all the
slag concrete mixes show higher shrinkage strain with higher cement replacement (see Fig.
2.9). In many studies [74—76], larger autogenous shrinkage and early age cracking was featured
for the slag included concretes than that of concretes without slag. Lee et al. [77] reported that
the inclusion of slag especially at higher contents increased the autogenous shrinkage when
compared with plain concrete specimens. Fig. 2.10 shows the increasing effect of 30% and
50% cement replacement with slag on the autogenous shrinkage with water to binder ratio of
0.27 and 0.32. The results were indicative of higher increase in the autogenous shrinkage as
the water-to-binder ratio decreased. Obviously, the amount of slag has an influence on the

results as well as the amount of calcium sulfate added [78].
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Fig. 2.9. Shrinkage strain of experimental data and proposed model for mix group M2 [73].
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Fig. 2.10. Effect of slag content on autogenous shrinkage of concrete with low water to

binder ratio [77].

2.3.5. Impact of slag on compressive strength

Strength development of slag included concretes can be fluctuate in a widespread range
subjected to the slag substitution level, water to binder ratio, total cementitious materials
content, curing type, testing age etc. There is a general consensus among the researcher that
early-age strength gain of the slag included concretes is usually inversely correlated to the slag
percent used in the mixture [79]. Normally, slag in concrete leads to lower early compressive
strength gain but higher later strength [80 - 82] (see Fig. 2.11). The early age compressive
strength development of mixtures containing slag is also highly depend on temperature. Results
of [83] revealed that under normal curing environments, slag mortars and concretes attained
compressive strength relatively slow than PC ones. However, at elevated temperatures, strength
attaining is far quicker and the progress in primary strength is more noteworthy at higher levels
of slag (see Fig. 2.12). Effects of slag replacement ratio from 50% to 80% and curing type (air

and wet curing) on high performance concretes compressive strength are explored by Guneyisi
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and Gesoglu [84]. They concluded that compressive strength decreased gradually with the
augmentation of slag content. This is more pronounced for concretes subjected to air curing
condition. However, at the 90 days, for the wet cured concrete, it was monitored that the
existence of slag is greatly positive at 50% and 60% substitution with a compressive strength
beyond the control concrete (see Fig. 2.13). A number of previous studies have been indicated
that an optimum cement replacement level regarding fresh concrete properties and late strength

development is about 50%, beyond that replacement ratio effect of slag was inconsequential

[46, 85, 86].
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Fig. 2.11. Compressive strength development of GGBS (slag) concrete under normal curing

at 20°C [81].
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2.3.6. Impact of slag on transport properties

The cover concrete plays a key role as the first protective layer for the durability of reinforced
concrete structures [87 — 89]. Throughout the service life of a concrete structure, harmful
substances in the ambient environment can penetrate or transport into this layer because of its
porous microstructure and cause deterioration [90, 91].

The ingress of various ions, liquids and gases from the environment is responsible for the
deterioration of concrete directly or indirectly. For instance, the ingress of chlorides or carbon
dioxide would depassivate the steel in concrete, and in the presence of oxygen and water, steel
may start corroding. Similarly, the ingress of chemicals, such as acids, alkalies and sulfates are
responsible for the chemical deterioration of concrete [92]. Therefore, properly assessing the
transport properties of cover concrete is a critical and meaningful task for ensuring the
longevity and durability of the concrete structure [87, 89, 91]. Additionally, from a practical
viewpoint, transport properties are increasingly acknowledged as durability index techniques
for classifying cover concrete quality [93], and can be classified into absorption, permeability,
and diffusion [89]. Among these, water absorption and air permeability are indicated as
appropriate indexes that can provide useful information relating to the pore structure and
permeation characteristic of the cover concrete for characterizing and classifying the durability
of concrete structures [94 — 96].

It is well understood and documented that use of slag in concrete production modifies the pore
sizes and reduces the permeability of concrete substantially due to reaction of slag with the
calcium hydroxide and alkalis released during the Portland cement hydration [54, 97 - 99].
Bouikni et al. [100] showed on the basis of pore refinement, that a high OPC replacement of
50 and 65% by slag showed an enhanced performance regarding transport properties, even
though total porosity of concrete increased with increasing slag replacement. The capability of

slag to reduce concrete permeability is widely accepted however the extent of its impact varies
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in literature. Berndt [101] performed permeability tests on concrete specimens with slag/binder
ratios of 0%, 50% and 70%, which were wet cured for 84 days and found similar permeability
coefficients for all mixes. Contrarily, Cheng et al. [102] obtained permeability coefficients at
91 days, which decreased with increasing slag content. Graf et al. [103] reported that slag
concrete can have lower permeability than an equivalent OPC concrete with good curing, but
a higher permeability when curing is poor. Effect of water-binder ratio (w/b) and testing age
are also studied, and results are simulated in Fig. 2.14 [104]. Changing the w/b did not
significantly alter the effect of slag inclusion on the gas permeability of high performance
concrete (HPC). Influence of testing age is obvious on the gas permeability of concretes
irrespective of the w/b due to the higher pozzolanic reaction ability at later age and finer size
of slag used. Research of G. Camarini [105] on the curing effects on air permeability of
concrete reported that steam curing increased air permeability of concretes with slag, and it is
higher for lower slag content (see Fig. 2.15).

Tasdemir [106] investigated the combined effects of mineral admixtures and curing conditions
on the sorptivity of concrete, the sorptivity coefficient of concrete was very sensitive to the
curing condition, and the effect of curing condition on the sorptivity coefficient of concrete
seems to be higher in low-strength concretes. Liu et al. [107] studied the effect of curing
conditions on the permeability of concrete with high volume mineral admixtures. They
indicated that the water absorption, capillary water absorption, sorptivity coefficient decrease
with the increasing of the curing time, humidity, temperature and slag content. The positive
effect of slag on the sorptivity of mortars and concretes has been mentioned in the literature
not only for low slag content [108] but especially for higher slag rates up to 50% [109]. An
example for the variation in water absorption rate with concrete age and curing condition for
the control and slag concretes are given in Fig. 2.16 [84]. It is clear that rate of water absorption

decreases systematically with an increase in curing period (from 28 to 90 days), and the
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gradients of the water absorption tends to decrease with increase in the replacement level of
slag. Generally, slag concrete performed better than the control concrete and marked
improvements in terms of lower rate of water penetration through capillary suction were
apparent, particularly under wet curing condition. Hadj-sadok et al. [98] investigated on
durability of mortar and concretes containing slag with low hydraulic activity revealed that the
coefficient of sorptivity decreases with age of curing and the w/b. Nevertheless, the presence
of slag generates an increase in the sorptivity for concrete mixtures with the w/b of 0.65 at 28
and 90 days of curing. As the w/b decreases to 0.42, the sorptivity coefficient at the age of 28
days is similar for all concrete mixtures studied in the present work. At the age of 90 days, a
slight reduction of sorptivity coefficient is noticed for concretes containing slag, particularly

for concrete mixture B50 (50% slag replacement) (see Fig. 2.17)
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Fig. 2.17. Coefficient of absorption of concrete with: (a) w/b =0.65 and (b) w/b =0.42 [110].

