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The high strength and durability of high-performance concrete (HPC) may be significantly reduced by shrinkage
cracking. The use of reactive magnesium oxide (MgO) can reduce shrinkage of cement-based materials due to its
expansive properties. This study intends to analyse the validity of MgO as shrinkage-reducing agent in recycled
aggregate HPC. To do so, ten HPC mixes with 0%, 25%, and 100% of both early-age (7-days air curing) and
matured (6-month air curing) RA were produced. In half of the mixes, 10% ordinary Portland cement was
replaced with MgO. The use of MgO slightly worsened the mechanical behaviour of HPC, especially when
combined with large amounts of RA. On the other hand, the expansion of MgO fully offset the autogenous
shrinkage of HPC and reduced total shrinkage by around 20-40%. Water storage of RA, and its deferred release
over time, produced a more efficient hydration of MgO, which in turn led to a further reduction of autogenous
shrinkage. However, the increase of drying shrinkage caused by RA was greater than this decrease of autogenous
shrinkage due to MgO, so the higher the RA content of HPC the lower the total shrinkage reduction when adding
MgO. Thus, the decrease of total shrinkage caused by MgO was compensated by the shrinkage increase because
of RA when adding amounts above 35% early-age RA and 42% matured RA. Therefore, despite the suitability of
MgO as shrinkage-reducing agent in recycled aggregate HPC, its effectiveness was reduced with increasing
amounts of RA.

shrinkage stops when a stable skeleton is formed inside concrete, i.e.
approximately 24 h after its manufacture [7]. This moment is known as
“time zero” [8]. After this, both autogenous shrinkage, which is caused

1. Introduction

Shrinkage is defined as the volumetric contraction of concrete,

especially at early ages, without applying any external force [1]. This
property is of great importance for the durability performance of this
material, due to the cracking that it may cause [2]. The appearance of
cracks favours the attack of external agents that deteriorate concrete and
corrode the reinforcements, thus reducing its service life [3-5]. There-
fore, shrinkage must be accurately evaluated, which is not simple, as it is
a complex phenomenon caused by several factors, which are listed
below.

Plastic shrinkage of concrete occurs during its transition from fresh
to hardened state, due to the loss of water during this process [6]. This
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by the absorption of capillary water by cement during its delayed hy-
dration, and drying shrinkage, caused by the evaporation of the water,
follow [9]. The measurement of autogenous shrinkage can be performed
by isolating the concrete specimen from the environment, preventing its
contact with air, so that water evaporation is blocked [10]. If the con-
crete specimen is left in contact with the environment, total shrinkage,
which is the sum of autogenous and drying shrinkage, can be measured
[11].

This study is part of a larger research that addresses the effect of
different components that modify the shrinkage behaviour of high-
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performance concrete (HPC) [12]. This type of concrete has a higher
than usual cement content, which leads to a dense microstructure, and
provides high strength and durability [13]. However, this also leads to a
very high hydration heat, which increases shrinkage cracking [14]. For
that reason, any modification of the composition of HPC must be carried
out considering how the use of each raw material will affect this prop-
erty [15], as the effect of each mix change on the shrinkage of HPC is
relevant.

In recent years, the effect of replacing natural aggregates (NA) with
recycled aggregates (RA) in HPC has been studied in detail [16,17]. It
has been found that the simultaneous addition of coarse and fine RA
reduced the mechanical properties of HPC [18], although to a lesser
extent than in conventional vibrated concrete because of its denser
microstructure [19]. Thus, while reductions of 40% of the mechanical
properties of conventional concrete can be obtained when adding 100%
coarse RA [20], those reductions for HPC have been found to be from
15% to 20%, for full replacement of coarse NA with RA [14]. On the
other hand, it has also been proved that the higher water absorption and
lower stiffness of RA, compared to NA, also modifies the shrinkage
behaviour of HPC [21]. Maintaining the workability of HPC constant,
the addition of RA reduces autogenous shrinkage by releasing water at a
later stage, which replaces the capillary water absorbed by the delayed
hydration of cement, in a process called internal curing [22]. However,
drying shrinkage increases due to the greater amount of water released
by the aggregates that subsequently evaporates [23]. In short, due to all
the aspects described, the total shrinkage of HPC increases when adding
RA [24].

RA can be produced at different times between casting and crushing
of the parent concrete (PC), i.e., RA can have different maturities. This
notably affects the mechanical and shrinkage behaviour of HPC. On the
one hand, the strength and stiffness of early-age RA increase over time
[25], which leads to a worsening of all mechanical properties compared
to those of the mixes manufactured with matured RA [26]. On the other
hand, if early-age RA (e.g. after 7 days of curing) are used, both RA and
the cementitious matrix will shrink when HPC is already produced [10].
Therefore, the use of early-age RA will increase all types of shrinkage.
Finally, a linear relationship between RA content and shrinkage of the
HPC mixes can usually be detected regardless of RA’s maturity [21].

Magnesium oxide (MgO) is a chemical compound obtained from
minerals such as magnesite, and whose hydration leads to the formation
of magnesium hydroxide, also known as brucite (Mg(OH),), as shown in
Eq. (1) [27]. This reaction, which can occur at room temperature, is
expansive, as the volume of brucite is greater than that of the MgO
before hydration [28], and provides MgO with a suitable mechanical
strength [29]. All these aspects mean that MgO can be useful as a
shrinkage-reducing agent in cement-based materials [30], in the same
way as other alternative binders [31]. Nevertheless, the MgO content in
ordinary Portland cement has traditionally been limited to 5% (EN 197-
1 [32]). This limitation is justified by the fact that the high temperatures
(around 1500 °C) reached during the clinkerization process produce
MgO with a late reactivity (hard-burned MgO). This, in turn, could cause
it to expand when concrete already has a stable and compact micro-
structure, and may therefore cause micro-cracks and a great worsening
of the mechanical behaviour of concrete [33]. However, if the minerals
from which MgO is obtained are subjected to relatively low tempera-
tures, between 700 and 1000 °C, it is possible to obtain light-burned or
reactive MgO [34], which is able to expand at early ages (a few hours
after mixing with water) due to its greater reactivity [29]. Therefore, if
reactive MgO is added to concrete, its expansion occurs when the
cementitious matrix of concrete has lower stiffness [35]. Thus, this re-
action causes a reduced internal damage to concrete and, therefore, it is
possible to take advantage of the expansive properties of this product
[36].

MgO + H,0-Mg*" + 2A-OH »Mg(OH), @)
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So far, the use of reactive MgO has been validated exclusively
regarding the production of cement pastes and mortars. Recent studies
have shown that reactive MgO as cement replacement in relatively high
quantities (10-20%) can be successfully used to produce mortars with
improved shrinkage behaviour [37], reducing both autogenous [38] and
total shrinkage [39]. The decrease in total shrinkage obtained for a MgO
content of only 10% was between 18 and 49%, depending on its fineness
[40]. On the other hand, the use of reactive MgO has allowed producing
more sustainable mortars since CO, emissions during its manufacture
represent 30% of those produced during the manufacture of cement
clinker [41]. Furthermore, its effect is not changed when combined with
RA, so a MgO content of 10% has also allowed reducing around 30-60%
the increase in total shrinkage caused by the addition of 100% fine RA
[40]. However, it has also been concluded that the use of reactive MgO
in mortars generally produces a slight loss of strength [42], around
10-20% for 10% MgO as cement replacement [43].

