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The current work provides an integrated analysis of autogenous shrinkage, isothermal calorimetry, and modulus
of elasticity measurement through ambient response method (EMM-ARM), to characterise the hardening
behaviour of a non-proprietary and more eco-friendly ultra-high performance fibre reinforced cementitious
composite (UHPFRC). Isothermal calorimetry revealed that induction period ends at 3 h, and the rapid evolution
of hydration heat occurs up to 9 h. Then, the hydration reaction still undergoes but at a very slow rate. The
autogenous shrinkage exhibited a strong increase, particularly in the first 6 h, after which a dramatic reduction in
the slope of the curves occurred, corroborating with the heat of hydration measurements. The modulus of
elasticity evolution pattern revealed a typical cementitious material S-shaped curve, with a strong evolution in
the first 8 h and reached 37 GPa at 7 days. As the current study perceives, UHPC/UHPFRC-3 % MOE evolution
mainly occurs at very early ages. Thus, using EMM-ARM method for evaluating stiffness-related properties since
casting age of UHPC/UHPFRC is of utmost importance to take advantage of the remarkable properties of such
advanced material with no waste of time and resources. Furthermore, the UHPFRC developed with a lower
amount of cement and silica fume decreases the heat of hydration, shrinkage, and reduced costs and ecological
footprint without significantly impairing the MOE, compared to other non-proprietary blended UHPC/UHPFRC
mixtures.

1. Introduction rehabilitation, reinforcement or replacement of deteriorated concrete
structures [1]. In addition to direct costs, the internalisation of costs
associated with CO5 emissions from construction and indirect costs for

users due to restrictions on the use of infrastructure further increases the

It is well known that an adequate and functional infrastructure
network is vital for developing a country or region and is directly related

to economic and social prosperity. In Europe, most infrastructures are
built in reinforced or prestressed concrete. Many of these structures are
currently degraded due to exposure to aggressive environments and the
significant load increase compared to the design phase. It is estimated
that >50 % of the annual construction budget in Europe is spent on the

burden on society. Thus, construction stakeholders must provide more
sustainable and resilient infrastructures, and it is of utmost importance
the development new technologies rehabilitate existing structures and
minimise maintenance interventions, ensuring a long and safe service
life.

Abbreviations: CH, Calcium hydroxide; CO,, Carbon dioxide; df, Diameter of fibres (mm); Dflow, Spread flow diameter (mm); EMM-ARM, E-Modulus Mea-
surement through Ambient Response Method; LF, Limestone filler; If, Length of fibres (mm); LVDT, Linear variable differential transformer; MOE, Modulus of
Elasticity; Q(t), Heat flow (kJ/kg); Q(t), Heat flow rate (W/kg); Q(t), Energy acceleration (kJ/h?); RH, Relative humidity (%); SCM, Supplementary cementitious
materials; SEM, Scanning electron microscopy; SF, Silica fume; Sp, Polycarboxylate-based high-range water reducer; t, Time (days or hours); tf, Final setting time (h);
tmax, Time of maximum heat flow rate (h); tyn, Time of minimum heat flow rate (h); REF, UHPC mixture including cement and limestone filler as binder; UHPFRC-
3.0%, UHPFRC mixture including cement, limestone filler and silica fume as binder and 3.0% steel fibres (in volume); UHPC, Cementitious matrix of an UHPFRC;
UHPFRGC, Ultra-High Performance Fibre Reinforced Composite; UTT, Uniaxial tensile test; Vf, Volume of fibres (%); w/c, water to cement weight ratio; w/b, water to

binder weight ratio; X, Fibre factor.
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Ultra-high performance fibre reinforced composites (UHPFRC) are a
new structural “concrete” generation. The main features are the
remarkable mechanical performance, in which compressive and (uni-
axial) tensile strength exceeds 130 MPa and 7 MPa, respectively (ac-
cording to the French norm NF P 18-470), and excellent durability [2].
Those features are provided by the dense microstructure of the UHPC,
with has almost no capillary pores and pore diameter between 0.1 and
0.001 pm, typically located within the C—S—H gel [3,2]. The fibres
reinforcement (generally between 2 and 4 % by volume), surrounded by
an ultra-compact cementitious matrix, provides high tensile strength,
which may exhibit hardening behaviour and reasonable ductility. Be-
sides, the possibility of self-compacting mixtures allows us to rethink the
procedures for placing the UHPFRC. These mixtures can flow only under
the action of their own weight, allowing, on the one hand, better dis-
tribution and orientation of the fibres and, on the other hand, facilitating
the casting of slender elements and/or more complex shapes.

The raw materials selection and the mixture design are key steps for
reaching UHPFRC performance. It is generally achieved by optimising
the granular skeleton through a high amount of very fine powder ma-
terials, limiting the aggregate size to 1 mm and very low water content.
The binder phase is usually a ternary blended, including i) a high pro-
portion of cement (roughly 750 kg/m? [4]); ii) supplementary cemen-
titious materials (SCM), which can be pozzolanic materials, such as silica
fume (SF), fly ash (FA) or metakaolin (MTK), or latent hydraulic mate-
rials such as granulated blast furnace slag (GGBFS) (average amount of
200 kg/m3 [4]); iii) nonreactive or very low reactive powders, such as
quartz flour (QF) and limestone filler (LF) (average content 169 kg/m3
[4]). The water/binder ratio (w/b) is very low, usually <0.20, which
requires a high content of superplasticiser, usually PCE type (typically
about 30 kg/m [4]). Besides, advanced curing regimes, such as heat
treatment, steam curing, autoclave or pressure, are generally applied to
speed up the hydration progression and increase microstructure density,
thus contributing to outstanding mechanical performance even at early
ages [4].

The cost of UHPFRC is one of the limitations in real construction
projects because of the cost of some raw materials and eventual curing
treatments. However, given its remarkable mechanical properties, it is
estimated that the volume needed for UHPFRC is about 1/3 to 1/2 of the
volume required of conventional concrete for comparable structural
elements [5]. In addition, using UHPFRC may also not be necessary for
the whole structure; sometimes, it is sufficient to use it in a selected area.
Therefore, UHPFRC can be particularly exciting for rehabilitation pro-
jects due to its exceptional mechanical behaviour and durability prop-
erties, low porosity, micro-cracking control and self-compacting ability
[6-8]. In this case, it might be a competitive technique since very small
volumes of material are commonly needed (layers usually have 25-60
mm thickness). The concept consists of applying UHPFRC as a protective
impermeable layer on elements or structures exposed to aggressive
media and/or as a strengthening layer, which may include traditional
reinforcement, on highly loaded areas. In this way, the structural ca-
pacity increases, durability significantly improves, and the initial cross-
section is kept. Besides, the rapid development of mechanical properties
reduces overall construction or intervention time. Indeed, over the last
years, with the impulse of MCS/EPFL [9], among others [10], the
application of cast “in situ” thin UHPFRC layers, for strengthening/
rehabilitation of existing structures (buildings and bridges), has
revealed several advantages in terms of durability, resilience, eco- and
cost-efficiency, as well as small intervention duration with substantial
benefits to the users [11,12,13,14,7,15,16,17,18,19]. Those features
must be considered in an integrated life cycle cost analysis.