2.4. Summary

A comprehensive literature review on the application of expansive concrete as well as
estimation methods for its quality control, and the impact of slag on concrete performance has
been performed. The expansive concrete is prevalently applied as a countermeasure for
shrinkage and cracking in structures. In addition to estimation method for quality control
expansive concrete, the newly simplified method for assessment of expansion behavior has
been verified in normal condition at 20°C. In the practical, the steam curing is considered
suitable for enhancing performances of concretes, particularly on mixes incorporating mineral
admixtures, and it is widely applied to precast concrete. However, there have not been any
investigations on the applicability of the simplified method to the expansion evaluation of
expansive concrete in steam curing so far. In order to widen the application of the simplified
method to evaluating the performance of expansive concrete in material design and

construction, the verification of the applicability of the simplified method with steam curing is
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essential. Thus, in this study, an experimental program was performed to investigate the
applicability of the simplified method under steam curing.

Besides, the literature has pointed out the utilization and the efficiency of slag on the properties
of mortar/concrete. The suitability of a particular type of slag for use in cementitious materials
depends primarily on its reactivity. The main factors influencing the reactivity of slag are its
chemical composition, glass content, and particle size distribution. The hydration of the
ordinary slag is often relatively slow, it needs to be promoted by incorporating activators.
Additionally, many researches indicated that the addition of slag to a concrete mix leads to an
increase in drying and autogenous shrinkage, hence decrease in cracking resistance. One of the
main countermeasures against such issues is to apply an expansive concrete to compensate for
shrinkage and improve cracking resistance by enhancing volumetric stability. Hence, the
incorporation of slag in expansive concrete and the effects of such integration offer a promising
target for investigation. Although the impacts of slag on the properties of normal Portland
cement concrete have been clarified in literature, the study on performance of expansive
concrete incorporating slag is scarce. This study therefore investigated the impact of slag types
on the engineering properties of expansive concrete. The compressive strength, volumetric
change, and two major durability indexes, namely air permeability and water sorptivity, of
concrete specimens initially cured under different conditions were examined to quantify the
effects of the different incorporated slags.

The comprehensive information about mechanisms of interaction between concrete mix
materials during the curing process and their effect on concrete properties could provide best
practices for the improved design of concrete mixes, and a better utilization of slag in the field

of novel concrete composite materials.
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Chapter 3. The applicability of simplified method to expansion evaluation

of expansive concrete

3.1. Introduction

A simplified method has been proposed as a substitute for conventional methods to evaluate
the behavior of expansive concrete. Some studies have validated the simplified method under
normal conditions. They indicated that the simplified and conventional methods show a strong
correlation at 20 °C. Besides, in the steam curing, as a typical curing method in precast concrete
field, there have not been any investigations into the expansion evaluation so far. Thus, in this
chapter, the applicability of the simplified method to expansive concrete that is steam-cured
under constraint was experimentally investigated by comparison to the results with the
conventional method based on the expansive energies. The specimens were cured with steam
or at 20 °C from the initial casting for 1 day. They were then sealed or immersed in water at
20 °C for 7 days. The specimens for the simplified method were measured strains in the
circumferential and axial directions, whereas the sample for the conventional method were
obtained a strain in a uniaxial direction. The range of applicability of the simplified method
was analyzed. A new concept for the simplified method of estimating the expansion by using
the axial strain was then proposed. Based on the results of the experiment, the use of the

simplified method under steam curing was verified.

3.2. Outline of experiments

3.2.1. Materials and mixture proportions
Table 3.1 presents the properties of the materials used in this experiment. The chemical

compositions of the cement and expansive agent are given in Table 3.2. The mixture
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proportions of the expansive concrete, which was adopted from the mix design usually used in

some precast concrete factories as shown in Table 3.3. In general, the amount of cement

substituted by the expansive agent is about around 30-60 kg/m® for chemically prestressed

concrete [1]. To evaluate the performance of the chemically prestressed concrete, unit contents

of 30, 50, and 60 kg/m® for the expansive agent were used in this experiment. For the material

design, the slump of the concrete mixture was 8.0 + 2.0 cm, and the air content was 4.5% +

1.5%.
Table 3.1 Material properties
Materials Type Properties Notion
Ordinary Portland cement Density: 3.16 g/cm3
conforming to JIS R 5210
Specific surface area: 3370 cm2/g
Cement (equivalent to CEM I
cement type in BS EN (Strength class: similar to 42.5 N
197-1) strength class in BS EN 197-1)
Expansive Ettringite type (based on Density: 2.95 g/cm’ B
X
agent calcium sulfoaluminate) Specific surface area: 2900 cm?/g
Fineness modulus: 2.97
Fine ‘
Crushed sandstone Surface-dry density: 2.58 g/cm? S
aggregate
Water absorption: 1.63 %
Grain sizes: 5-20 mm full grade
Coarse o )
Crushed rhyolitic gravel Surface-dry density: 2.61 g/cm® G
aggregate
Water absorption: 0.64 %
Chemical Air entraining and water Denatured rosin acid-based and Ad
agents reducing agents ligninsulfonic acid type
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Table 3.2 Chemical compositions of the cement and expansive agent (%)

Components SiO>  ALO; Fe;O3 CaO MgO KO  NaxO SO LOI

C 20.06 512 3.05 6485 129 038 0.29 1.92  2.27

Ex 1.5 9.0 0.6 51.8 1.4 029 015 29 2.55

Note: LOI is loss of ignition.

Table 3.3 Mix proportions of expansive concrete

W/B s/a Unit mass (kg/m?)

Specimen

nanes %) (%) w C Ex S G
Ex30 168 343 30 769 1030
Ex50 45 43 168 323 50 769 1030
Ex60 168 313 60 769 1030

Note: W/B is the water-to-binder (C + Ex) mass ratio. s/a is the sand-to-aggregate volume ratio.

3.2.2. Preparation of specimens and experimental methods

(a) Evaluating the expansive strain with a restraining bar (JIS method)

In this study, the conventional evaluation method for expansive concrete was carried out by
using a prismatic specimen (100 mm x 100 mm x 360 mm) with a restraining bar at the centroid
of the specimen as stipulated in the JIS A 6202 standard [2]. The expansive strains of each
specimen were measured by attaching two self-temperature-compensated wire strain gauges to

the upper and lower surfaces at the center portion of the restraining bar [3—5]. The strain gauges
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were used instead of the dial gauge instrument to automatically and continuously record data.
The temperature of each specimen was obtained continuously with a thermocouple near the
strain gauge inside the concrete. Fig. 3.1(a) outlines the specimen test for the JIS method. The
expansive strains of the specimen were measured from initial casting to 7 days. At least three
duplicate specimens were prepared under each condition, and the average measured value of
the three specimens was used for the discussion.

Strain gauges were bonded to the restraining bar before being treated by three cycles of thermal
history with a maximum temperature of 70 °C. This treatment was conducted to calibrate the
strain gauge by alleviating its residual strain to make the thermal change small before operation.
An example of the preprocessing result is shown in Fig. 1(a) (Appendix A).

The strains due to the thermal output [6] of the restraining device were measured by recording
changes in the strain of the dummy restraining device during the heat treatment process before
the experiments (see appendix A). The thermal output was canceled by being subtracted from
the measured strain of specimens.

(b) Evaluating the expansive strain with a cylindrical mold (simplified method)

The simplified method for measuring the constrained expansion of expansive concrete uses a
cylindrical tinplate mold (¢100 mm X 200 mm, 0.28 mm thickness) with an open top, an
uninterrupted upstanding sidewall, and a closed bottom as shown in Fig. 3.1(b). For a
cylindrical specimen, the expansive strain has been observed to be almost constant at the
middle height, but it decreases at the edge because of closed bottom or open top [7]. Thus, the
strains generated at the mid-height were used as the measurement target [8—10]. Two strain
gauges were glued horizontally and vertically at mid-height on the outside surface of the mold.
The expansive strains of samples were also measured until 7 days after casting. At least three
duplicate specimens were made for each case. A thermocouple was used to monitor the

temperature inside the specimens.
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The strain gauges were used after the residual strain due to the thermal change was confirmed
to be small. One example of the preprocessing result is shown in Fig. 1(b) (Appendix A). The

thermal outputs of the restraining device were also eliminated before the data analysis.