This study intends to extend the possible field of application of
reactive MgO to HPC. Thus, this article evaluates in detail the effect of a
relatively high content (10%) of reactive MgO on the mechanical and
shrinkage behaviour (autogenous, drying, and total shrinkage) of HPC,
an aspect not studied until now and which constitutes the main novelty
of this article. Moreover, this study also evaluates other novel aspects
such as the interaction between reactive MgO and coarse and fine RA of
different maturities, with the aim of also assessing the suitability of this
product for the manufacturing of recycled aggregate HPC. To analyse all
these aspects, ten HPC mixes were manufactured in this study, five of
them with 10% reactive MgO as cement replacement. In addition, RA
contents of 0%, 25% and 100% (simultaneous replacement of the coarse
and fine fractions of NA) and two completely different maturities of RA
(time between manufacturing of the parent concrete (PC) and crushing),
7 days and 6 months, were considered. The effect of RA’s maturity is
addressed in detail in a previous paper by the authors [12]. However,
some results are repeated in this paper in order to analyse in detail the
effect of reactive MgO. In this way, it is intended to provide a complete
overview of the effect of MgO on the mechanical and shrinkage per-
formance of recycled aggregate HPC.

2. Materials and methods
2.1. Raw materials

As indicated in the introduction, the developed mixes incorporated
MgO and RA. The composition of HPC was completed with NA and or-
dinary Portland cement (OPC).

2.1.1. Binders, admixture, and water
Two different binders were used in this research work:

e On the one hand, all mixes were manufactured with OPC, CEM I 42.5
R (European standard), with a bulk and real density of around 1.0
and 3.1 Mg/m?, respectively. According to current regulations (EN
197-1 [32]), this type of cement has a clinker content of around 98%;
On the other, in half of the mixes 10% OPC by weight was replaced
with reactive MgO supplied by an Australian company. This com-
mercial reactive MgO was characterized by its high purity (MgO
content of 97%), as shown in the chemical composition obtained by
X-ray fluorescence (XRF) analysis (Table 1). Moreover, it presented a
high fineness as per its size gradation and surface area (Table 2),
which allowed reaching its successful hydration, and therefore
maximum expansion and strength development when mixed with

Table 1
Chemical composition (%) of reactive MgO by XRF.

MgO CaO SiO; Fey03 Al,03

97.0 1.3 1.2 0.2 0.3
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Table 2

Properties of reactive MgO.
Real density (Mg/m>) 3.58
Bulk density (Mg/m®) 0.50
BET specific surface area (m?/g) 60.21
Particles smaller than 75 pm (%) 100.00
Particles smaller than 45 um (%) 95.00

water [44]. Finally, its higher real density and lower bulk density
than OPC’s can also be observed.

All mixes incorporated drinking water from the main water supply of
Lisbon, Portugal, where the research was carried out. Moreover, a
polycarboxylate-based superplasticiser specifically designed to provide
concrete with high workability was also added.

2.1.2. Natural aggregates

Four natural aggregates (NA) with a continuous gradation (Fig. 1)
and different sizes were used: crushed limestone gravels 12-22 mm
(labelled coarse gravel, CG) and 4-12 mm (labelled medium gravel,
MG), coarse siliceous sand 1-4 mm (labelled coarse sand, CS), and fine
siliceous sand 0-1 mm (labelled fine sand, FS). Their physical properties
had current values [45], as shown in Table 3.

2.1.3. Recycled aggregates

First, the composition and the slump of the parent concrete (PC) were
defined (100% NA, Table 4) and its production was undertaken. The
mechanical properties, as in Table 5, show that PC is classified as C30/
37 class according to Eurocode 2 [1]. Furthermore, PC exhibited a fast
development of strength: its 7-day compressive strength was equal to
87% of its compressive strength at 28 days. After its manufacture, PC
was air cured for two different time periods: 7 days, when the shrinkage
of concrete is still very high, and 6 months, when the shrinkage of
concrete can be neglected. These two “maturities” allowed analysing the
effect of the shrinkage of RA on the shrinkage of HPC. At the end of each
curing period, PC was crushed in a jaw crusher and two types of RA were
obtained: early-age (7-day air-curing period) and matured (6-month air-
curing period).

Subsequently, RA obtained by crushing (0-31.5 mm) were sieved to
separate their coarse (4-22 mm) and fine (0-4 mm) fractions. Thus, the
ratio between the percentage of coarse (>4 mm) and fine (<4 mm)
aggregate could be kept constant in all mixes, not affecting the results
obtained [19].

Table 3 shows the main physical properties of RA. It can be noted
that their density was around 2.4 Mg/m? and that their water absorption
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Table 3
Density (Mg/m3) and water absorption (%) of the aggregates (EN 1097-6 [46]).
Aggregate Saturated- Oven- Apparent 24-h water 10-min
(size surface-dry  dried density absorption water
fraction) density density absorption
CG (12-22 2.63 2.59 2.69 1.29 0.88
mm)
MG (4-12 2.65 2.62 2.70 1.11 0.85
mm)
CS (1-4 2.57 2.55 2.61 0.81 0.65
mm)
FS (0-1 2.62 2.61 2.65 0.62 0.39
mm)
Coarse RA 2.43 2.42 2.47 4.89 3.18
(4-22
mm)
Fine RA 2.38 2.35 2.40 6.77 4.82
0-4
mm)

was four times higher for the coarse fraction and nine times higher for
the fine fraction than those of NA, respectively, values in line with ex-
pectations [45]. Their gradation was also continuous (Fig. 2) and,
therefore, suitable to produce HPC.

2.2. Mixes design

The reference mix, labelled RHPC, was first developed. The objective
was to design a high-workability HPC (slump of 175 + 15 mm, i.e., S4
class as per EN 206 [47]), so that concrete had an optimal behaviour in
both the fresh- and hardened-state. This ensured that it was a concrete
suitable for structural use both in terms of strength and ease of place-
ment [48]. To this end, three actions were implemented:

e A higher than usual OPC content, 400 kg/m3, was adopted. Mineral
additions, which are common in HPC [19], were not considered in
order to avoid possible interactions that would have prevented a
precise definition of the effect of RA or MgO;

The ratio between the amount of aggregate and cement added to the
mix was defined according to the specifications of Eurocode 2 [1].
The proportions of the four NA listed in section 2.1.2 were deter-
mined by adjusting by least squares their size fractions to the refer-
ence Faury’s curve with a maximum aggregate size of 22 mm.
Therefore, 55% coarse aggregate (35% CG and 20% MG) and 45%
fine aggregate (20% CS and 25% FS) were added regarding the total
volume of aggregates of the mix. In this way, a good packing of the
aggregates was achieved;

w— CG - e MG eeee CS - S » Coarse RA = < Fine RA
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Fig. 1. Aggregates’ gradation.
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Table 4
Composition of PC (kg/m?).
CEMI52.5R Limestone filler Water CG MG CS FS Water-to-binder ratio Slump (cm)
260 82 155 714 408 408 510 0.45 49+0.2
The composition of the ten HPC mixes produced is collected in
Table 5' . Table 6, while their joint gradation is shown in Fig. 2. A correct packing
Mechanical properties of PC. .
of the aggregates can be observed. The moment of the production of
Compressive strength at 7 days (MPa) 39.70 + 0.57 each mix is shown on a time scale in Fig. 3.
Compressive strength at 28 days (MPa) 45.50 + 0.42
Splitting tensile strength at 28 days (MPa) 2.57 +£0.29 2.3. Experimental plan
Modulus of elasticity at 28 days (GPa) 37.30 £ 0.28

e A low effective water-to-binder (w/b) ratio, equal to 0.35, was
established. For its definition, both the water absorption after 10 min
(mixing time, section 2.3) and the natural moisture of NA, which
were stored in the lab during the whole experiment, were consid-
ered. This low w/b ratio allowed obtaining a high strength, but
reduced workability. The last problem was solved by adding a
superplasticiser at a proportion of 2% cement mass and by imple-
menting a two-stage mixing process (section 2.3).

Once the reference mix had been designed, the mixes with RA of
different maturities were produced. So, 25% and 100% of the coarse and
fine NA were simultaneously replaced with both matured and early-age
RA. On the other hand, the water in each mix was adjusted to maintain
the workability constant (slump of 175 + 15 mm), thus ensuring that the
water content did not affect the results obtained. The amount of addi-
tional water was empirically determined for each RA content according
to the natural moisture of RA and their water absorption after 10 min.
The mixes developed were labelled MAHPC25 and MAHPC100
(matured RA, labelled MA), and EAHPC25 and EAHPC100 (early-age
RA, labelled EA).