Even though autogenous shrinkage occurs in any concrete, this
deformation is negligible in the case of ordinary vibrated concrete (such
as a C25/30 concrete typically used in conventional construction). In the
case of UHPFRC, this deformation is significant and particularly relevant
to study in the case of rehabilitation applications [20-22]. The main
cause of high autogenous shrinkage in UHPC/UHPFRC is its mixture
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composition, namely, low w/b ratio, high content of fine powder con-
stituent materials, and no coarse aggregate. In fact, previous studies
have shown that a significant portion of shrinkage occurs at a very early
age, namely, up to 3 days of age [20,23,24]. Full-scale restrained
shrinkage tests for thin UHPFRC slabs [25] revealed shrinkage cracks at
a very early age (about 22 h and 19 h after casting). Besides, the high
binder content usually provides high heat of hydration, which might
cause shrinkage problems [26-29].

The evolution of the modulus of elasticity (MOE), shrinkage rate and
level, tensile creep and strength have a key role in the magnitude of the
internal stresses. Therefore, the very early age and evolution of strength
and MOE of UHPFRC should be assessed, predicted and/or modelled to
control or mitigate the possible premature shrinkage cracks in practical
applications. MOE assessment by classic destructive approaches, such as
standard cycling compression tests [30,31] has limitations. This testing
method is time-consuming and does not allow the continuous moni-
toring of young modulus, and very early age assessment is not possible.
In the last decades, several destructive and non-destructive test methods
[32] have been under scrutiny by the scientific community to continu-
ously measure the mechanical properties of cementitious materials from
very early ages, namely:

1. Mechanical methods:
a) BTJASPE [33]
b) Temperature Stress Testing Machine [34,35].
2. wave propagation methods
a) wave transmission methods
i. Ultrasound wave transmission [35]
ii. bender-extender elements [35]
b) wave reflection methods [36]
3. Methods based on dielectric properties [36]
4. Classic resonance methods [37,38,39,32]

From the aforementioned methods, the most widely used for MOE
determination are the resonant frequency-based methodologies and
those based on ultra-sound wave propagation. Azenha et al. [40] pro-
posed a variant of the classic resonant frequency methods for continuous
evaluation of MOE evolution of cement-based materials, named E-
Modulus Measurement through Ambient Response Method (EMM-
ARM). The main feature of this methodology is the automatic and
continuous assessment of MOE immediately after casting. In brief, a
composite beam, including the material under study and a plastic
mould, simply supported and with a certain geometry, is monitored with
an accelerometer. The evolution of flexural resonant frequency of the
first mode of vibration can be obtained by continuous non-parametric
modal identification. Initially, the beam specimens (with concrete)
were excited by the surrounding environmental noise (as people
walking, wind, and noises from the construction site, among others).
Those noises can conceptually be assumed as white noise, i.e., a sto-
chastic process with constant spectral intensity in all frequencies [40].
Using the motion equation of a simply supported beam with a mass at
mid-span, the stiffness evolution of the material can be computed based
on the resonance frequency evolution of the composite beam. This
method based has been successfully applied to concrete
[32,40,41,42,43], cementitious pastes [32,44,45,46,47], confirming
that EMM-ARM is able to measure with accuracy MOE in same testing
conditions and ages, comparing with other conventional methods. The
EMM-ARM methodology has continuously improved in the last years to
be generally applied in both research and industry fields [48,49].

2. Research significance and objectives

UHPFRC may be an interesting advanced technology solution
regarding sustainability, resilience and ecological footprint. However,
its use in practice is still rare because of economically competitive so-
lutions, particularly in Portugal. UHPFRC patented blended mixtures
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commercially available in Europe have limited price competitiveness, a
limited number of suppliers and a lack of control over the raw materials.
Some research groups have been studying alternative UHPFRC mixtures
and using local and more eco- and cost-effective constituent raw mate-
rials, including agricultural or industrial by-products/waste materials
[50-55], coarse aggregates [56-58], aiming to reduce both cost and
carbon footprint of producing UHPFRC. Accordingly, in CONSTRUCT-
FEUP, research projects have been carried out to develop robust and
more eco- and cost-efficient UHPFRCs employing locally available raw
materials and conventional curing methods, scaled to the performance
requirements, to demonstrate the applicability and advantages of this
material namely in repair/rehabilitation applications [2,59-64].

Particulary for rehabilitation/strengthening applications, the
stresses created by autogenous shrinkage can be higher or lower
depending on the relevance of the MOE along the shrinkage develop-
ment process. Thus, it is essential to improve understanding of the
original kinetics observed on autogenous shrinkage of the new UHPFRC
and describe the early age MOE evolution. From the literature survey,
MOE results of UHPC/UHPFRC, both commercially available or non-
property mixtures, revealed that most of the studies rely on classic cy-
clic load tests following the standardized tests [65,28] as ASTM C469
[65-69], DIN EN 12390, BS 1881-121 [70,71], ACI 318-11 [72], and
most of them were performed at 28 days (see Appendix A). At that age,
the MOE ranges between 37 and 58 GPa, depending on several factors
such as curing treatment applied, w/c ratio, type of aggregate employed,
and type of SCM (see Appendix A). Even though there is already liter-
ature on non-destructive test methods applied to UHPC to estimate
mechanical properties [73,71], such as compressive strength and MOE,
the continuous characterisation of the evolution of MOE since very early
ages is lacking. Previous studies [74] have reported that this type of
cement-based material’s MOE increases with time, but the increase is
small after three days. As best to the author’s knowledge, only Yoo et al.
[56] assessed early tensile MOE of UHPC, since casting, by UPV. Other
early age measurements found correspond to 1 old day [73] using UPV
measurements by commercially available equipment (direct trans-
mission), Rebound hammer (RH) and Sonreb (combination of UPV and
RH).