398mm @100mm

L]
< 360mm r : )

[ . Ilﬂﬂmm 100mm E

+ ] 200mm
Dﬂmm LOOmm
Bl strain gage
B thermocouple —
(a) (b)
(a) (b)

Fig. 3.1. Specimens for the (a) JIS and (b) simplified methods.

(¢) Mixing and casting procedures

First, fine materials including the cement, expansive agent, and sand were mixed together in a
forced mechanical mixer for 30 s to achieve an initial homogeneity. Thereafter, a blend of water
and chemical agents was steadily added to the drying mixture followed by 60 s of mixing. The
wet mixture was mixed for 30 s more to achieve a higher homogeneity. Finally, coarse
aggregates were poured in the mixture and incorporated by operating the mixer for 2 min. The
fresh state of the fabricated concrete mixes was assessed by measuring the slump flow and air
content according to ASTM C 143/C 143M [11] and ASTM C 231[12], respectively.
Immediately after the mixing process, all specimens were molded as stipulated for both
evaluation methods of expansive concrete. This casting procedure conforms to ASTM C 192/C

192M [13].
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3.2.3. Curing conditions

Several preceding studies applied a 24 h steam curing cycle with elevated temperature at
atmospheric pressure, which was considered sufficient to effectively enhance the performance
of precast concretes and the rate of concrete element production [14 - 18]. A typical steam
curing cycle consists of a pre-curing treatment of up to 4 h and a heating and cooling rate of 10
— 45 °C/h. The maximum temperature reached in steam curing is usually limited to 60+5 °C
and this temperature is kept constant at the maximum value for 6 - 18 h. However, the high
temperature for longer hours (for instance during steam curing) can lead to detrimental changes
in porosity and pore size distribution of concrete which can significantly reduce mechanical
and durability properties, especially over the long term [18 - 20]. Fig. 3.2 shows the target
ambient temperature profile used in this experiment which is similar to a typical steam curing
process in general precast concrete factories [21 - 23]. Steam from a pipeline was applied for
24 h to maintain an ambient relative humidity of 90% 4 10% and the temperature was elevated
to a maximum of 65 °C (i.e., steam curing). In addition, the sealed specimens were cured in a
room where the temperature was controlled at 20 °C as the reference (i.e., 20 °C curing). The
specimens cured under steam or at 20 °C for 24 h were then sealed or cured in water at 20 °C
for up to 7 days of aging to investigate the effect of the later curing conditions. In the case of
the simplified method, all specimens were cured without demolding over 7 days. The JIS
samples were demolded after being aged for 1 day. Sealed specimens were wrapped with two

layers of adhesive aluminum foil to prevent moisture loss.
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Fig. 3.2. Steam curing cycle.

3.3. Experimental results and discussion

3.3.1. Time histories of the expansive strains

Fig. 3.3 shows the time histories of the expansive strains at 20 °C curing that were measured
with the two testing methods over 7 days. The expansive strains showed typical behavior by
increasing quickly over the first 3 days with no or just slight increases afterwards. This can be
ascribed to the developing strength of the concrete inhibiting its expansion [21, 24]. Regarding
the curing conditions after 1 day, water curing increased the expansive strains because it
stimulated the hydration degree of the expansive agent [25]. The JIS method showed a
substantial increase in the measured strains.

Fig. 3.4 presents the time histories of the expansive strains with steam curing according to the
two measurement methods. In this case, the growth in the expansive strain was sharply
accelerated for the first day of aging. In detail, the expansive strain showed a slight decrease
followed by an increase during this period. These trends can be attributed to the difference
between the coefficients of thermal expansion of the concrete and restraining steel as the curing

temperature changed [26, 27]. The expansive strains did not increase with further aging after 1
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day. This indicates that the hydration of the expansive agent was almost complete after 1 day
because of the high temperature during steam curing. The expansive strain slightly decreased
later during the curing period; this may have been caused by autogenous shrinkage of the
hardening concrete [28 - 30]. In the case of Ex60, the circumferential strain of the cylindrical
samples jumped to an extreme value and greatly diverged from those with the other dosages.
This may be because of the plastic deformation of the cylindrical steel mold when the expansive
force induced stress that exceeded the offset yield strength of the mold [31]. This offset yield
strength was determined according to ASTM D 638 — 02a [32] based on the empirical results
from a previous study [9]. The strain of the steel mold corresponding to the offset yield strength
was 810 x 10, as shown in Fig. 3.5. The measured strains of over 810 x 10 with the simplified
method means that the expansive behavior was overestimated, as discussed later.

The measured strains with steam curing were notably larger than those with 20 °C curing. This
may be because when the concrete was cured at a high elevated temperature, the supply of
activation energy [33] and formation of massive stick-like ettringite in the cement paste matrix
[21] hastened expansion in the initial curing period. In contrast, the chemical reaction
transpired stagnantly with 20 °C curing, and mostly crystalline ettringite grew in pores to

contribute less to expansion [21].
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Fig. 3.3. Time histories of the expansive strains during curing at 20 °C: (a) circumferential

strains of the cylindrical specimens, (b) axial strains of the cylindrical specimens, and (c)

uniaxial strains of the JIS specimens.
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Fig. 3.4. Time histories of the expansive strains with steam curing: (a) circumferential strains

of the cylindrical specimens, (b) axial strains of the cylindrical specimens, and (c) uniaxial

strains of the JIS specimens.
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Fig. 3.5. Stress—strain curve for the steel mold with the simplified method [9].

3.3.2. Effect of curing and constraint conditions on expansion

3.3.2.1. Method of consideration

To investigate the relationships between the expansive strains measured with the two
estimation methods under various conditions, the expansive energy was determined [33 - 35].
The expansive energy of concrete used for the JIS uniaxial constraint method can be calculated

as follows [34 - 36]:

1
U]IS:E'p'Es'S]ZIS (3.1

where U is the calculated expansive energy of concrete per unit volume (N/mm?) with the
JIS method, &5 is the measured expansion strain of the JIS samples, p is the restraining steel

ratio of the uniaxially restraining steel bar (= 0.0096), and E is the Young’s modulus of the

bar (= 2.1 x 10° N/mm?).
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The simplified method with the thin cylindrical steel mold having an open top has been verified
in preceding studies [9, 10, 37]. Accordingly, the internal expansive pressure was determined
from the strain generated in the cylindrical steel mold by using the thin-wall hollow cylinder
model with circumferential and axial components. Normally, the circumferential strain is used
as the expansive strain of concrete with the simplified method because of the greater measured
value as ascertained in previous studies [9, 10]. The expansive energies in the circumferential
and axial directions of the cylindrical specimens can be obtained with Egs. (3.2) and (3.3),

respectively [10, 34]:

Up=71-5 (EatVv-&) & (3.2)
t Es
U, = e (e, +Vv-&) g (3.3)

where Uy is the calculated expansive energy of concrete per unit volume (N/mm?) in the
circumferential direction, U, is the calculated expansive energy of concrete per unit volume
(N/mm?) in the axial direction, &g is the measured circumferential strain of the cylindrical
specimens, &, is the measured axial strain of the cylindrical specimens, ¢ is the thickness of
steel mold (= 0.28 mm), 7 is the mold radius (= 50 mm), and v is Poisson’s ratio of the steel
mold (= 0.3).