Finally, five other mixes were defined, with an identical composition
to the previous ones, but in which 10% by weight of OPC was replaced
with MgO. This content of MgO was chosen because, in previous
research regarding structural mortars, it had allowed an optimal balance
between the decrease of shrinkage and the loss of strength that it causes
[40]. Apart from studying the effect of MgO, through these mixes it was
possible to study in detail its interaction with RA of different maturities.
The water content of these five mixes was increased by 15 kg/m® to
achieve the target slump (175 + 15 mm). The five mixes with MgO were
labelled RHPCMO, MAHPC25MO, MAHPC100MO, EAHPC25MO, and
EAHPC100MO.

e 100% NA == == 25% RA

e e 100% RA

In order to maximize both the hydration of the cement and the water
absorption of the aggregates [49] and, thus, the workability of the HPC,
the mixing process was performed in two stages. In the first one, all the
aggregates and 70% of the mixing water were added in a vertical-axis
concrete mixer and mixed for four minutes. Subsequently, the mixer
was stopped for two minutes, during which the binders (OPC and MgO)
and the remaining water containing the superplasticiser were poured.
The HPC was mixed for a further 4 min, after which the fresh-state tests
were carried out:

e Two determinations of the slump, in accordance with the Abrams-
cone test (EN 12350-2 [50]), with an interval of 1 min;
e Two measurements of the fresh density (EN 12350-6 [51]).

Subsequently, the necessary specimens to perform the different
hardened-state tests were produced. These tests are listed in Table 7
along with the testing age and the type of specimen used in each case. All
the tests were carried out on two specimens, so that the final result was
the arithmetic mean of the values obtained for the individual specimens.

The specimens produced were stored in two conditions until the
testing point:

e In general, the specimens were kept in a moist room (95 + 5% hu-
midity and 20 £ 2 °C temperature);

e The specimens used to measure both hardened density and shrinkage
were stored in a dry room (45 + 5% humidity and 20 + 2 °C
temperature).

Fig. 3 shows a flowchart that describes in detail the experimental
plan followed, as well as the moment at which each mix was
manufactured.
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Fig. 2. Global gradation of the mixes.
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Table 6
Mix design (kg/m®).
Mix Cement MgO Water CG MG CcS FS Coarse RA Fine RA Superplasticiser
RHPC 400 0 150 690 390 380 470 0 0 8
MAHPC25 400 0 160 520 295 285 355 245 190 8
EAHPC25
MAHPC100 400 0 195 0 0 0 0 980 760 8
EAHPC100
RHPCMO 360 40 165 690 390 380 470 0 0 8
MAHPC25MO 360 40 175 520 295 285 355 245 190 8
EAHPC25MO
MAHPC100MO 360 40 210 0 0 0 0 980 760 8
EAHPC100MO
| HD, UPV, and CS at 7 days | LEGEND:
* HD: Hardened-Density test
* UPV: Ultrasonic-Pulse-Velocity test
I HD, UPV, CS, STS, and ME at 28 days I * (CS: Compressive-Strength test
* STS: Splitting-Tensile-Strength test
* ME: Modulus-of-Elasticity test
I AS and TS from 1 to 91 days I + AS: Autogenous-Shrinkage test
* TS: Total-Shrinkage test
| Production of RHPC and RHPCMO mixes |
b
Matured RA production
| PC production | Production of MAHPC25 and MAHPC100 mixes
Production of MAHPC25MO and MAHPC100MO mixes
7 g
0 180 " Time (days)
(6 months)
| HD, UPV, and CS at 7 days |
Early age RA production | Hb, Upv, cs, 5T5, and ME at 28 days |
Production of EAHPC25 and EAHPC100 mixes
Production of EAHPC25MO and EAHPC100MO mixes I AS and TS from 1 to 91 days I
I CS at 91 days I
Fig. 3. Experimental plan.
Tabl existing procedure for its short-term measurement (up to 2-3 days after
able 7 the mixing process) was extended: the specimens were wrapped with
Hardened-state tests performed. .. . .
aluminium foil tape to block water evaporation [59].
Test Specimen type Age (days) ~ Standard On the other hand, it has been indicated in the introduction that
Hardened density 10x10x10-cm cubic 7,28 EN 12390-7 “time zero” is the moment when plastic shrinkage ends, and autogenous
specimens [52] and drying shrinkage begin [7]. In high-performance cement pastes, this
Ultrasonic pulse 15x15x15-cm cubic 7,28 EN 12504-4 “time zero” is reached approximately 24 + 0.5 h after the end of the
velocity specimens [53] .. 31, Theref both £ shrink d b
Compressive 15x15x15-cm cubic 7.28,91¢  EN 12390-3 mixing process [ ] erefore, both types of shrinkage started to be
strength specimens [54] measured at that time.
Splitting tensile 15x30-cm cylindrical 28 EN 12390-6 The number of measurements performed per week was in line with
strength specimens [55] the shrinkage level expected at each age of concrete. As in similar studies
Modulus of elasticity ~ 15x30-cm cylindrical 28 EN 12390-13 . . .
specimens [56] [60], shrinkage was measured every day during the first week of the
Autogenous 10x10x50-cm prismatic From1lto - concrete’s life, three times in the second week, twice in the third and
shrinkage specimens 91 fourth weeks, and once per week until the concrete reached an age of 91
Total shrinkage 10x10x50-cm prismatic From1to  LNEC-E398 days, when the tests were ended. The ending age of the shrinkage tests
specimens 91 [57]1

" The 91-day compressive strength was determined only on the EA mixes to
study the development of strength of early-age RA.

2.3.1. Shrinkage tests

In this research work, both autogenous and total shrinkage were
measured in the same way, as per LNEC-E398 [57], and using a digital
comparator, although the conditions of the specimens were different.
The determination of total shrinkage was carried out on specimens that
were in contact with the controlled environment (dry room), so water
evaporation was enabled [58]. Regarding autogenous shrinkage, the

was defined following the guidelines of other similar studies [58,61].
3. Results and discussion
3.1. Fresh properties

3.1.1. Workability

As shown in Table 8, all mixes had a slump within the initially
established values, 175 + 15 mm. Therefore, all mixes could be classi-
fied as S4 slump class as per EN 206 [47].

According to the results, it can be considered that workability
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Table 8

Workability: w/b ratio and slump of the mixes.

Construction and Building Materials 314 (2022) 125726

Mix wy/b ratio Effective w/b ratio Slump (cm) A RA content’ (%) A RA’s maturity” (%) A MgO® (%)
RHPC 0.373 0.350 18.55 + 0.21 - - -
MAHPC25 0.400 0.354 18.10 £ 0.14 —24 - -
EAHPC25 0.400 0.354 18.33 + 0.18 -1.2 +1.3 -
MAHPC100 0.480 0.362 17.30 + 0.13 -67 - -
EAHPC100 0.480 0.362 17.45 £ 0.14 -5.9 +0.9 -
RHPCMO 0.408 0.385 17.85 + 0.17 - - - 38
MAHPC25MO 0.435 0.389 17.40 + 0.14 —2.4 - -39
EAHPC25MO 0.435 0.389 17.30 + 0.11 -3.0 -0.6 -56
MAHPC100MO 0.515 0.397 16.15 £ 0.11 -9.2 - - 6.6
EAHPC100MO 0.515 0.397 16.30 + 0.07 - 8.4 +0.9 -6.7

! Percentage loss of slump because of the addition of RA (compared to the reference mixes with the same binders, RHPC or RHPCMO).
2 Percentage variation caused by using early-age RA (compared to the mixes with the same composition but with matured RA).
3 Percentage decrease caused by MgO (regarding the mixes with the same composition and RA’s maturity but with 100% OPC).

remained constant in all mixes. This was possible due to the increase in
the effective w/b ratio when adding RA and MgO.

e The higher water absorption of RA than NA’s [62] and the increase in
friction between the mix components that the irregular shape of RA
caused [19] were compensated by increasing the w/b ratio. The use
of early-age RA increased the slump by around 1% due to their less
angular shape as a result of the lower strength of PC when crushed;
MgO has a greater specific surface area than OPC’s [40], although
both binders presented a similar size distribution, considering the
specifications of EN 197-1 [32] and the data collected in Table 2.
This led the effective w/b ratio to increase by 0.035 units when MgO
was added to 100%-OPC mixes. Furthermore, the slightly more
angular shape of MgO could also be detrimental [35].