For the first time the current work provides UHPC/UHPFRC MOE
assessment since casting using the innovative, real-time and non-
destructive method, the EMM-ARM. Besides, an integrated analysis
with different methodologies, including, setting time, autogenous
shrinkage and isothermal calorimetry was was performed. Major
objective of this research was compare aging characteristics obtained
among different methodologies and check simultaneity of MOE evolu-
tion inflections with autogenous shrinkage behaviour and hydration
kinectis.

3. Materials and methods
3.1. Raw materials and mixture design

The mixture design of UHPFRC has some apparent disadvantages in
terms of cost, limited availability and carbon footprint due to the high
need for PC and SF. Besides, UHPFRC applications rely mostly on the
prefabrication industry, as such special production and curing methods
are generally employed, and therefore extra financial and environ-
mental costs. These restrictions motivated designing and optimising
mixtures using locally available raw materials and lower amounts of
cement and SF. The UHPFRC under study was particularly developed for
rehabilitation/strengthening of concrete structures, requiring on-site
casting, and common technology, such as conventional curing, while
keeping ultra-high strength [59].

The new UHPFRC formulation developed by the authors incorpo-
rated the following constituent locally available raw materials (detailed
information can be found in [63]): Portland cement CEM I 42.5R (EN
197-1), containing at least 95 % of clinker, which the principal
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Table 1
Main oxide composition, LOI and physical properties of cement, silica fume,
limestone filler and ECat.

CEM I Silica Limestone ECat
42.5R Fume filler
Main oxide LOI 2.67 <3 1.05
composition Insoluble 1.00
and LOI (%) residue
SiO, 19.38 >90 40.30
Aly03 5.12 54.45
Fe,03 3.28 0.02 0.45
CaO 62.25 99.00 0.06
MgO 1.57 0.30 0.15
Na,O 0.13 0.43
K;0 0.55 0.02
SO3 3.22 <0.05 0.00
Cl 0.05 <0.001
Free lime 1.28
Pozzolanic mg Ca 1577 1540
reactivity (OH)»/ g
(NF P18-513)
Physical Density 3110 2200 2680 2660
properties (kg/m>)
Specific 439.5 19 540 150 000
surface (kg/ (Blaine) 632 (Blaine) (BET)
m?) (BET)
Mechanical Rc,2 32.2
properties Re,7 47.4

Rc,28 60.8

constituents of main clinker phases, given by Bogue’s formula, are: C3S
= 55.65 %, C2S = 14.86, C3A 8.12 % and C4AF = 9.62 %; dry micro silica
fume powder (SF); limestone filler (LF); the aggregate fraction is
composed by 15 % of ECat, which is a waste material generated by
Portuguese refinery company (density 2660 kg/m>, water absorption 30
%) and 75 % of natural siliceous sand with a maximum particle size of 1
mm (density 2570 kg/m® and water absorption 0.5 %); polycarboxylate
type high water reducer; potable water (according to standard EN
1008). The fibre reinforced composite, UHPFRC-3 %, incorporated 3 %
by volume of micro steel fibres with 13 mm in length and 0.2 mm in
diameter, with tensile strength of 2750 MPa and modulus of elasticity of
200 GPa. Table 1 summarises the main oxide composition, pozzola-
nicity, and physical and mechanical properties of cement, SF, LF and
ECat.

Fig. 1 depicts the morphology of the cement, LF, silica fume, ECat
particles, and steel fibres observed by SEM Secondary Electrons mode.
Cement particles are irregular and present a wide range of sizes, while
ECat particles are rounded with rough surface texture and narrow size
distribution. Silica fume particles are very spherical with nano-scale
dimensions.

The Design of Experiments (combining statistical methods, regres-
sion analysis and optimisation techniques) allowed achieving the
various performance requirements of the new UHPC, namely, self-
compacting ability, low autogenous shrinkage, high durability and
compressive strength 130 MPa without heat treatments or other accel-
erated curing processes. The incorporation of ECat, a local industrial
waste, reduced the mixture’s cost and ecological footprint, acting as
internal curing agent due to high water absorption capacity and thus
mitigating autogenous shrinkage [59,63].

The optimum compositions of the new composite with fibres
(UHPFRC-3 %) and without fibres (UHPC) are presented in Table 2. A
reference mixture (REF mixture in Table 2), including cement and
limestone filler as a binder, was used in the current study for comparison
purposes.

The optimal UHPC mixture was reinforced with 3 % (by volume)
high-strength micro steel fibres (UHPFRC-3 %) and presented similar
performance compared to commercially blended mixtures with higher
cement and silica fume dosages and also compared with other non-
property mixtures. The compressive strength between 2 and 90 days is
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¢) LF (5000x)

d) ECat (250x)

e) Steel fibre (500x)

Fig. 1. Secondary electron mode SEM image of: a) cement particles; b) Silica fume particles; ¢) Limestont filler particles; d) Ecat particles; e) a micro Steel fibre.
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Fig. 2. a) compressive strength evolution of UHPFRC-3 % (cubes 50 mm); b) Uniaxial tensile behaviour at 28 days in dog bone specimens ([63]).

presented in Fig. 2-a and 147 and 156 MPa were reached after 28 and 90
days in UHPFRC-3 % conventional water cured specimens, respectively.
At 2 days, UHPFRC-3 % specimens reached 53 % of the compressive
strength at 90 days. This was followed by a less pronounced rate of
compressive strength development in the subsequent days, being,
respectively, at 7 days and 28 days, 76 % and 94 % of the ultimate
compressive strength at 90 days.

Table 2
Mixture design of REF, UHPC and UHPFRC-3%.

Raw materials REF (kg/ UHPC UHPFRC-3%

m3) (kg/m3) (kg/m3)

Binder Cement 885.91 690.19 690.19
Silica fume - 33.56 33.56

Limestone 311.43 250.58 250.58

Aggregates ECat - 155.45 155.45
Sand 1019.86 852.11 775.01

Admixture and Superplasticizer 22.00 19.49 19.49
water Potable Water 182.50 160.86 160.86
Reinforcement Short steel - - 235.00

fibres

Fig. 2-b presents the uniaxial tensile behaviour of UHPFRC-3 % and
peak stress from 11 to 15 MPa and peak strain ranging from 0.27 to 0.47
% were obtained at 28 days [63,75] in water-cured specimens. The in-
dividual specimens stress-strain curves are presented in grey colour in
Fig. 2-b, as well as the average curve in black colour. A significant
tensile-hardening branch was observed in most specimens, particularly,
for the specimens with more favourable fibres orientation. In all of the
individual curves, three main stages can be identified: elastic, hardening
and softening. In the first stage, a linear elastic behaviour is observed
until the first single micro-crack forms. After matrix cracking, an in-
crease in stress was always observed, which is accompanied by the
formation of multiple micro-cracks. The last stage starts when a macro-
crack localises in one of the previously formed micro-cracks, being
characterised by a decrease in stress. The testing details can be found in
previous work [55].