The relations among the expansive energies obtained with the two measurement methods are
described in Egs. (3.4) and (3.5), which were derived from the experimental results of previous
studies [10]. The relationships of the expansive strains can be deduced from the expansive

energy obtained from Egs. (3.1) — (3.5) and are expressed in Egs. (3.6) and (3.7).

Ug=2- U]IS_seal (3.4)
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N |

—viZes 7
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1

v TEE)\2
= (E ' E o (1=v) ﬁ) “Eps_seal = 0.73 - &15_sea 3.7)

Here, Ujis seqr and €5 seq) are the calculated expansive energy per unit volume (N/mm?) and

measured uniaxial strain of the JIS samples when sealed after aging for 1 day, respectively.

3.3.2.2. Effect of constraints on expansion

The influences of the constraints by the cylindrical steel mold and JIS uniaxial restraining bar
on the expansion of the expansive concrete were considered under the same curing conditions.
The specimens were cured with steam or at 20 °C for 1 day. They were then sealed at 20 °C
for 7 days. The results as the specimens were aged for the 7 days were then compared.

Figs. 3.6 and 3.7 show the correlation between the uniaxial energies of the JIS samples and
energies of the cylindrical specimens under the sealed condition. Most of the cylindrical
specimens had circumferential energies that were about twice as large as the uniaxial energies
of the JIS samples. The axial energies of the cylindrical specimens were close to the uniaxial
energies. These relations agree with the existing empirical Egs. (3.4) and (3.5) that were
obtained from the previous study at 20 °C curing.

With regard to the Ex60 specimens cured in steam, the results showed a divergent tendency
when the expansive energy measured with the JIS method approached ~500 N/mm? (see Figs.
3.6(a) and 3.7(a)). As discussed in Section 3.3.1, this divergence may be explained by the
increased circumferential strain of the cylindrical specimens due to the yielding of the

lightweight steel mold (see Fig. 3.4(a)). Accordingly, the applicability of the simplified method
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to evaluating expansive concrete with a large degree of expansion without modification to
consider the yielding effect is questionable.

Fig. 3.8 shows the correlations among the strains obtained with the two testing methods under
the sealed condition. For the circumferential strain of the simplified method, the relations
almost conformed to the calculated Eq. (3.6) except for Ex60 with steam curing (see Fig.
3.8(a)). Specifically, the circumferential strains of the cylindrical specimens in this case
became abnormally excessive because of the yielding effect, which resulted in the great
divergence. On the other hand, the relations between the axial strains of the cylindrical
specimens and uniaxial strains of the JIS specimens demonstrated a high correlation and good
agreement with Eq. (3.7) regardless of whether the thin steel mold yielded (see Fig. 3.8(b)).
Therefore, using the simplified method with the axial strain appears to be a valid approach to
obtaining the expansive strain of concrete. Using the axial strain of the cylindrical specimen
provides the simplified method with universal applicability to expansive concrete, even if the
large expansion ratio causes yielding in the circumferential direction. In detail, Fig. 3.8(b)
shows that the simplified method using axial strain can be used for concrete with an expansion
ratio of up to ~1000 x 10 according to the JIS method. This implies that using the simplified
method with the axial strain can overcome the limitations when the circumferential strain is

used.
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Fig. 3.7. Correlation between the axial energies of the cylindrical specimens and uniaxial

energies of the JIS specimens under the sealed condition: (a) overview and (b) close-up view.
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Circumferential strains of cylindrical specimens

under sealed curing (x10-6)
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Fig. 3.8. Relationships among expansive strains obtained with both testing methods under the

sealed condition: (a) circumferential strain—uniaxial strain and (b) axial strain—uniaxial strain.

3.3.2.3. Effect of the curing conditions on expansion

The expansion performance of concrete has been reported to be enhanced with water curing
than when sealed [10, 38]. Fig. 3.9 shows the effect of water curing on the expansive energy.
Steam and 20 °C curing were employed for the first day of aging. Subsequently, samples were
separately cured in water and sealed at the same temperature of 20 °C for 7 days. The measured
expansive energies of the specimens over 7 days were compared. The JIS specimens were in
contact with the water on all sides, whereas the specimens for the simplified method had only
the top surface in contact with the water.

With the simplified method, the expansive energies of the specimens showed trivial increases
with water curing after aging for 1 day (Figs. 3.9(a) and 3.9(b)). This indicates that supplying
water to only the top surface is not sufficient for water curing of expansive concrete.

With the JIS method, the water-cured samples had significantly larger expansive energies than

the sealed samples. In particular, there was a considerable deviation with 20 °C curing (Fig.
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Circumferential energies of cylindrical

specimens under water curing (N/mm?2)

3.9(c)). This may be because the chemical reaction of the expansive agent continued after the
aging for 1 day, and the free access of an outside water supply to all surfaces of the JIS
specimens quickened the hydrate reaction of the expansive agent. In contrast, the divergence
was smaller for steam curing with a high temperature history. This may be because the
hydration of the expansive agent was mostly complete after 1 day of aging, so there was a
negligible change in the expansion afterwards. The empirical relations for steam and 20 °C

curing obtained from the current experimental results are approximated as follows:

U]IS_water =a: U]IS_seal (3.8)

where Ujis water 1 the calculated expansive energy per unit volume (N/mm?) of the JIS
samples cured in water after being aged for 1 day and a is the temperature-dependent
coefficient based on the aging results for 7 days. This was found to be 1.14 and 3.77 for steam

and 20 °C curing, respectively.
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Fig. 3.9. Effects of the curing conditions on the expansion of the specimens with both testing
methods: (a) circumferential expansive energies of the cylindrical specimens, (b) axial

expansive energies of the cylindrical specimens, and (c) uniaxial energies of the JIS specimens.

3.3.3. Verification of the applicability of the simplified method with steam curing

To wvalidate the applicability of the simplified method to steam curing, the relationships
between the expansive strains of specimens obtained with both measurement methods were
investigated. Specimens were cured in steam or at 20 °C from their first casting for 1 day. As
noted in Subsection 3.3.2.3, the specimens for the simplified and JIS methods were then cured
under sealed and water conditions, respectively, at 20 °C up to 7 days. Thus, the relations
between the strains of the sealed cylindrical specimens and uniaxial strains of the water-cured
JIS samples were examined for both cases of steam and 20 °C curing. The relations were
derived from the expansive strains acquired at the age of 7 days.

The relations between the circumferential strains of the sealed cylindrical specimens and
uniaxial strains of the water-cured JIS samples as inferred from Eqgs. (3.6) and (3.8) can be

broadly described as follows:
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where &;15 yqter 18 the measured uniaxial strain of the water-cured JIS samples after being
aged for 1 day.

The relations between the axial strains of the sealed cylindrical specimens and uniaxial strains
of water-cured JIS samples, as derived from Egs. (3.7) and (3.8), can be roughly expressed as

follows:
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_ [0.69 - &15_water (steam curing)
1 0.38 &5 water (20°C curing)

1
117 —v +Vv2 +8)\2
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(3.10)

Fig. 3.10(a) shows the relationship between the measured and predicted uniaxial strains of the
water-cured JIS samples at the age of 7 days. The predicted values were calculated with Eq.
(3.9) by using the circumferential strains of the sealed cylindrical specimens at the same age.
The relation showed a great divergence from the 1:1 line for the steam-cured Ex60 specimens.
This confirms the limited applicability of the simplified method with the circumferential strain.
Fig. 3.10(b) illustrates the relationship between the measured uniaxial strains of the water-
cured JIS samples and their predicted values calculated with Eq. (3.10) by using the axial

strains of the sealed cylindrical specimens at the age of 7 days. The obtained experimental and

65



Predicted uniaxial strains of JIS samples
under water curing made from circumferential

estimated values showed good agreement regardless of the curing conditions for the first day.