Finally, Table 8 shows that RA caused a higher decrease of work-
ability when they were added to a mix with MgO as cement replacement.
This phenomenon was especially notable when 100% RA was used.

3.1.2. Fresh density

The fresh density of each HPC mix is shown in Fig. 4. The lower
density of RA compared to NA’s [63], as well as the increase of the w/b
ratio and air content [64], led to a linear decrease of the fresh density
when the RA content increased. On the other hand, the water evapo-
ration that RA experienced during air curing [22] was higher in matured

® MA mixes without MgO A EA mixes without MgO M MA mixes with MgO

RA than in early-age RA, due to their longer curing period. However, this
loss of mass was very small compared to the joint mass of all components
of HPC, so it did not affect the resulting fresh density.

The fresh density of the mixes manufactured with MgO was lower
than that of the mixes that incorporated 100% OPC, although the real
density of MgO is higher. This is explained by the higher water content
when adding this binder, necessary to maintain the workability constant
[35]. Furthermore, the higher specific surface area and more irregular
shape of MgO could increase the air content of HPC, as other alternative
binders [65]. This led the density of all mixes to decrease by around
0.02 Mg/m® compared to the mixes with 100% OPC. The effect of MgO
was always the same, regardless of the RA content of the mix or RA’s
maturity.

3.2. Hardened properties

3.2.1. Hardened density

The hardened density of the mixes is shown in Fig. 5. Common values
for recycled aggregate concrete, between 2.15 and 2.45 Mg/m>, were
obtained [66].

The replacement of 10% OPC with MgO decreased the hardened
density, as observed regarding the fresh density. This was due to the
higher water content required to maintain workability, which is less
dense than the rest of components of concrete [40]. On the other hand,
the addition of MgO also increases the porosity of concrete, which in
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Fig. 5. Hardened density of HPC at (a) 7 days; (b) 28 days.

turn compensates the increase of microstructural density caused by the
higher real density of MgO [67]. As a result of these two aspects, HPC
with MgO had a hardened density 0.03-0.05 Mg/m® lower than that of
HPC with 100% OPC.

The lower density of RA compared to NA’s, as well as the higher
water and air content of HPC when adding these materials [63],
decreased hardened density. This decrease showed a clear linear trend
with the RA content, regardless of the binders used. On the other hand,
there was a small variation of the hardened density between the mixes
with the same amount of RA that incorporated MgO depending on the
RA’s maturity, although no clear trend was observed. These small var-
iations were the common fluctuations of an experimental campaign, so it
can be stated that the RA’s maturity did not affect the hardened density
of recycled aggregate HPC.

3.2.2. Compressive strength

The compressive strength of all mixes at both 7 and 28 days is shown
in Fig. 6 and Table 9. The three factors analysed (RA content, RA’s
maturity, and addition of MgO) affected the compressive strength

obtained and its development over time.

On the one hand, compressive strength decreased linearly with the
RA content (Fig. 6). This decrease was caused by the appearance of
interfacial transition zones (ITZ) of bad quality between the coarser RA
particles and the cementitious matrix [63] or the presence of mortar
particles in the fine fraction [19]. The lower strength and stiffness of
early-age RA [25] led to a greater loss of compressive strength.

Concerning MgO, its addition in a 10% by weight reduced the
compressive strength of HPC by between 8% and 20% (Table 9). This
phenomenon was due to the lower strength of the magnesium hydroxide
(Mg(OH)3), resulting from the hydration of the reactive MgO, compared
to the calcium-silicate-hydrates (C-S-H), produced by the hydration of
OPC [40]. Furthermore, the increase in water content when adding this
binder resulted in a greater dilution of the cement and, therefore, in a
loss of strength [43]. This loss of strength in HPC with 100% NA was
similar to that obtained in similar researches [67].

The decrease of strength caused by MgO was higher when it was
added to mixes made with RA, as shown in Table 9. Thus, the addition of
MgO to the RHPC mix, resulting in the RHPCMO mix, reduced
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Fig. 6. Compressive strength of HPC at (a) 7 days; (b) 28 days.
Table 9
Effect of the factors on the compressive strength of HPC.
Mix 7 days 28 days A 7-28 days* 91 days
3 2. 1 i se 2 3 (0/0) .
Compressive strength Compressive strength A RA content A RA’s maturity A MgO Compressive strength
(MPa) (MPa) (%) (%) (%) (MPa)
RHPC 70.8 £ 0.9 741 +1.3 - - - 95.5 -
MAHPC25 66.7 = 0.8 70.4 +£1.9 - 5.0 - - 94.7 -
EAHPC25 63.5+ 1.6 67.5+1.8 - 9.0 — 4.2 - 94.1 719+ 1.6
MAHPC100 55.5 +£1.7 61.4 + 0.6 —-17.2 - - 90.5 -
EAHPC100 51.3 £0.2 57.4+1.2 — 226 — 6.5 - 89.5 61.2+1.8
RHPCMO 61.8 + 0.8 68.0 &+ 2.0 - - - 8.2 90.9 -
MAHPC25MO 55.7 £1.2 63.0 £ 0.7 - 7.4 - - 10.5 88.4 -
EAHPC25MO 526 £1.1 60.4 + 0.7 -11.8 - 4.1 —10.6 87.1 62.3 + 2.4
MAHPC100MO 448 + 1.7 52.1+1.0 — 234 - —15.1 86.0 -
EAHPC100MO 40.8 + 1.4 46.7 £ 1.1 -31.3 —10.4 —18.6 86.4 50.6 + 0.3

1 Decrease of compressive strength due to the use of RA (compared to the reference mixes with the same binders, RHPC or RHPCMO).
2 Percentage decrease because of using early-age RA (compared to the mixes with the same composition but with matured RA).

3 Percentage decrease caused by MgO (regarding the mixes with the same composition and RA’s maturity but with 100% OPC).

# Percentage of 28-day compressive strength developed at 7 days.
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compressive strength by 8.2%, while its addition to the MAHPC100 and
EAHPC100 mixes, resulting in the MAHPC100MO and EAHPC100MO
mixes respectively, decreased it by 15-18%. This interaction, similar to
that observed regarding slump (section 3.1.1), was attributed to the
increase in porosity that the simultaneous use of both products caused,
as observed with other alternative binders [68].

Finally, the temporal evolution of strength was different for each
HPC mix, due to their different composition. On the one hand, the in-
ternal curing caused by RA due to their higher water absorption fav-
oured a delayed hydration of the binders, and led to a higher increase of
strength from 7 to 28 days [69]. On the other hand, the strength and
stiffness of early-age RA increased more significantly over time [25], so
that HPC produced with early-age RA showed a higher increase of
compressive strength in the long-term. So, the 91-day compressive
strength of the HPC with early-age RA was similar to the 28-day
compressive strength of matured-RA HPC. Finally, as the evolution of
compressive strength over time shows (seventh column of Table 9), the
use of MgO also resulted in a higher temporal increase of strength, which
could be due to the slower development of strength of MgO compared to
OPC, as found in other alternative binders such as fly ash [70].

3.2.3. Splitting tensile strength

The splitting tensile strength of the different mixes at 28 days is
shown in Fig. 7. Again, the three factors analysed, RA content, RA’s
maturity, and the presence of MgO, decreased strength, as the percent-
age variations in Table 10 show.