Besides, the new eco-friendly UHPC standard durability indicators
proved to be similar to other UHPFRC/UHPC non-proprietary or
commercially blended mixtures [2,76]. The durability study in cracked
UHPFRC specimens outcome that even cracked new UHPFRC can act as
a protective layer against aggressive aqueous media, and a cover layer of
at least 20 mm would be recommended when exposed to chloride
environment (XS3/XS4) [61,60].
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Table 3
Experimental tests summary.
Property Test Testing age Number of Samples geometry
standard or specimens
procedure
Slum flow EFNARC After Eachbatch -
diameter Section mixing
3.2.1
Final setting EN 196-3 After 3 Vicat mould
time Section mixing
3.2.1
Heat Section After 6 -
generation 3.2.2 mixing up
to 3 days
Autogenous ASTM After final 3 corrugated moulds
shrinkage C1698 setting specimens (length
Section time to 7 440 mm and average
3.2.3 days diameter 28.5 mm)
Young EMM-ARM After 6 tube moulds with
Modulus Section mixing up 550 mm length and
3.2.4 to 7 days external/internal
diameters of 50/44
mm

3.2. UHPC/UHPFRC early age characterisation

The mixtures presented in Table 2 were prepared using a mortar
mixer in accordance with EN 196-1, and the operation speed adopted
during all procedure was 140 + 5 rotations-min~*. The mixing sequence
was: i) Mixing ECat with water-1 during 5 min; ii) Adding cement +
limestone filler + silica fume + sand and mixing for 2.5 min; iii) Adding
water-2 plus 75 % of Sp and mixing for 2.5 min; iv) Adding the
remaining Sp and mixing for 1.5 min; v) Adding fibres and mixing
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during 2 min (for UHPFRC-3 % only). Water-1 corresponds to 80 % of
the mixing water indicated in Table 2 plus the absorption water of ECat;
and Water-2 corresponds to 20 % of the mixing water indicated in
Table 2.

The fresh and hardening of REF, UHPC and UHPFRC-3.0 % mixtures
were assessed through flow diameter (section 3.2.1), final setting time
(section 3.2.1), isothermal calorimetry on equivalent pastes mixtures
(section 3.2.2), autogenous shrinkage (section 3.2.3) and young
modulus since casting using EMM-ARM methodology (section 3.2.4).
Table 3 presents the experimental programme summary, and the
following sections describe the testing methods in more detail.

3.2.1. Flowability and final setting time

The flowability capacity of the mixtures was assessed immediately
after mixing through the mini-slump flow test following the EFNARC
recommendations. A mini-cone was filled with a sample of fresh mate-
rial. After removing the mini-cone, the material flowed until reaching a
steady, stable state corresponding to a pancake-like shape. The test
result is the spread flow diameter corresponding to the average value of
two measurements made in two perpendicular directions (Dflow). The
EN 196-1 procedure was followed to measure the final setting time of
mixtures under study, under a controlled environment room (T = 20 +
2 °C and HR = 50 + 5 %), using Vicat apparatus.

3.2.2. Characterising heat generation

The characterisation of heat generation was performed on a JAF60
isothermal calorimeter [77]. The equipment consists of a calorimetric
unit kept inside a constant temperature bath (see Fig. 3). Inmediately
after mixing, the pastes samples were poured inside a plastic bag and
sealed. All paste samples studied contained 30 g of cement.

Fig. 3. Calorimetric unit of JAF60 isothermal calorimeter.

a)

Fig. 4. a) Corrugated moulds for autogenous shrinkage measurement: b) Autogenous shrinkage set-up.

b)
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Accelerometer

Detail A

B

Fig. 5. Schematic view of custom-made non-contact electromagnetic actuator attached to an EMM-ARM beam (units: mm), adapted from [49].

Section B-B

Fig. 6. EMM-ARM beam: a) accelerometer at mid-span; b) full view.

Measurements started 30 min after 't = 0’ (water addition to powder
materials) and lasted 3 days.

The plastic bag containing the fresh paste was placed inside a brass
container in the lower part of the unit, in direct contact with a heat sink.
At the same time, the remaining surfaces were thermally insulated from
the effects of the surrounding bath through a polystyrene envelope, see
Fig. 3. The generated heat from the exothermic cement hydration re-
action was conducted in a constant temperature bath (in this study
20 °C) through the heat sink. Between the paste sample container and
the heat sink, the heat flux sensors generate an output voltage propor-
tional to the heat flow of heat, which allows measuring the heat
generated from the sample hydration reaction. Six samples were tested
for each sample paste, REF and UHPC.

3.2.3. Autogenous shrinkage deformation

ASTM C1698 procedure was followed to assess the linear autogenous
shrinkage deformation of mixture compositions presented in Table 2. In
brief, three sealed corrugated moulds specimens (with a length of 440
mm and an average diameter of 28.5 mm, see Fig. 4-a) were cast for each
mix composition. Afterwards, each specimen was weighted and kept in a

controlled environment room (T = 20 + 2 °C and RH = 50 + 5 %). The
final setting time, determined according to the procedure described in
Section 3.2.1, was considered “time-zero” for assessing linear autoge-
nous shrinkage length change. At that time, the length of each tube
specimen was measured, which was considered the specimen’s initial
length. The current study recorded linear shrinkage deformations
continuously (every minute) employing DC LVDT with an accuracy of
0.001 mm and a dataTaker DT500 acquisition system up to 7 days (168
h), as depicted in Fig. 4-b. The autogenous shrinkage results are the
average of three samples for each mixture, REF, UHPC and UHPFRC-3
%.

3.2.4. EMM-ARM

The EMM-ARM was performed using PVC tube moulds 550 mm long
and external/internal diameters 50/44 mm. This configuration, shown
in the scheme of Fig. 5 and the photos of Fig. 6, allows the structure to
act as a 500 mm free-span simply supported beam. A custom electro-
magnetic actuator, developed by Granja [48], was positioned at the mid-
span of the beam specimen, applying, without contact, a sinusoidal force
with linear variation in frequency (between 20 and 200 Hz) for 40 s. The
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Table 5
Hydration characteristics of UHPC mixture.