This validates the applicability of the simplified method to steam curing.
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Fig. 3.10. Relationship between the measured and calculated uniaxial strains of the water-cured

JIS samples at the age of 7 days: (a) calculation with the circumferential strains and (b)

calculation with the axial strains.

3.4. Summary

Based on some previous studies and experimental results in this chapter, the following

conclusion can be drawn.

- The simplified method using the circumferential strain is applicable to estimating the

moderate expansion of concrete when the circumferential strain is 810 x 10 or less. Using the

circumferential strain with larger expansions is overestimated because of yielding.

- The simplified method is applicable to concrete with large expansions of up to ~1000 x 10

according to the JIS method when the axial strain of cylindrical specimens is used. Measuring
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the axial strain with the simplified method can cover ordinal expansive concrete with various
magnitudes of expansion.

- The correlation between the simplified and JIS methods showed good agreement regardless
of the curing conditions on the first day of aging. This implies that the simplified method can

be used to evaluate the expansion behavior of steam-cured concrete.
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Chapter 4. Effects of slag type and curing method on the performance of

expansive concrete

4.1. Introduction

Blast furnace slag is extensively used as a supplementary cementitious material to improve the
performance of concrete. However, shrinkage and early cracking are common in such slag
concretes, whereas expansive concrete has been applied as a countermeasure. This chapter
therefore conducted and analyzed the results of the mechanical, physical, and durability
properties of expansive concrete specimens containing blast furnace slag with and without
gypsum initially cured under different conditions. The properties of the specimens were
measured up to 91 days of age to determine the effects of the different slag materials and curing
conditions on the engineering properties of the specimens. The two different slag compositions
evaluated were combined with ordinary Portland cement at 50% replacement by mass. A
sulfoaluminate-type expansive agent was used in a constant amount of 50 kg/m® in all
specimens. Cylindrical specimens were cast and initially cured by one-day steam or seven-day
sealed 20 °C curing, and were then exposed to the ambient environment with 60% relative
humidity at 20 °C for the second stage of curing. The compressive strength tests of the $100 x
200 mm cylindrical specimens were performed to examine strength development. The
simplified method for measuring the restrained expansion of concrete was applied with a
cylindrical tinplate mold (100 x 200 mm, 0.28-mm thick) to estimate the volumetric change.
The air permeability and water absorption tests were employed to assess the durability of
concrete. A chemical analysis of hydration components was conducted using the XRD/Rietveld
method to discuss on the mechanisms of interaction between concrete mix materials during the

curing process, particularly in terms of the formation of ettringite.
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4.2. Experimental program

4.2.1. Materials and mixture proportions
Table 4.1 presents the properties of the materials used in this study. Both the fine and

coarse aggregates were used under saturated, surface-dry conditions. Two types of slag, pure
slag and slag with gypsum, were employed. The chemical and mineralogical compositions of
the cement, expansive agent, and slags are given in Table 4.2.

Table 4.3 shows the mix proportions for the investigated concretes based on the mix design
usually used in precast concrete factories [1]. Concrete specimens of normal concrete without
any slag (NC), concrete incorporating pure slag without gypsum (SpC), and concrete
incorporating slag with gypsum (SgC) were fabricated. A water-to-binder ratio of 45%, and
water content of 168 kg/m® were maintained in all mixtures. A 50% (by mass) cement-
replacement ratio was used as the optimum level regarding fresh concrete properties and
greatest later strength development of hardened concrete [2, 3]. An expansive agent content of
50 kg/m*® was applied as a required dosage for chemically prestressed concrete [1, 4]. In
practical design, the chemical agents were adjusted so that the slumps of all concrete mixtures

were 8.0 £2.0 cm and the air contents were 4.5 £1.5%.
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Table 4.1. Material properties.

Material Type Properties Notation
Ordinary Portland cement ~ Density: 3.16 g/em’
conforming to JIS R 5210 gpecific surface area: 3370 cm?/g
Cement (equivalent to CEM I o C
cement type in BS EN 197- (Strength class: similar to 42.5 N
1) strength class in BS EN 197-1)
Density: 2.89 g/cm®
Pure slag ' Spqciﬁc §urface area: 4170 cm?/g
thout Pure slag conforming to Activity index 3G1
withou JIS A 6206 7 d: 61%
gypsum
28 d: 94%
91 d: 122%
Density: 2.91 g/cm®
Specific surface area: 4540 cm?/g
Slag with Slag with additional Activitg index
gw gypsum, conforming to JIS 7 d: 75% SG2
gypsum A 6206 28 d: 98%
91 d: 108%
Gypsum content: 4.54% (calculated
from SOj3 content in Table 4.2)
Expansive  Ettringite type (based on ~ Density: 2.95 g/ cm’ Ex
agent calcium sulphoaluminate)  Specific surface area: 2900 cm?*/g
Fi Fineness modulus: 2.97
aggrlctalgate Crushed sandstone Surface-dry density: 2.59 g/cm? S
Water absorption: 1.23 %
Grain size: 5-20 mm full grade
aggorzfgsaete Crushed rhyolite Surface-dry density: 2.62 g/cm® G
Water absorption: 0.67 %
Chemical Air entraining agent Denatured rosin acid-based and Ad
agents and superplasticizer Polycarboxylic acid compound
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Table 4.2. Chemical and mineralogical compositions of binders

Oxides C Ex SG1 SG2 C Ex
Phase (wt.%)
(wt.%)
Sio, 20.06 1.50 3445  32.56 Alite, C3S 58.9
Al, 04 5.12 9.00 14.06 13.79  Belite, C,S 22.5
Fe,0, 3.05 0.60 0.27 0.46  Aluminate, C3A 8.5
Ca0O 64.85 51.8 43.78  42.57 Ferrite, CLAF 6.1
MgO 1.29 1.40 5.84 6.11  Gypsum, CSH, 53
K,0 0.38 0.29 0.23 0.28  Anhydrite, CS 40.3
Na,0 0.29 0.15 0.24 0.16  Ye’elimite, C,A3S 24.8
S0, 1.92 29.00 - 2.11  Free lime, CaO 13.4

LOI 2.27 2.55 0.05 0.35

Note: LOI is loss on ignition.

Table 4.3. Mix proportions of fabricated concretes.

W/B Unit mass (kg/m?)
Specimen
(%) W C SG Ex S G
NC 45 168 323 0 50 744 998
SpC 45 168 162 162 50 738 990
SgC 45 168 162 162 50 739 990

Note: W/B is the water-to-binder (C + Ex + SG) ratio by mass.

4.2.2. Mixing and casting procedures
All concretes were mixed in a 0.5 m® laboratory pan mixer using the following steps. First, the

fine materials including the cement, expansive agent, slag, and sand were mixed together for
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30 s to provide initial homogeneity. Next, a blend of water and the necessary chemical agents
were steadily added to the dry mixture over 60 s of mixing. The resulting wet mixture was then
mixed for an additional 30 s to ensure thorough homogeneity. Finally, the coarse aggregates
were introduced to the mixer followed by an additional 2 min of mixing. The fresh state of the
fabricated concrete mixes was then assessed by measuring the slump flow and air content
according to ASTM C 143/C 143M [5] and ASTM C 231 [6], respectively. Immediately after
mixing, the concrete mixes were poured into $100 x 200 mm cylindrical specimens using the

procedure dictated by ASTM C 192/C 192M [7].