The addition of RA reduced the bond strength between the aggre-
gates and the cementitious matrix [63] and, therefore, the splitting
tensile strength of HPC. Early-age RA reduced the splitting tensile
strength to a greater extent due to their lower strength [25]. Finally, the
decrease of splitting tensile strength caused by 25% RA was higher than
expected, regardless of RA’s maturity, if a linear trend is considered
(Fig. 7), which shows that the negative effect of RA on the splitting
tensile strength is usually notable [48,63].

The replacement of 10% OPC with MgO reduced the splitting tensile
strength by between 5 and 21%, very similar values to the decreases
obtained for compressive strength. This decrease of splitting tensile
strength was also caused by the greater dilution of OPC (due to the in-
crease of the effective w/b ratio when MgO was added), the increase of
porosity caused by the use of MgO, and the lower strength of Mg(OH)»
compared to C-S-H [71]. In fact, the tensile strength of MgO is around 1

©® MA mixes without MgO A EA mixes without MgO l MA mixes with MgO
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Table 10

Effect of the factors on the splitting tensile strength of HPC.
Mix Splitting tensile ARA ARA’s A Mg0®

strength (MPa) content’ (%) maturity2 (%) (%)

RHPC 3.58 £ 0.15 - - -
MAHPC25 3.12 £ 0.10 —12.8 - -
EAHPC25 3.03 £0.12 —15.4 - 29 -
MAHPC100 2.60 £+ 0.09 —27.4 - -
EAHPC100 2.50 £ 0.13 — 30.2 - 3.8 -
RHPCMO 3.38 £ 0.09 - - — 5.6
MAHPC25MO 2.84 +£0.11 —16.0 - —-9.0
EAHPC25MO 2.58 + 0.09 —23.7 —-9.2 — 149
MAHPC100MO 2.13 +£0.18 - 37.0 - —18.1
EAHPC100MO 1.98 + 0.07 —41.4 - 7.0 —20.8

! Decrease of strength due to the use of RA (compared to the reference mixes
with the same binders, RHPC or RHPCMO).

2 Percentage decrease because of using early-age RA (compared to the mixes
with the same composition but with matured RA).

3 Percentage decrease caused by MgO (regarding the mixes with the same
composition and RA’s maturity but with 100% OPC).

MPa, while that of OPC is between 2 and 5 MPa [67]. In addition to the
negative effect of MgO, its use amplified the negative effect on the
splitting tensile strength of both the RA content and their maturity, as
shown in Table 10. This phenomenon was also detected in compressive
strength, but it was less relevant, possibly due to the greater dependence
of the splitting tensile strength on the porosity of concrete [64], which
increased because of the interaction between RA and MgO.

3.2.4. Modulus of elasticity

The use of RA reduces the modulus of elasticity of HPC due to their
lower stiffness compared to NA’s [25]. In addition, if RA are obtained
from a lower quality concrete (lower strength and stiffness), this
decrease is more remarkable [22]. Fig. 8 shows the values of the
modulus of elasticity at 28 days of all mixes. The results were as ex-
pected. Thus, the modulus of elasticity decreased as the RA content rose.
The use of early-age RA, obtained at an age at which PC had less stiff-
ness, also reduced it, although this effect was only clear when its content
was 100%.

Mg(OH); has a similar modulus of elasticity to C-S-H’s [40]. So,
recent studies indicate that the replacement of OPC with MgO allow
preserving the modulus of elasticity of cement-based materials, if this
substitution does not imply any other change in the composition of the
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Fig. 7. Splitting tensile strength of HPC at 28 days.
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Fig. 8. Modulus of elasticity of HPC at 28 days.

mix [67]. However, the use of MgO forced an increase of water content
to maintain workability, which also resulted in higher porosity of HPC
[40]. Therefore, the elastic moduli of the mixes of this study decreased
by around 5-10% when MgO was added, as shown in Table 11. How-
ever, this decrease was lower than those obtained for the compressive
and splitting tensile strength. Furthermore, unlike those strengths, the
relative decreases shown in Table 11 indicate that the effect of MgO was
approximately the same in all mixes regardless of their RA content. Since
microstructural density plays a very relevant role on the modulus of
elasticity of HPC [14], its increase due to the higher real density of MgO
compared to OPC’s resulted in smaller and more uniform reduction of
this mechanical property.

3.2.5. Ultrasonic pulse velocity (UPV)

UPV at the ages of 7 and 28 days of the mixes produced, measured in
15x15x15-cm cubic specimens subsequently tested to compressive
strength, is shown in Fig. 9. All the values obtained, between 4000 and
5400 m/s, are typical of a high-stiffness concrete such as HPC [72].

UPV is closely related to the modulus of elasticity of concrete.
Therefore, the behaviour of HPC regarding this property has many
similarities with that regarding the modulus of elasticity:

Table 11

Effect of the factors on the modulus of elasticity of HPC.
Mix Modulus of ARA ARA’s A MgO®

elasticity (GPa) content’ (%) maturity2 (%) (%)

RHPC 44.1 + 0.5 - - -
MAHPC25 42.6 + 0.4 — 3.4 - -
EAHPC25 42.2 + 0.4 — 4.3 - 0.9 -
MAHPC100 30.2+ 1.0 - 31.6 - -
EAHPC100 29.8 £ 0.2 — 324 -1.3 -
RHPCMO 41.8 £ 0.5 - - —52
MAHPC25MO 37.6 £ 0.2 —10.0 - —-11.7
EAHPC25MO 39.0 £ 0.6 - 6.7 + 3.7 —-76
MAHPC100MO 29.0 £ 0.4 — 30.6 - — 4.0
EAHPC100MO 279+ 0.8 - 333 -3.8 — 6.4

! Decrease in percentage due to the use of RA (compared to the reference
mixes with the same binders, RHPC or RHPCMO).

2 Percentage variation because of using early-age RA (compared to the mixes
with the same composition but with matured RA).

3 Percentage decrease caused by MgO (regarding the mixes with the same
composition and RA’s maturity but with 100% OPC).

10

e UPV decreased linearly with RA content, regardless of their maturity,
due to the increase of porosity and the appearance of low-quality ITZ
when this waste was added [48]. Furthermore, the lower stiffness of
early-age RA compared to matured RA caused a slight decrease of
UPV, more evident with the addition of 100% RA (Table 12);

The use of MgO also reduced UPV around 4-6%, very similar values
than those of the modulus of elasticity. Since Mg(OH), and C-S-H
have approximately the same stiffness [67], this effect was due to the
higher dilution of the binder caused by the increase of the w/b ratio.
Furthermore, the small increase in porosity caused by MgO could
also favour these results;

As in the modulus of elasticity, the percentage decrease of UPV when
adding MgO was constant regardless of the amount and maturity of
RA. Vice versa, the percentage decrease due to the content and
maturity of RA was also constant regardless of the binder used. These
aspects are clearly shown in Table 12.

Finally, in general, the internal curing caused by the delayed water
release by the RA [63], as well as the slightly slower development of
strength and stiffness of MgO compared to OPC, reduced the percentage
of UPV developed at 7 days (Table 12). The increased stiffness over time
of early-age RA had the same effect.

3.2.6. Statistical analysis

In previous sections, the effect of the different factors considered in
this study (RA content, RA’s maturity, and addition of MgO) has been
described for each property. Moreover, it has been stated that the effect
of MgO was not constant in both the compressive strength and the
splitting tensile strength, but it was increasingly harmful as the RA
content increased. These statements can be validated through a three-
way ANalysis Of VAriance (ANOVA) for each property, which allows
analysing the effect of each factor considering the effect of the others.
The p-values obtained are shown in Table 13.

Considering a significance level of 5%, which is usual in this type of
analysis, it can be stated that:

e The increase of RA content and the replacement of 10% OPC with
MgO significantly affected all properties studied, i.e., they always
caused a notable decrease of the property analysed. However, the
maturity of RA was only significant in compressive strength, which
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Table 12
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Fig. 9. UPV of HPC at (a) 7 days; (b) 28 days.