Table 4
Flowability and final setting time for REF, UHPC and UHPFRC-3%.
Dflow (mm) tf (hh:mm)
REF 280 02:45
UHPC 312 02:30
UHPFRC-3 % 283 02:00

signal sent to the actuator had an amplitude of + 2.4 V and was sent
through a dynamic signal analyser NI 4431 with a 24-bit resolution at a
sampling frequency of 20 kHz. The induced accelerations were
measured using a piezoelectric accelerometer (PCB 288D01 with a
sensitivity to accelerations of 100 mV/g in the range of reading + 50 g
and sensitivity to forces of 22.4 mV/N in the field of reading + 222.4 N)
[49]. The testing details can be found in [49].

After mixing, the mixtures were deposited in the EMM-ARM test
moulds with an inclination of 45°. While casting, the PVC moulds were
vibrated to expel air bubbles before closing the mould. Then, each tube
was placed horizontally at the final testing position, and the acceler-
ometer was screwed to the mid-span. Vertical accelerations measure-
ment started approximately 30 min after 't = 0, and were performed
continuously for a minimum period of 7 days in a controlled environ-
ment (T = 20 £ 2 °C). At least 6 samples were tested for each mixture
presented in Table 2 (REF, UHPC and UHPFRC-3 %), and the EMM-ARM
results correspond to the average value for each mixture.

4. Results and discussion
4.1. Flowability and setting time

The ease of casting with UHPFRC is a major concern due to extremely
low water content (as discussed in section 1), which might reduce
workability. Generally, UHPFRC is self-compacting in the fresh state.
Some studies recommended a flow diameter spread between 200 and
350 mm according to ASTM C230 for UHPFRC without fibres [19,78].
Other researchers suggest a slump flow of 280 + 10 mm to ensure low
air entrapment and good flowability [79].

The UHPC/UHPFRC-3 % took advantage of the well-known positive
effect of limestone fillers on workability helping in cement/super-
plasticisers compatibility issues [80,81]. In addition, the silica fume
used presents extremely small spherical particles (see Fig. 1-b),
improving the workability due to the increased packing density [48].
This can be seen comparing the REF and UHPC mixtures spread flow
diameter, shown in Table 4. REF and UHPC present similar Sp/p and w/
¢ (see Table 2), however, the spread flow diameter was significantly
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UHPC End of induction Peak of hydration Cumulative heat
pastes period
Q min tomnd)  tomex®®)  Qmax (W/ Q-24h Q-72h
w/ kg cement)  (kJ/kg) (kJ/kg)
kg)
Sample 1  0.40 3.20 8.50 2.88 121.12 176.92
Sample2  0.40 3.20 8.40 2.89 130.45 183.16
Sample 3 0.50 2.80 8.70 3.15 131.79 189.94
Sample 4  0.50 2.80 8.70 3.02 128.64 187.57
Sample 5  0.48 2.40 8.00 2.96 126.51 181.24
Sample 6  0.44 2.70 8.80 3.00 126.35 176.72
Average 0.45 2.85 8.52 2.98 127.48 182.59
Std. Dev.  0.05 0.31 0.29 0.10 3.78 5.43

higher in UHPC mixture, 312 mm, while in REF was 280 mm.

As expected, adding steel fibres, decreases the flowability [82,83].
The fibre factor ()) accounts the mutual effect of fibre content and fibres
aspect ratio [84]. A fibre factor below 2 is usually recommended to
preserve the workability of UHPFRC without fibre clumping [85]. In the
present study, the fibre factor was 1.80. No significant loss of work-
ability occurred, and cast mixtures satisfied the desired flowability of
fresh UHPFRC. Besides, no segregation was observed.

Table 4 summarises the obtained results of the final setting time for
all studied mixtures. A wider range of UHPC setting times can be found
in the literature survey [86,87]. This is mainly because it varies signif-
icantly with the type and amount of superplasticiser, cement and SCM
employed. However, it can be noted that final setting times decrease
with SF increase content (from 0 % to 5 % cement replacement, mixture
REF and UHPC, respectively). The addition of fine SF particles provides
larger surface area that facilitates the nucleation and precipitation of
hydration products, thus bolstering the growth of hydrates and
increasing their connectivity within the microstructure. This manifests
as shorter times of initial and final setting [76]. Besides, previous
research studies also showed ECat decreases the setting time
[63,88,89,90], due to its high reactivity, similar to that of silica fume
(see Table 1) and high water absorption capacity (30 % by mass, as
detailed in section 3.1).

4.2. Hydration kinetics

Fig. 7-b presents the individual cumulative heat curves for REF (six
grey lines corresponding to 6 repetitions of the experiment with equally
prepared specimens) and UHPC mixtures (6 black lines corresponding to

250

200 4
150 4
100 +
50 1 REF

—— UHPC
0 T T : : :
0 12 24 36 48 60 72
Time (h)
b)

Fig. 7. a) Heat of hydration development and b) cumulative heat for REF and UHPC paste samples.
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Table 6
Hydration characteristics of REF mixture.
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REF pastes End of induction period Peak of hydration Cumulative heat
Q min (W/kg) Emin (1) tmax ) Q max (W/kg cement) Q- 24 h (kJ/kg) Q- 72 h (kJ/kg)

Sample 1 0.61 3.80 10.20 6.10 202.43 237.25
Sample 2 0.51 3.70 10.00 5.59 189.16 229.05
Sample 3 0.64 4.00 10.60 6.39 188.11 219.98
Sample 4 0.64 4.00 10.00 5.90 183.87 219.26
Sample 5 0.49 3.00 10.50 5.71 178.51 208.11
Sample 6 0.61 3.10 10.80 5.46 185.77 232.23
Average 0.58 3.60 10.35 5.86 187.97 224.31
Std. Dev. 0.07 0.44 0.33 0.34 8.02 10.58

6 repetitions of the experiment with equally prepared specimens). In
addition, the individual reaction heat flow curves are depicted in Fig. 7-
a, for REF (grey lines) and UHPC mixtures (black lines). Moreover,
Table 5 and Table 6 summarise the main measured characteristics values
based on isothermal hydration curves, where:

e Q is the cumulative heat at a certain time t in hours
o Quay is the maximum intensity of heat flow rate
® t4may 1S the time of maximum heat flow

e Q min represents the minimum heat release rate
® {4min 1S the time when Q min is achieved and considered represen-
tative of the duration and end of the induction period [91].