4.2.3. Curing conditions

Immediately after casting, specimens were either steam cured for one day or cured at 20 °C for
seven days as the first curing stage. The applied steam curing cycle plan is depicted by the
dashed line in Fig. 4.1. During steam curing, steam from a pipeline was applied for 24 h to
maintain an ambient relative humidity (RH) of 90% + 10%. Examples of the measured
temperatures in the steam curing chamber (Room) and at the center of the $100 x 200 mm
cylindrical specimens (NC, SpC, and SgC samples) are also plotted in Fig. 4.1. The specimens
cured at 20 °C were sealed and cured in a room in which the temperature was controlled at 20
°C.

All specimens were then exposed to an ambient environment in which a temperature of 20 °C
and RH of 60% were maintained. All specimens were cured without demolding to provide a
consistent confinement condition. Although only the top surface was open to the environment
as the exposure surface for measurements, longitudinal free expansion from the top was

prevented by friction between the concrete and the internal surface of the mold [1].
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Fig. 4.1. Example of temperature treatment.

4.2.4. Test methods

4.2.4.1. Compressive strength test

Compressive strength tests of the $100 x 200 mm cylindrical specimens were performed in
accordance with JIS A 1108:2006 [8] after 1, 7, 28, 56, and 91 d of age. The load was
continuously applied at a constant rate of 0.2 MPa/s using a hydraulic press machine with the
parameters stipulated in the standard and the maximum value at failure was recorded to
calculate the compressive strength. The average value of three duplicate specimens is reported

as the compressive strength for each specimen age.

4.2.4.2. Expansion measurement

In this paper, the simplified method [1, 9] for measuring the restrained expansion of concrete
in a cylindrical tinplate mold (¢100 x 200 mm, 0.28-mm thick) was employed. It typically
includes a strain gauge horizontally affixed at the mid-height of the outside surface of each
mold to automatically record the circumferential expansive strain in the concrete specimens.

The concrete temperature variation was obtained continuously at the center of each specimen
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using an embedded thermocouple. The expansion of the specimens was measured constantly
from initial casting to 91 d of age. The average measured expansion of three specimens is
reported as the expansion for each specimen. The thermal outputs [10] of the restraint device

were canceled by subtracting them from the measured strain in the specimens.

4.2.4.3. Air permeability test

The air permeability coefficients were determined using a test method developed by Torrent
[11] and contained in Swiss standard SN 505 262/1:2013 [12]. The tests were conducted in the
ambient environment at 28, 56, and 91 d of age by using a vacuum pump to apply a negative
relative pressure through a test chamber positioned over the top surface of the cylindrical
specimens. The air permeability coefficient, kT, was then calculated and recorded

automatically by the device as per the standard requirements.

4.2.4.4. Capillary absorption test

The sorptivity tests were conducted using the 91-day-old cast cylindrical specimens. The test
procedure was determined with reference to ASTM C1585 [13] with some modifications:
namely, the top surface of each cylindrical specimen was used without being cut to measure
absorption in this experiment because the water absorption of the finished surface of concrete
was thought to be more realistic, as it better reflects the conditions of a structural member in
practice [14]. This adjustment also served to reduce possible errors due to cutting-induced
cracking. In order to avoid evaporation and achieve uniaxial water flow, after demolding, the
sides and bottom of the samples were sealed with adhesive aluminum foil, and the finished top
surface was kept open. Sample conditioning with the accelerated drying process was not

applied because the test was conducted after sufficient drying under 60% RH.
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The initial weights of the specimens were measured to the nearest 0.01 g. The specimens were
then placed upside down (top surface down) on several layers of blotting paper with a total
thickness of 1 mm in a tray filled with water up to 2 mm above the base of the specimens (see
Fig. 4.2). The masses of the specimens were then regularly measured to determine the
absorption at several time intervals from 5 min to the first 6 h of immersion. The excess water
on the immersed surface was always removed with a wet cloth before weighing. The specimens
were placed back in the tray immediately after the mass was obtained in each measurement.
During the test, the tray was refilled with water as necessary to maintain a depth of 2 mm above

the base of the specimens.

Sample

Aluminum foil

200 mm

Blotting paper

Fig. 4.2. Experimental set-up for capillary water absorption test

4.2.4.5. Hydration reaction analysis

A chemical analysis of hydration components was conducted using the XRD/Rietveld method
to quantify the presence of AFt [15, 16]. The blended cementitious pastes used for this test
were prepared with the mix compositions shown in Table 4.4, labeled NP, SpP, and SgP, to
model the cement pastes in the NC, SpC, and SgC concretes, respectively, evaluated in this
study. Mixing was conducted in accordance with JIS R 5201 [17] at 20 °C. The paste specimens

were then cast ina 4 x 5.5 cm plastic bag with a thickness of 3 mm. Curing temperature regimes
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similar to those used for the concrete specimens were then applied under sealed conditions.
The specimens were removed from the bags after 1, 3, 7, and 28 d of curing, then immersed in

sufficient isopropanol to stop hydration, dried at 40 °C for 24 h, and finally subjected to analysis

using XRD.
Table 4.4. Mix proportions of the blended pastes
Binder composition (%)
Specimen W/B (%)
C SG Ex
NP 45 86.6 0.0 13.4
SpP 45 43.3 43.3 13.4
SgP 45 43.3 43.3 13.4

Note: W/B is water-to-binder (C + Ex + SG) ratio in mass.

4.3. Results and discussion

4.3.1. Compressive strength development

The evolutions of the compressive strengths of the fabricated concrete specimens are depicted
in Fig. 4.3, in which it can be clearly seen that compressive strength increase in all specimens
with time under both curing conditions. At all ages, the compressive strengths are the smallest
for specimen SpC. The observed lower strength at an early age is due to the lower proportion
of cement content and the low hydraulic activity of the pure slag without a gypsum activator
[18, 19]. The lower strength in later age is likely due to several factors. One, at normal
temperature, the early hydration of slag is dominated by alkali hydroxide, but the consequent
reaction largely contains CH [20]. Accordingly, at higher degrees of cement replacement, the
amount of cement available for the hydration and liberation of CH decreases, leading to greater

mobility of unhydrated slag particles. Two, because pure slag has a lower hydration rate than
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ordinary Portland cement, the concrete containing it requires prolonged curing [21]. As a result,
the concrete specimen containing pure slag suffered greatly from the short curing time.
However, the strengths of specimen SgC can be observed to be comparable to those of
specimen NC, except for the first-day strength of the 20 °C cured specimens. This might be due
to the presence of additional gypsum serving as an activator to considerably promote the
hydration of the slag in specimen SgC [22, 23]. Interestingly, the first-day strength of specimen
SgC was nearly the same as that for specimen SpC, likely because in specimen SgC, the
chemical reaction of the gypsum to form the AFt did not initially take place [24], resulting in
no early contribution to strength development. The dissolved aluminum, calcium, and silicon
ions from the slag were likely consumed dynamically, forming AFt and calcium silicate hydrate
(C—S—H) phases [25], which are responsible for the enhancement of concrete strength. AFt
formation will be discussed in the later section with XRD results. In addition, the slag with
gypsum used in this study has a slightly greater fineness (~9%) than that of the pure one, which
has a somewhat higher slag reactivity and filling effect, thereby contributing positively to the
compressive strength of the concrete during early aging [26-28].