Effect of the factors on the UPV of HPC.

5 100

Mix 7 days 28 days A 7-28 days” (%)
UPV (m/s) UPV (m/s) A RA content’ (%) A RA’s maturity” (%) A MgO® (%)
RHPC 5163 + 30.4 5289 + 30.4 - - 97.6
MAHPC25 5102 + 30.1 5147 + 31.1 -1.2 - 99.1
EAHPC25 4974 + 101.1 5134 + 10.1 -37 - 25 96.9
MAHPC100 4360 + 49.5 4581 + 69.3 - 15.6 - 95.2
EAHPC100 4264 + 9.9 4494 + 52.3 - 17.4 -22 94.9
RHPCMO 4894 + 56.6 5150 + 67.9 - - - 5.2 95.0
MAHPC25MO 4815 + 53.7 5006 + 60.1 - 1.6 - - 56 96.2
EAHPC25MO 4777 + 28.3 5052 + 120.2 —2.4 +0.8 - 4.0 94.6
MAHPC100MO 4079 + 43.8 4452 + 30.4 - 16.7 - - 6.4 91.6
EAHPC100MO 4025 + 42.4 4396 + 30.4 -17.8 -1.3 - 56 91.6

! Decrease of UPV due to the use of RA (compared to the reference mixes with the same binders, RHPC or RHPCMO).

2 Percentage decrease because of using early-age RA (compared to the mixes with the same composition but with matured RA).
3 Percentage decrease caused by MgO (regarding the mixes with the same composition and RA’s maturity but with 100% OPC).
4 Percentage of 28-day UPV developed at 7 days.
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Table 13

P-values of the three-way ANOVA for the fresh and mechanical properties of HPC.
Property RA content’ RA’s maturity’ MgO' RA content — RA’s maturity” RA content — MgO? RA’s maturity - MgO”
Slump 0.0044 0.3224 0.0037 0.6160 0.1490 0.4226
Fresh density 0.0002 0.4226 0.0082 0.5000 0.5000 0.4226
7-day hardened density 0.0002 1.0000 0.0014 0.5000 0.0577 1.0000
28-day hardened density 0.0004 0.9002 0.0036 0.3921 0.1719 0.9002
7-day compressive strength 0.0000 0.0002 0.0000 0.0009 0.0036 0.2495
28-day compressive strength 0.0007 0.0113 0.0012 0.0370 0.0333 0.5799
Splitting tensile strength 0.0014 0.0581 0.0051 0.1902 0.0403 0.2832
Modulus of elasticity 0.0018 0.8696 0.0185 0.4944 0.1808 0.6598
7-day UPV 0.0006 0.0563 0.0026 0.1960 0.7205 0.2333
28-day UPV 0.0004 0.1698 0.0051 0.0938 0.5008 0.2204

L Effect of each factor.
2 Second-order interactions.

shows that the strength of RA seems to have a greater relevance to maturity was significant on this strength. On the other hand, the
the mechanical behaviour of HPC than their stiffness; effect of MgO was also more harmful the greater the RA amount (RA

e Second-order interactions between the factors only occurred for content-MgO interaction) regarding compressive strength and split-
compressive strength and splitting tensile strength. For compressive ting tensile strength. Finally, the effect of RA’s maturity was always
strength, the negative effect caused by early-age RA was more the same regardless of the binder used (RA’s maturity-MgO
detrimental the higher the RA content of the mix (RA content-RA’s interaction).

maturity interaction). This may be because the effect of RA’s
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Fig. 10. Autogenous shrinkage of HPC mixes: (a) without MgO; (b) with 10% MgO.
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3.3. Shrinkage behaviour

3.3.1. Autogenous shrinkage

Autogenous shrinkage is caused by the consumption of capillary
water due to the chemical reaction that occurs during the delayed hy-
dration of cement [15], ie., the hydration of cement after a stable
skeleton is formed into the concrete (point known as “time zero™) [8]. In
the mixes of this study, this type of shrinkage was measured in
10x10x50-cm prismatic specimens, wrapped with aluminium foil tape in
order to block water evaporation. The results obtained are shown in
Fig. 10, while Table 14 shows the effect of each factor (RA content, RA’s
maturity, and presence of MgO).

Fig. 10a shows that using RA reduced autogenous shrinkage due to
its higher water storage capacity than NA’s [10]. Therefore, their higher
release of water during the deferred hydration of cement allowed more
efficiently replacing the water consumed during this process [22].
Furthermore, this phenomenon compensated their lower resistance to
the contraction of the cementitious matrix due to their higher deform-
ability [58]. Early-age RA shrink due to their rheological nature, so their
use increased the autogenous shrinkage. Their lower stiffness could also
favour this situation.

As explained in the introduction, reactive MgO is expansive, since
the resulting Mg(OH), after its hydration has a larger volume than MgO
[27]. This quality allows using this product as shrinkage-reducing agent
in cement-based materials [39], as recently demonstrated in mortars
[40]. Fig. 10b demonstrates that the reactive MgO was also a suitable
autogenous-shrinkage-reducing agent in HPC, so that the replacement of
10% OPC with MgO led to a decrease of autogenous shrinkage of 93% in
the reference mix. Concerning its joint use with matured RA, the
decrease of the autogenous shrinkage caused by using MgO, compared
to a HPC with the same RA amount but with 100% OPC, was greater the
higher the matured RA content (Table 14). In this way, the shrinkage
reduction when increasing the amount of RA was higher in the mixes
with MgO rather than 100% OPC. This situation is evident in the
MAHPC25MO mix, which presented a notably lower autogenous
shrinkage than the RHPCMO mix, unlike that found in the mixes without
MgO, in which the effect of adding 25% matured RA was minimal. This
behaviour can be explained by two different aspects:

o Firstly, the lower stiffness of RA compared to NA [21] meant that
they exhibited lower opposition to the expansion of MgO;

e Secondly, the higher ability of RA to store water and release it in a
deferred way [11] allowed a higher percentage of MgO particles that
did not hydrate during the mixing process to do so later. A larger
quantity of hydrated MgO particles led to a higher expansion and, in

Table 14
Effect of the factors on autogenous shrinkage of HPC at 91 days.
Mix Autogenous A RA ARA’s A MgO®
shrinkage (mm/ content’ maturity” (%) (%)
m) (%)
RHPC — 0.186 + 0.013 - - -
MAHPC25 — 0.180 + 0.025 —-3.2 - -
EAHPC25 — 0.182 £ 0.012 - 22 +1.1 -
MAHPC100 — 0.155 + 0.029 —16.7 - -
EAHPC100 — 0.164 + 0.030 - 11.8 +5.8 -
RHPCMO — 0.013 + 0.040 - - —93.0
MAHPC25MO + 0.009 £+ 0.016 —169.2 - — 105.0
EAHPC25MO + 0.004 + 0.043 —130.8 + 55.6 —102.2
MAHPC100MO + 0.035 £ 0.009 — 369.2 - —122.6
EAHPC100MO + 0.023 £+ 0.012 — 276.9 +34.3 — 114.0

1 Percentage variation due to the use of RA (compared to the reference mixes
with the same binders, RHPC or RHPCMO).

2 Percentage variation of using early-age RA (compared to the mixes with the
same composition but with matured RA).

3 Variation in percentage caused by MgO (regarding the mixes with the same
composition and RA’s maturity but with 100% OPC).
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turn, to a greater opposition to the contraction of the cementitious
matrix.

Considering these aspects, the effect of MgO in the mixes with early-
age RA should have been higher due to their lower stiffness. However,
the shrinkage of early-age RA had a higher relevance than their stiffness
and, therefore, the autogenous shrinkage increased when early-age RA
were used. Despite this, no mix made with RA experienced autogenous
shrinkage during the test period, since their final length at 91 days was
greater than their initial length at 1 day. The greatest length increase
was in the MAHPC100MO mix (0.035 mm/m at 91 days), which is in
line with all the aspects commented on.