Each cumulative heat curve was characterised by a dormant period
with a very low heat flow evolution, followed by a peak, marking a
period of intense chemical activity and finally a decelerating trench.
From Fig. 7-b, as well as, Table 5 and Table 6, it can be seen that the end
of the induction period was observed after 2.85 h and 3.60 h (t4,,,) for
UHPC and REF paste samples, correspondingly. In addition, the heat
flow peak of UHPC and REF were 2.98 and 5.96 kW/kg of cement,
respectively, and the time to reach the maximum reaction rate was 8.52
h and 10.33 h, correspondingly.

The shape of calorimetric curves is closely related to the composition
of the cementitious matrix [92]. Clinker Portland and pozzolan follow
different reaction processes and react at different rates. The rate of
pozzolanic reaction depends on the properties of the pozzolan and the
mix, as well as, on the temperatures. Previous research has revealed that
silica fume can accelerate early-age cement reactions by nucleation and
growth site effect [93-95] since it has BET specific surface higher than
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other pozzolans, the reaction starts earlier [94]. This effect, however, is
more prominent as higher the w/c ratio [96]. Shi et al. found that the
hydration heat rate of the UHPC was greatly influenced by adding nano-
silica (NS) particles. The induction period was drastically reduced by
incorporating the NS from 9 h for UHPC without NS to 2.5 h for UHPC-
NS samples [97]. Li et al [95] found that the increase of NS addition
from 0 to 4 % in UHPC pastes reduced the time to reach the peak from
about 40 h to 20 h. The results obtained seemed to be in accordance with
previous findings. Nano-sized silica fume particles seem to accelerate
the reaction compared with REF mixture (without silica).

In addition, the graphs of Fig. 7 show that at first ages (until 8 h),
UHPC presents a higher heating rate than the reference mixture (REF).
After the peak is reached, the slope observed in the cumulative heat
curve (Fig. 7-b) means that ECat or silica fume is still in progress after
the peak. Besides, cumulative heat at 72 h is lower in UHPC than REF
mixture. This might be explained by the ECat particles water retention
capacity, which can release the absorbed water inside UHPC for longer
than 3 days [98]. In addition, the w/c corresponds to 0.21 and 0.23 on
REF and UHPC paste samples, and it seems that at 72 h, water was
already consumed.

4.3. Autogenous shrinkage

Autogenous shrinkage linear length deformation up 168 h (7 days) is
presented in Fig. 8. Deformations ranged between 600 and 1000 pm/m,
and the pattern increase shows a similar trend in all mixture composi-
tions under study. Autogenous shrinkage revealed a substantial increase,
particularly in the first six hours, afterwards a dramatic reduction in the
slope of the curves occurred. Since in UHPC the initial capillary network
and the one created by chemical contraction are much finer than the

1000
800 -
600 -
400 -
200 REF
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0 24 48 72 96 120 144 168
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Fig. 8. Autogenous shrinkage evolution: a) up to 24 h; up to 168 h).
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Fig. 9. MOE evolution since casting: a) up to 24 h; up to 168 h).

capillary network of conventional concrete (as C25/30, mostly applied
in Portuguese construction), it means that the volumetric contraction
due to autogenous shrinkage occurs earlier and increases very rapidly
[99].

Wang et al. [100] reported similar trends, in which the autogenous
shrinkage of a UHPC (binder: cement + SF + FA) strongly increases in
the very first hours and then almost keeps stable after 24 h, reaching
1175 pm/m at 7 days. Ye et al [101] stated that UHPC, including only
cement as a binder, achieved approximately 2000 pm/m at 7 days, with
a fast rate evolution in the first hours. Meng [91] obtained 1330 pm/m
for a UHPC including cement + silica as a binder, while GGBS and FA
incorporation reduced autogenous shrinkage to 252-602 pm/m,
depending on the dosage incorporation ratio. Nevertheless, it must be
stressed that the results of autogenous shrinkage depend ‘“time-zero”
definition criterion [87].

Compared to the reference mixture (REF), it is clear that adding 15 %
of ECat in UHPC/UHPFRC-3 % reduces autogenous shrinkage effec-
tively. At 24 h a reduction from 800 to 600 pm/m was observed, which
means less 25 % of shrinkage. As previously stated [63], ECat was
employed as a mitigation strategy against autogenous shrinkage, with
additional cost and ecological benefits. Therefore, ECat particles are
believed to act as a water reservoir to absorb water during the mixing
process. The water retained in ECat particles is then released to restrain
the decrease of internal RH caused by cement hydration from a very
early age.

The measured shrinkage also depends on the compressibility of the
UHPC, particularly their bulk modulus [102]. The stiffness of the cement
matrix represents the resistance ability to shrinkage [103]. Even though
siliceous sand being replaced by ECat (15 % in volume), the stiffness of
the UHPC with ECat, did not decrease; actually, it even slightly
improved, as will be presented in Section 4.5. A higher stiffness results in
lower deformations at the same driving force. As expected, fibres
reduced autogenous shrinkage (UHPC and UHPFRC-3 %).

It must be pointed out that tensile creep at early ages, which has not
been investigated in the present study, will also influence autogenous
shrinkage.

4.4. MOE evolution since casting

EMM-ARM method identified a wide range of resonant frequencies,
from ~ 60 Hz to 200 Hz, within the testing period for the mixture
compositions under study. Fig. 9 presents the MOE evolution curves for
all tested mixtures up to 168 h (7 days), including a zoom in the first 24 h
(Fig. 9-a). As mentioned, each curve is the average result of six tests
performed for each mixture, REF, UHPC and UHPFRC-3 %. The MOE
evolvement is in accordance with cementitious evolution hydration
patterns, in which typically an initial dormant period occurs, roughly
between 2 and 4 h in studied mixtures, then a rapid evolution up to 9 h
and then keeps evolving with a much lower rate. The dormant period is
higher in REF mixture, which corroborates previous results of final
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Table 7
Main MOE values over the time for REF, UHPC and UHPFRC-3%.
Age / MOE (GPa) REF UHPC UHPFRC-3 %
6h 13.30 14.70 16.47
9h 23.10 23.81 23.88
1d 29.20 29.80 30.20
2d 30.50 32.60 32.60
7d 32.30 36.60 36.90
14d 37.90
28d 39.20

setting time (section 4.1), heat of hydration (section 4.2) and autoge-
nous shrinkage (section 4.3).

After 9 h, MOE of REF mixture kept almost constant, while the new
UHPC mixture still presented some evolution, which is related to
pozzolanic reactions and it is in accordance with previous properties
assessed. Previous studies [71] revealed that MOE of UHPC/UHPFRC
families increases after 3 days is very small. At 7 days, MOE values of
32.3, 36.6 and 36.9 GPa were achieved for REF, UHPC and UHPFRC-3
%, respectively. UHPFRC-3 % test was extended up to 28 days, reaching
39.2 GPa. Detailed values of MOE are presented in Table 7. As expected,
the addition of fibres did not significantly influence MOE, which cor-
roborates with other studies [20,82,70,104].