It can be observed in Fig. 4.3 that the strengths of the concrete specimens are considerably
dependent on curing conditions, especially the slag concretes. The first-day strengths of the
steam-cured NC, SpC, and SgC specimens are 56%, 223%, and 263% higher, respectively,
than those of the respective 20 °C cured specimens. After the first day of curing, the inverse
trend can be observed: for example, at 7 d of age, the steam-cured NC, SpC, and SgC specimens
exhibit strengths about 19%, 7%, and 11%, respectively, lower than those of the respective 20
°C cured specimens. This trend could be explained by the fact that the specimens subjected to
steam curing under a high-temperature history for one day initially experienced accelerated
binder hydration and C—S—H formation resulting in rapid strength growth [29]. Once these

specimens were exposed to an ambient environment that contained insufficient water to
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maintain such a high rate of hydration, the growth in strength slowed. Additionally, the
application of the steam curing cycle with a high maximum temperature could have had a
negative effect on the strength at the later ages due to the rapid formation of C—S—H and CH
crystalline structures, resulting in a heterogeneous and coarser pore structure [30]. Furthermore,
the rapid hydration of the expansive agent under high-temperature history of steam curing
facilitated significant expansion during initial aging; this was likely to deteriorate the immature

structure of the concrete—a negative impact of residual expansive stress [31].

Table 4.5. Compressive strength results of fabricated concretes

Specimen Curing Compressive strength

condition 1d 7d 28d 56d 91d

Steam 24.35 28.74 34.91 41.17 40.91

NC 20 °C 15.57 35.65 44.57 48.78 51.02
Steam 16.97 25.01 28.76 30.78 32.68

SpC 20 °C 5.26 26.81 37.01 38.26 44.22
Steam 24.04 29.26 33.96 38.13 40.47

°8C 20 °C 6.63 33.01 43.81 47.93 49.8

20 ||/

-8-NC_ Steam -O-NC _20°C
I E - SpC Steam =/ SpC 20°C

Compressive strength (MPa)

-l SgC_Steam -0 SgC_20°C
0 T T T
0 7 28 56 91
Age (d)
Fig. 4.3. Strength variations of concrete specimens with curing time.
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4.3.2. Expansion/shrinkage behaviors

Figures 4.4 — 4.6 illustrate the variation in expansion for all mixtures over time under different
curing conditions; all concrete specimens basically exhibit the same increasing expansion
tendency in their early ages and the same decreasing expansion tendency afterwards. Indeed,
as can be seen in Figs. 4.4(b), 4.5(b), and 4.6(b), in the case of steam curing, the specimens
expand rapidly and almost reach their maximum values within the first day because of the rapid
rate of binder hydration under elevated temperatures [1]. For the specimens cured at 20 °C, the
slag concretes reach their highest expansion values several days later than the steam-cured
specimens due to their lower hydration rate. Furthermore, a more rapid decline in expansion
can be observed for the slag specimens compared to the NC, particularly in the case of the
pure-slag specimen SpC. This increase in shrinkage might be due to: (i) the higher moisture
consumption of slag concrete resulting in strong autogenous shrinkage at an early age [32]. (i1)
the use of slag makes a cement paste have a finer pore structure that contribute to a lower
relative humidity, which increases the degree of self-desiccation within concrete [33], and (iii)
the greater volume of paste in the slag concrete specimens resulting from the replacement of
the cement by slag on an equal weight basis [34].

In this investigation, the lowest expansion values were observed for the SpC specimen similar
to the previous studies [35 - 37]. The obtained trends can be explained mainly by the specimen
with pure slag had decreased cement content that could contain less Ca*>" and SO4*, which are
necessary for the formation and growth of AFt crystals. The observed higher expansion of the
SgC specimen was likely a result of the additional gypsum in the slag, leading to the generation
and growth of AFt and the subsequent increase in the volume of crystals and thus the expansive

effect.
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To further quantitatively investigate the expansion behaviors of the concrete specimens, the
AFt quantity was determined by XRD analysis with the results shown in Fig. 4.7. All steam-
cured specimens can be observed to exhibit considerable AFt content at 1 d of curing that
concurred with the observed expansion behavior. Additionally, the smallest amount of AFt was
present in specimen SpC and the largest amount was present in specimen SgC. As the result,
although both specimens showed a similar expansion tendency in Fig. 4.6, specimen SgC
exhibited greater overall expansion. Evidently, the supplemental Ca** and SO4> provided by
the addition of gypsum in the slag was beneficial to the development of AFt, thus increasing
expansion.

However, it can also be observed that the expansion in all specimens declines in later ages
while the AFt content does not in some cases. This contributed the claim that the expansion
characteristics cannot be explained solely based on the change in the amount of Aft as reported
in former studies [38-40]. Obviously, Figs. 4.8(a), 4.8(b) and 4.8(c) exhibit the low correlation
between expansion and AFt contents. Except the magnitude of ettringite, the location where
ettringite is formed is critical for expansion to take place [41, 42]. Han et al. [43] reported that,
once using the sulfoaluminate-type expansive agent, the small sized ettringite formed on the
surface of origin particle due to high nucleation rate during its initial forming stage and the
repulsive force between particles caused by the growth of the small sized ettringite is

responsible for the generation of expansion.
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Fig. 4.4. Expansion behaviors of specimens NC and SpC with age: (a) overview from 0 to 91
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4.3.3. Air permeability

The air permeability coefficients (kT) of the different evaluated specimens are given in Fig.
4.9, in which it can be clearly seen that specimen SpC exhibits a greater kT than specimen NC,
while specimen SgC exhibits a kT comparable to or slightly less than that of specimen NC
under either curing condition. These results are consistent with the observed strength behaviors,
indicating that lower permeability referred to higher strength when using gypsum-containing
slag, as demonstrated by the correlation in Fig. 4.10.

Accounting for curing conditions, Liu et al. [44] reported that the permeability of concrete with

a high volume of mineral admixtures is highly responsive to curing condition. Similarly, test
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results obtained by Idowu et al. [45] showed that improper curing is detrimental to the
performance of concrete, and increases its permeability. Dinku et al. [46] proved that the gas
permeability coefficients are sensitive to changes in curing duration, test age, and concrete
composition: an increase in curing duration from 1 to 7 d resulted in a reduction in gas
permeability.

In the present study, it is clear that the kT of the steam-cured specimens are much higher than
those of the 20 °C cured specimens. This result is likely due to the following factors: (i) the
specimens subjected to one-day steam curing were next directly exposed to the ambient
environment, so the water loss rates from their surfaces were faster, resulting in more open
pores on the surface and a decreased degree of cement hydration, leading to a more porous
concrete whose effects prevailed over the benefits of accelerated steam curing; (ii) although
rapidly hydrated due to the initially high temperatures, a resulting increase in the porosity and
capillary cracks of the specimens was observed due to these early high temperatures, especially
in terms of more pores on the concrete surface [44, 47]; and (ii1) the seven-day, 20 °C cured
samples were sealed during curing, enabling further hydration and the improvement of a well-

developed microstructure, resulting in better concrete qualities.
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Fig. 4.9. Air permeability coefficients of specimens with age
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Fig. 4.10. Strength versus air permeability of specimens at 91 d of age

4.3.4. Capillary water absorption

4.3.4.1. Method of consideration
Water sorptivity is broadly used to characterize the ingress of water into the pores of
unsaturated concrete due to capillary suction. It is computed as the slope of the best-fit line
describing the amount of absorbed water per unit area as a function of the elapsed time during
which the concrete is in contact with water.
From the increase in the mass of the specimen due to water absorption, the amount of absorbed
water per unit area of inflow surface can be calculated by [13]:

mg

[ = E (41)
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where i is the cumulative absorbed water per unit area of inflow surface (mm), m; is the
specimen mass change at time t (g), a is the area of the inflow surface (mm?), and p is the
density of water (g/mm?).