Fig. 10b also shows that the expansion of MgO mostly occurs during
the first days, since most of the MgO was hydrated during the mixing
process. However, no precise pattern was detected regarding the time
during which the HPC increased in length. Thus, the RHPCMO and
MAHPC100MO mixes expanded for two days, while the rest of the mixes
expanded for three days. This aspect seems to be linked to the efficiency
of the hydration of MgO during the mixing process [49], so the
composition of concrete has no relevant role. Therefore, the presence of
RA did not influence the initial hydration and subsequent expansion of
MgO, although it was relevant in the long-term hydration of MgO, as
indicated above.

Finally, it can be stated according to Fig. 10b that the evolution of
autogenous shrinkage over time in HPC with MgO follows a logarithmic
function, as found in conventional concrete [10] and HPC with 100%
OPC (Fig. 10a). In fact, it is possible to precisely adjust this type of
function to mixes with this composition as long as the values during the
first days (from the first to the fourth day approximately) are not
considered, as most of the expansion of MgO occurs during those days.

3.3.2. Drying shrinkage

Drying shrinkage is produced by the evaporation of water from
concrete after “time zero” [9]. This type of shrinkage may not be
measured directly, as this phenomenon cannot be empirically separated
from autogenous shrinkage. Therefore, the most suitable method to
determine it is to calculate the difference between the shrinkage of non-
wrapped specimens and that of specimens wrapped with aluminium foil
tape. In this way, autogenous shrinkage is subtracted from total
shrinkage and, thus, drying shrinkage is isolated [1]. Drying shrinkage
of the mixes is shown in Fig. 11, while the effect of each factor is detailed
in Table 15.

As shown in Fig. 11, the effect of increasing the RA content and using
MgO on drying shrinkage was exactly the opposite to that on autogenous
shrinkage: they did not reduce drying shrinkage, but increased it
instead. This was attributed to the necessary increment in the w/b ratio
to maintain the workability constant [26].

e The higher delayed release of water of RA increased the available
water to evaporate, which in turn increased the drying shrinkage of
HPC [22]. This phenomenon was also favoured by the lower stiffness
of RA [58];

o The higher specific surface area of MgO compared to OPC meant that
the water content of HPC had to be increased to retain workability
when replacing OPC with MgO [35]. Thus, the water available for
evaporation was higher [21], which led drying shrinkage to increase
in the mixes made with 90% OPC and 10% MgO compared to the
mixes with the same composition but 100% OPC (Table 15). The
contraction caused by water evaporation was greater than the
expansion of MgO, so no length increase was detected, as shown in
Fig. 11b.

RA’s maturity had the same effect as on autogenous shrinkage, as the
shrinkage of early-age RA and their lower stiffness resulted in increased
drying shrinkage. This increase was more pronounced when adding
small quantities of RA (Table 15), so the increase of drying shrinkage
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Fig. 11. Drying shrinkage of HPC mixes: (a) without MgO; (b) with 10% MgO.

Table 15
Effect of the factors on drying shrinkage of HPC at 91 days.
Mix Drying ARA ARA’s A MgO®
shrinkage (mm/ content’ (%) maturity” (%) (%)
m)
RHPC — 0.087 + 0.026 - - -
MAHPC25 —0.137 £ 0.037 + 57.5 -
EAHPC25 — 0.190 + 0.046 +118.4 + 38.7 -
MAHPC100 —0.379 + 0.035 + 335.6 - -
EAHPC100 — 0.426 + 0.006 + 389.7 +12.4 -
RHPCMO — 0.152 £+ 0.007 - - +74.7
MAHPC25MO — 0.240 + 0.035 + 57.9 - + 75.2
EAHPC25MO —0.272 £ 0.023 + 78.9 + 13.3 + 43.2
MAHPC100MO —0.462 + 0.019 +203.9 - + 219
EAHPC100MO — 0.499 + 0.024 + 228.3 + 8.0 +17.1

1 Percentage variation due to the use of RA (compared to the reference mixes
with the same binders, RHPC or RHPCMO).

2 Percentage variation of using early-age RA (compared to the mixes with the
same composition but with matured RA).

3 Variation in percentage caused by MgO (regarding the mixes with the same
composition and RA’s maturity but with 100% OPC).
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was mainly due to the higher water content of HPC when adding large
quantities of RA, so the shrinkage of early-age RA played a secondary
role.

Finally, Table 15 also shows that the relative increase of drying
shrinkage due to the addition of MgO decreased as the RA content of
HPC increased. This is explained because the increment of drying
shrinkage caused by MgO was very similar in all mixes, which resulted in
this shrinkage increase having less relevance in mixes made with large
amounts of RA, due to their higher drying shrinkage [11]. Furthermore,
although MgO expansion could not be perceived by the naked eye in the
drying-shrinkage curves, it occurred and could be slightly higher in HPC
with RA, as in autogenous shrinkage, which could also favour this per-
formance [40].

3.3.3. Total shrinkage

Total shrinkage is the type of shrinkage that can be most easily
determined, as it is measured on non-wrapped specimens that are
directly in contact with the environment [23]. Since water evaporation
is allowed and the phenomena that cause autogenous shrinkage occur
simultaneously, the value obtained is the sum of autogenous and drying
shrinkage [1]. The total shrinkage of the HPC mixes developed is shown
in Fig. 12, while the percentage variations caused by each factor are
listed in Table 16.
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Fig. 12. Total shrinkage of HPC mixes: (a) without MgO; (b) with 10% MgO.

Table 16

Effect of the factors on total shrinkage of HPC at 91 days.
Mix Total shrinkage ARA ARA’s A MgO®

(mm/m) content' (%)  maturity” (%) (%)

RHPC —0.274 £0.022 - - -
MAHPC25 —0.318 £ 0.012 +16.1 - -
EAHPC25 —0.376 £ 0.026 + 37.2 +18.2 -
MAHPC100 —0.545 £ 0.007 +98.9 - -
EAHPC100 —0.590 £0.011 + 115.3 + 8.3 -
RHPCMO —0.167 +£0.033 - - —39.1
MAHPC25MO —0.229 £0.018 + 37.1 - — 28.0
EAHPC25MO —0.265 £ 0.027 + 58.7 +15.7 —29.5
MAHPC100MO —0.421 £0.028 + 152.1 - —22.8
EAHPC100MO —0.457 £0.036 +173.7 + 8.6 —22.5

! Percentage variation due to the use of RA (compared to the reference mixes
with the same binders, RHPC or RHPCMO).

2 Percentage variation of using early-age RA (compared to the mixes with the
same composition but with matured RA).

3 Variation in percentage caused by MgO (regarding the mixes with the same
composition and RA’s maturity but with 100% OPC).
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In summary, the effect on total shrinkage of each change in the

composition of HPC is the sum of the effects detected in both autogenous
and drying shrinkage [1]. Furthermore, drying shrinkage has a greater
magnitude, so that total shrinkage mainly depends on it [9]. In this way,
drying shrinkage and total shrinkage usually exhibit similar trends [39].
However, in the present study, this was only fulfilled for two of the three
factors analysed:

The RA content and the use of early-age RA had the same effect as on
drying shrinkage. Thus, the higher the amount of RA, the greater the
total shrinkage, due to their higher deformability and water ab-
sorption [58]. Furthermore, the lower stiffness of early-age RA
compared to matured RA and their shrinkage also increased the total
shrinkage of HPC;

On the other hand, the use of MgO reduced the total shrinkage of
HPC, even though its use increased drying shrinkage, as was also
observed in mortars [40]. This was because the decrease of autoge-
nous shrinkage was much greater than the increase of drying
shrinkage caused by the increment of the water content to retain
workability [39]. In line with this, the length increase of the speci-
mens during the first days, due to MgO expansion, was explicitly
reflected in the total-shrinkage curves (Fig. 12b), although no clear
trend could be detected regarding the expansion time, as in
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autogenous shrinkage. Therefore, it could be concluded that the ef-
fect of MgO in HPC is fundamentally conditioned by autogenous
shrinkage, unlike what happens to OPC.