Yoo et al. [105] obtained a similar MOE evolution pattern after
casting using UPV technique. An S-shaped curve elastic modulus
development was observed, with a dormant period up to 12 h, followed
by a strong evolution up to 24 h, resulting in elastic modulus of 44 GPa
at 28 old days. Alsalman et al. [65] measured MOE in the range of 37 to
46 GPa for UHPC mixtures prepared with locally available materials and
different contents of steel fibres, which seems to agree with the present
study. Sobuz et al. [106] addressed the potential of producing UHPC
using widely available fine and coarse aggregates and without the
requirement for complex mixing or curing regimes. Four available local
aggregates were studied in UHPC mixtures with a target compressive
strength in the range 130-160 MPa. The authors achieved MOE between
30 and 38 MPa, depending on aggregate type and proportions. Gesoglu
et al. [66] produced low binder UHPC, including NS and/or micro silica
(MS), which achieved MOEs between 39 and 42 GPa. Al-Tikrite et al.
[72] investigated the MOE experimentally, among others, of Reactive
Powder Concrete (RPC) and obtained values between 37 and 44 GPa
depending on fibre type and dosage incorporation. A detailed compila-
tion of MOE concerning UHPC/UHPFRC is available in Appendix A.

The MOE of the commercially available UHPC premixes are in the
range of 55 to 59 GPa at a reference age of 28 days [5]. Typically, UHPC
premixes consist of fine quartz powder (average particle size = 1.7 um),
ultra-fine sand (average particle size = 0.80 mm), and high dosages of
cement and silica fume. Those factors provide a denser matrix with a
minimum void ratio than the non-proprietary UHPC mixtures, using
local materials [5]. This effect is particularly evident in the compressive
strength and MOE [65].

4.5. Comparison between hydration kinetics, autogenous shrinkage and
young modulus for new UHPC

A comparative analysis of all methods employed to characterise the
hardening of UHPC (MOE, autogenous shrinkage, and isothermal calo-
rimetry on UHPC pastes) follows here. Previous research works pointed
out that the final setting time of paste (tf) is closest to the inflection
point of the cumulative heat of the hydration flow curve (Fig. 7-b) in the
accelerating stage [107]. However, more recently, Li et al. [95] stated
that a difference between tf and t,,, clearly exists in UHPC paste
mixture with incorporation of PCE-type superplasticiser. According to Li
et al. [95] these differences occur due to the different mechanisms for
setting and hydration kinetics of pastes.

Nevertheless, the end of the accelerating period was determined by
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Fig. 10. UHPC aging properties evolution up to 24 h of: a) rate of heat flow (grey) and second derivate of cumulative heat (black); b) cumulative heat of hydration; c)

autogenous shrinkage; d) MOE.

the maximum heat rate value, which denotes the beginning of the
decelerating period. This point was named the inflection point. The first

derivative of the heat flow rate curve, Q(t), can be computed as follows:

80(1)

ot )

0(1)

where Q(t) is the heat flow rate (kJ/h) and t is the time (h). This
curve can be interpreted as the energy acceleration curve, also observed
by Schmidt [107]. Thus, based on the first derivative of the heat flow

QM) _
5 = 0.

Fig. 10 presents an integrated overview of early age properties
evolution up to 24 h, including the inflexion point corresponding to the
black circles in each graph. Fig. 10-a) presents the rate of heat flow (grey
line) and the second derivate of cumulative heat calculated according to
Equation (1) (black line) for UHPC mixture. In addition, Fig. 10-b) de-
picts the cumulative heat of hydration, Fig. 10-c) shows the autogenous
shrinkage deformation and Fig. 10-d) corresponds to MOE evolution
since casting. As can be seen in Fig. 10-b, as well as in Table 5, the in-
flection point occurs, on average, at 8.52 h. At that time, a great part of
young modulus was established, namely, 23.99 GPa (65.5 % considering
MOE of 36.60 GPa at 7 days), as well as, most autogenous shrinkage had
already occurred, 629 pym/m (84.4 % considering autogenous shrinkage
of 745 ym/m at 7 days), see Fig. 10-d. The comparison of different
methodologies showed similar kinetics during all test periods, in which
at least three stages could be identified. A first dormant stage, where
specimens behave closer to a fluid, up to ~ 3 h. Then, when a solid

rate, the inflection point can be calculated as Q(t) =

10

structure starts to form and more hydration products are available,
MOE, autogenous shrinkage and heat of hydration start to increase
rapidly. Finally, a lower-rate increase stage starts when a high hydration
degree is already reached, and further hydration becomes minimal.

5. Conclusions

UHPC/UHPFRC families are advanced materials that seem incom-
patible with conventional MOE destructive tests, which usually can be
performed at the earliest age of 24 h. The current work aimed to improve
the understanding of aging characterists of non-proprietary UHPC/
UHPFRC-3 % developed by the authors. Comparison between MOE,
autogeneous deformation, and heat of hydration were presented. As
perceived from the current study, UHPC/UHPFRC-3 % MOE evolution
mainly occurred at very early ages, between 3 h and 9 h, which corre-
sponds to the accelerating period. Accelerating period ended about 9 h
after cement and water contact, which was determined by the maximum
heat rate value from heat of hydration test. In addition, majority of
autogenous shrinkage already occurred after approximately 9 h.

EMM-ARM seems to be a promising methodology for assessing the
MOE evolution of UHPFRC since casting and has advantages such as the
automatic and continuous assessment of MOE. In addition, it can be a
powerful tool for general structural numerical modelling and a real-time
active quality control measure in production centres. Besides, using NDT
methods for evaluating stiffness-related properties from very early age
of UHPC/UHPFRC is of utmost importance to take advantage of the
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remarkable properties of such advanced material with no waste of time
and resources.
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Appendix A
MOE of UHPC/UHPFRC reported in the literature.