The cumulative absorbed water i typically increases with time following the square root funct
ion of the water contact time. However, in some cases, the literature has reported a more nonli
near relationship between the absorbed water and % [48 - 51]. This nonlinearity is also in the
case of the present study that the correlation coefficient of less than 0.98 stipulated in ASTM
C 1585 [13] (see Fig. 2 (Appendix A)). Indeed, some studies have attributed the anomalous
absorption to the hygroscopicity of calcium silicate hydrates (CSH) and the effect of its
swelling during the absorption process [52, 53]. Since the swelling of C-S-H affects the pore
size distribution of pre-dried cementitious materials when they get in contact with water, it
causes a reduction in hydraulic diffusivity due to internal restrictions to the deformation of the
material. Furthermore, the expansion also takes place by the presence of remaining expansive
particles in concrete with the additional water supply as the case of my study. Besides, Wu et
al. [54] revealed that the presence of microcracks induced by drying shrinkage causes
cumulative water absorption to scale non-linearly with the square root of time (t*°). The
microcracks were observed to occur even under the gentle drying at 21°C with low RH of 55%,
and to be more extensive at elevated temperature. Thus, in my experiment, the samples
subjected to the drying at 20°C with low RH of 60% are likely to suffer from microcracks,
particularly for steam cured samples.

To address this observation, a new approach that defines the sorptivity as the rate of water

absorption following the fourth root of time (t0.25) has been proposed as follows [52, 55]:

i=S-t025 (4.2)
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where S is the sorptivity coefficient (mm/s’?°) and t is the elapsed time during which the
concrete is in contact with water (s).

The theoretical basis of the new t?° approach considers the effect of swelling with time and
applied for the case of capillary absorption of cracked cementitious materials, but also
applicable to uncracked materials. This approach is empirically based on improved fitting in
comparison with the t% relation. As a result, the capillary absorption rate can be determined as
the slope of the relation between the water uptake and the t%* with the excellent fit in the

t0.25

analysis of results from the capillary absorption test. Thus, in this study, the approach was

used for the analysis of results from the capillary absorption test.

4.3.4.2. Water sorptivity of fabricated concretes

The cumulative absorbed water during the initial 6 h of testing for samples cured under
different conditions is shown in Fig. 4.11, in which it can be observed that the progression of
water uptake exhibits the utmost linearity with the % trend, as the best-fit lines of all
specimens possess coefficients of determination (R?) greater than 0.98. It can be observed that
the cumulative volume of water absorbed in the concrete specimens increases with increasing
25, The plotting of kT against water sorptivity in Fig. 4.12 indicates nearly identical water
sorptivity and air permeability coefficient behaviors for all cases, with a best-fit line R? value
0f0.99. Specimen SpC consistently exhibits the largest kT and water sorptivity values, whereas
specimen SgC consistently exhibits poorer sorptivity under either curing condition. This
difference is believed to be related to the more porous SpC concrete resulting from the lower
hydration reaction of the pure slag, and conversely to the denser structure of the SgC concrete
formed by the accelerated hydration of the slag due to the presence of gypsum, as well as the
space-filling effect of its finer particle size. With respect to the effect of curing conditions, all

mixtures exhibited greater water sorptivity after one day of steam curing compared to seven
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days of 20 °C curing with a sealed specimen. This finding agrees with the results of a previous
study [44], which determined that early high-temperature curing caused an increase in pores
and microcracks, as well as a coarser concrete microstructure, resulting in an increase in water

sorptivity.
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Fig. 4.11. Cumulative absorbed water with the fourth root of time for the different concrete

specimens.
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Fig. 4.12. Air permeability versus sorptivity of fabricated concrete specimens.
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4.4. Summary

Based on experimental results in this chapter, the following conclusion can be drawn.

- The strength, expansion, and transport properties of expansive concrete were weakened by
the incorporation of pure slag at 50% cement replacement by mass.

- The use of slag with gypsum was found to enhance the mechanical, physical, and durability
properties of concrete by promoting the hydration of the slag.

- Slag concrete requires prolonged curing to optimize its potential. Steam curing at a high
temperature therefore improved only the early strength of the concrete, but impaired the later
development of concrete properties, particularly the transport characteristics.

- For normal and slag blended concretes, a high correlation observed in relationships between
the studied properties showed a decrease in air permeability with increasing compressive
strength and with decreasing sorptivity. Further, the permeability coefficient exhibited a better

correlation with water absorption (R= 0.99) than with compressive strength (R= 0.82).
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Chapter 5. Conclusions and recommendations

5.1. Conclusions

The following conclusions can be drawn from the results presented in this study:

(1) Verification of applicability of the simplified estimation method to steam-cured expansive

concrete by comparing its results to that of the conventional JIS method.

(a) The simplified method using the circumferential strain is applicable to estimating the
moderate expansion of concrete when the circumferential strain is 810 x 10 or less.
Using the circumferential strain with larger expansions is overestimated because of

yielding.

(b) The simplified method is applicable to concrete with large expansions of up to ~1000 x
10 according to the JIS method when the axial strain of cylindrical specimens is used.
Measuring the axial strain with the simplified method can cover ordinal expansive

concrete with various magnitudes of expansion.

(c) The correlation between the simplified and JIS methods showed good agreement
regardless of the curing conditions on the first day of aging. This implies that the
simplified method can be used to evaluate the expansion behavior of steam-cured

concrete.

(d) The findings in this study indicate that the simplified estimation method can cover a wide
range of expansion. The simplified method allows the test to be carried out
straightforwardly and conveniently anywhere by anyone. The method is therefore likely

to find more widespread use, both in research and in production control.
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(2) Effects of slag type and curing method on the performance of expansive concrete.

(a) The strength, expansion, and transport properties of expansive concrete were weakened
by the incorporation of pure slag at 50% cement replacement by mass because of the low

hydration rate of the slag.

(b) The use of slag with gypsum was found to enhance the mechanical, physical, and
durability properties of concrete by increasing the AFt content and promoting the

hydration of the slag.

(c) Slag concrete requires prolonged curing to optimize its potential. Steam curing at a high
temperature therefore improved only the early strength of the concrete, but impaired the

later development of concrete properties, particularly the water transport characteristics.

(d) For normal and slag blended concretes, a high correlation observed in relationships
between the studied properties showed a decrease in air permeability with increasing
compressive strength and with decreasing sorptivity. Further, the permeability coefficient

exhibited a better correlation with water absorption than with compressive strength.

5.2. Recommendations for further study

The present study investigated several properties of expansive concrete incorporating two slag
types under different curing methods. Some recommendations for future work can be made in

details as follows.

- Investigation of the performance of concrete was only employed for 91 days. Thus, it should
be stretched for longer time (such six months or one year) to achieve further understanding

of long-term effect of slag on concrete properties.

- The specimen used in this study was subjected to air and steam curing, it should be extended

to other conditions such as the water curing.
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- In this investigation, though a chemical analysis of hydration components using the
XRD/Rietveld method was performed, the discussion was solely relating to Aft content.
Hence it needs to optimize the analysis and discussion on the reaction rates and amounts
of hydration products of binders to comprehensively explain the mechanisms of the

blended cementitious system.
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Appendix A: Verification of applicability of the simplified estimation

method to steam-cured expansive concrete

A.1. Strain behaviors of the dummy restraining device with temperature
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Fig.1. Examples of the strain of the dummy restraining device and temperature

A.2. The relation between the absorbed water and the square root of time for fabricated

concrete
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Fig. 2. Cumulative absorbed water with the square root of time for fabricated concretes
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