As the effect of RA and MgO were opposite regarding the total
shrinkage, when using them both it could be observed that the per-
centage reduction of total shrinkage caused by MgO decreased as the RA
content of HPC increased (Table 16). The increment of drying shrinkage
caused by RA was much higher than the decrease of autogenous
shrinkage caused by MgO, as shown in Table 14 and Table 15. Therefore,
the effectiveness of MgO as total-shrinkage-reducing agent was higher in
HPC made with NA. In this way, the addition of more than 42% matured
RA compensated for the reduction in total shrinkage caused by MgO, as
shown in Fig. 13. This content was lower for early-age RA (35%) due to
their shrinkage and lower stiffness.

3.3.4. Statistical analysis

To provide a solid basis for the statements of previous sections [63]
regarding the effect of the RA content and their maturity, as well as the
use of MgO, the p-values of the three-way ANOVA conducted with the

—
o
e

M Total-shrinkage increase due to RA
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Table 17

P-values for the three-way ANOVA for the different shrinkage types at 91 days.
Type of shrinkage Autogenous Drying Total
RA content’ 0.0006 0.0002 0.0004
RA’s maturity1 0.0113 0.0114 0.0118
MgO‘ 0.0000 0.0015 0.0008
RA content — RA’s maturity” 0.0256 0.0443 0.0550
RA content — MgO2 0.0099 0.0272 0.1218
RA’s maturity - MgO®” 0.1835 0.2305 0.2470

! Effect of each factor.
2 Second-order interactions.

values at 91 days of the different shrinkage types analysed are provided
in Table 17.

Considering a significance level of 5% (95% confidence level), it can
be stated that:

e The three factors evaluated (RA content, RA’s maturity, and
replacement of 10% OPC with MgO) significantly influenced all

A Total-shrinkage decrease due to MgO

0.30

0.25

0.20

y = 0.0027x //

R2= 0.9875/

1

0.15

/_ IS B
L—------------“ Lo e

Shrinkage variation in absolute value (mm/m)

0.10 Fe==s=sss=====
A 'y = 0.0002x+0.104 |
| _R’=0.8108 ;
0.05 | B
0.00
0 20 40 60 80 100
RA content (%)
(b) M Total-shrinkage increase dueto RA A Total-shrinkage decrease due to MgO
0.35

0.30

0.25

0.20

0.15

0.10 A-‘---""'"."'"A

L~

0.05 Z

| R?=0.8881 i

------------

Shrinkage variation in absolute value (mm/m)

0.00

Fig.

40 6
RA content (%)

0 80

100

13. Comparison of shrinkage variations caused by RA and MgO: (a) matured RA; (b) early-age RA.
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shrinkage types, which means that any modification in them led to
perceptible changes in every type of shrinkage of HPC;

The second-order interaction between RA content and RA’s maturity
was significant in the autogenous and drying shrinkage. As indicated
in previous sections, the increase of shrinkage of HPC caused by
early-age RA depended on their content. This effect was negligible in
total shrinkage because the low increase of this shrinkage that early-
age RA produced in HPC when increasing RA content was very small
compared to the high shrinkage levels of HPC;

The effect of MgO in autogenous and drying shrinkage depended on
the RA content of HPC. Thus, both the lower stiffness of RA compared
to NA and its higher delayed water release increased the expansion of
MgO and the reduction of these types of shrinkage. This interaction
was not significant in total shrinkage either;

Finally, the effect of MgO did not depend on RA’s maturity. Thus, the
slightly greater expansion of MgO when using early-age RA due to
their lower stiffness compared to matured RA was offset by the
shrinkage of early-age RA.

4. Conclusions

This article has studied the effect of replacing ordinary Portland
cement (OPC) with reactive magnesium oxide (MgO) on the mechanical
and shrinkage behaviour of high-performance concrete (HPC). In addi-
tion, the interaction of MgO with different contents of Recycled Ag-
gregates (RA) of different maturities has also been analysed. For this
purpose, ten HPC mixes were produced with 0%, 25%, and 100% RA of
two different maturities: after a 7-day air curing of the parent concrete
(PQ), called early-age RA, and after a 6-month air curing of the PC, called
matured RA. Half of the mixtures were manufactured with 100% OPC,
while in the other half 10% OPC was replaced with reactive MgO. From
the discussions throughout the article, the following conclusions can be
drawn:

e The higher specific surface area of MgO compared to OPC, as well as
its more irregular shape, required increasing the water-to-binder (w/
b) ratio of the HPC to maintain workability. This increase of the
water content also reduced both the fresh and hardened density of
HPC, despite the higher real density of MgO than OPC;

Mg(OH), produced during the hydration of MgO has lower strength
than the calcium-silicate-hydrates generated in the hydration of
OPC. Furthermore, the necessary increase of the w/b ratio when
using MgO resulted in a greater dilution of the binder. These two
aspects decreased the compressive strength, splitting tensile
strength, modulus of elasticity, and ultrasonic pulse velocity by
5-8% when 10% OPC was replaced with MgO. The addition of RA
also worsened the mechanical behaviour of HPC, and the effect of RA
was more harmful the higher their content and the lower their
strength and stiffness (early-age RA). Interaction between the RA
content and the presence of MgO was detected in compressive
strength and splitting tensile strength, so that the corresponding
negative effects were amplified when these materials were used
simultaneously (decreases of 19-21% in HPC with 100 % RA when
adding MgO);

The improved capacity of RA to store water and release it in a
delayed way compared to NA decreased the autogenous shrinkage of
HPC by replacing more effectively the capillary water consumed
during the deferred hydration of binder. However, this also increased
the amount of water available to evaporate, which in turn increased
drying shrinkage. The higher value of drying shrinkage caused total
shrinkage to show the same trend, so it grew when the RA content of
HPC increased. For 100% matured RA, autogenous shrinkage
decreased by 17%, while drying and total shrinkage increased by
336% and 99%, respectively. The lower stiffness of early-age RA, as
well as their shrinkage, led to an increase of all shrinkage types;
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e The expansion caused by the formation of Mg(OH), during the hy-
dration of reactive MgO led to a decrease of autogenous shrinkage of
93%, so that autogenous shrinkage when replacing 10% OPC with
MgO was minimal or not at all. However, the higher water content of
HPC with MgO increased drying shrinkage by 75%. Finally, total
shrinkage decreased 39% when using MgO, which shows that the
decrease of autogenous shrinkage exceeded the increase of drying
shrinkage. Therefore, MgO proved to be a suitable shrinkage-
reducing agent in HPC;

e The percentage decrease of autogenous shrinkage due to MgO
increased with the RA content of HPC. Likewise, the percentage in-
crease of drying shrinkage caused by MgO was lower when the RA
content rose. This behaviour occurred because the expansion of MgO
was favoured by the lower stiffness of RA and by their delayed water
release, which allowed the hydration of a greater amount of MgO
particles and, in turn, a greater expansion. However, the increase of
the RA content in HPC with MgO reduced the effectiveness of the
expansion of this product, so that the increase of drying shrinkage
caused by RA was higher than the decrease of autogenous shrinkage
caused by MgO. Thus, the reduction of total shrinkage caused by
MgO was 28% in HPC with 25% RA, and 22% when 100% RA was
added.

Overall, it can be concluded that MgO was a binder that added at
10% of the total content of binder effectively reduced the shrinkage of
HPC, while the decrease of mechanical properties it caused was
reasonable. However, its effectiveness as shrinkage-reducing agent was
lower when it was used simultaneously with RA. In fact, for contents
above 42% matured RA, and 35% early-age RA, the increase of total
shrinkage caused by RA was greater than the shrinkage reduction due to
MgO.
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