Author Binder Aggregate w/c Steel Fibre Curing regime fc,28d MOE,28d MOE
dosage (% or kg/ (MPa) (GPa) methodology
m3) assessment

Current study Portland Cement + Fine silicious sand + ECat ~ 0.23 3% Room temperature 146 39.2 EMM-ARM

Silica Fume + (20°C+2°Q)
Limestone filler
Washer et al. Portland Cement + Fine Sand 0.19 160 kg/m* steam cured 900C and 57.27 ASTM C597
[108] Silica Fume HR 95 % humidity 48 58.17 Ultrasonic
h pulses
54.96 ASTM C597
55.02 Ultrasonic
pulses
Alsalman et al. CEM I + 20 % River sand Dgg = 1 mm 0.20 (w/ 0 heat-cured RH 100 % 136.4 43.4 ASTM C 469
[65] condensed silica b) 2 5 days + 2 days 60 °C 137.9 44.5
fume 4 + 3 days 90 °C 140.8 45.9
6 155.3 45.9
CEM I+ 20 % 0 135.0 37.6
condensed silica 2 135.9 40.3
fume 4 143.2 41.0
6 145.7 43.4
0 124.1 37.2
2 128.3 37.9
4 127.6 40.0
6 144.1 42.7
Class C fly ash 0 135.5 36.9
Dso = 0.75 mm 2 146.8 38.3
4 144.7 39.3
6 162.4 43.1
Holschemacheret CEM142,5R + Fly Sand 0/2 mm + Quartz 0.30 133 49.8 DIN EN 12,390
al [109] ash + sand
Silica-slurry +
Silica-fume
CEMI142,5R + Quartz sand+ 0.25 148 47.1
0.30 Silica fume Quartz powder
CEM142,5R + Sand 0/2 mm + Crushed 0.27 144 52.9
0.18 Silica fume aggregates 2/5 mm +
Quartz sand+
Quartz powder
Tue etal. [110] coarse aggregate < 5 mm 150 56
Empelmann et al CEM152.5 + Quartz sand 0.125/0.50 0.24 1.5 22 days20°CandRH  144.6 50.5
[111] Microsilica mm -+ Basalt 2/5 + Basalt 1.0 65 % + water curing 140.8 51.7
5/8 1.25 up to 28 days 148.8 50.2
0.75 146.6 48.5
2.5 160.8 52.2
0.19-0.20 fog room 140-158 30.1-37.3
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Appendix A (continued)
Author Binder Aggregate w/c Steel Fibre Curing regime fc,28d MOE,28d MOE
dosage (% or kg/ (MPa) (GPa) methodology
m3) assessment
Sobuz et al. sulphate resisting washed river sand < 4.75 0.233*
[106] cement + silica fume  mm (*Regarding
mined sand < 4.75 mm cement mass) 136-158  35.6-40.9
Manufacturesand < 4.75 138-153  37.3-38.0
mm
granulated lead smelter 128-131  33.6-36.3
slag < 4.75 mm
Gesoglu et al CEMI42.5R Quartz aggregate in three water curing 116 39 ASTM C469
[66] CEMI425R + 0.5 fractions, 0-0.4, 0.6-1.2, 117 39.5
% nano silica and 1.2-2.5 mm
CEMI425R + 1.0 121 40.5
% nano silica
CEMI1425R + 2.0 122 41.5
% nano silica
CEMI1425R + 3.0 119 41
% nano silica
CEMI425R +10% 120 41
silica fume
CEMI42.5R + 10 % 125 42
silica fume + 0.5 %
nano silica
CEMI425R +10% 130 43
silica fume + 1.0 %
nano silica
CEMI425R +10% 131 44
silica fume + 2.0 %
nano silica
CEMI425R +10% 128 43.5
silica fume + 3.0 %
nano silica
Krahl et al [67] Type III Portland fine sand < 0.42 mm 0.20 1.0 moist chamber 28 134.4 39 ASTM C469
cement + silica fume 1.5 days 146.2 40
2.0 148.8 40
2.5 148.5 41
3.0 151.7 42
1.0 134.4 46 Ultrasonic tests
1.5 146.2 44 by direct
2.0 148.8 46 method
2.5 148.5 47 ACI 228.2R-13
3.0 151.7 47
Zhou and Qiao Type I/1I Portland Local natural sand < 0.6 0.18 140 kg/m* lime-saturated water 41 Dynamic
[112] Cement + Silica mm 23.0+2.0°C modulus test
Fume 42 Wave modulus
test with smart
aggregates
Gesoglu et al cement type I 52.5 R Quartz aggregate in three ~ 0.195 (w/ water curing 138 39 ASTM C469
[68] + silica fume fractions, 0-0.4, 0.6-1.2, b) 0.25 148 40
and 1.2-2.5 mm 0.5 149 40
0.75 150 41
1.0 151 41
1.5 152 42
2.0 153 42
Ahmad et al [69] Type I cement + finedunesand <1.18mm  0.18 157 kg/m® 14 days moist curing 143.0 56 ASTM C469
Microsilica + 14 days air curing
Type I cement + 75 138.8 53
%Microsilica + 25 %
Natural pozzolan
Type I cement + 50 138.2 53
%Microsilica + 50 %
Natural pozzolan
90 %Type I cement 140.4 54
+ 10 %Natural
pozzolan +
Microsilica
80 %Type I cement 132.2 52
+ 10 %Natural
pozzolan +
Microsilica
70 %Type I cement 136.0 47

+ 10 %Natural
pozzolan +
Microsilica
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Appendix A (continued)
Author Binder Aggregate w/c Steel Fibre Curing regime fc,28d MOE,28d MOE
dosage (% or kg/ (MPa) (GPa) methodology
m®) assessment
Hassan et al [70] Cement + silica Silica sand 0.28 curing tank 90 °C 48 120 42.08 BS 1881-121
fume + Ground 2.0 h + laboratory until 150 46
Granulated Blast testing
Furnace Slag
Hassan et al [71] CEMI52.2N +silica Silica sand Dsg = 270 um 0.28 2.0 curing tank at 90 °C 164.3 46 BS 1881-121
fume + Ground for 48 h + laboratory 48 UPV
Granulated Blast environment until BS EN 12,504
Furnace Slag testing 51 Resonant
frequency
testing
B.S.1881-209
Tikrite et al [72] Portland Cement + fine sand < 600 um 0.13 0 water curing 20° C 100.2 37 ACI 318-11
silica fume 1 (Australian Standards 111.8 40
2 AS 1012.8.1) 120.4 40
3 121.3 42
4 134.0 44
Chozas et al Cement + silica quartz filler and 0.23 20°Cand HR > 96 %  147.2 49.7 EN 12390-3
[113] fume + fly ash aggregates (0/0.2,
0.1/0.3, and 0.2/1 mm)
Cement + silica quartz filler and 0.27 135.7 49.9
fume + fly ash aggregates (0/0.2,
0.1/0.3, and 0.2/1 mm)
Cement + silica quartz powder (0/100 0.30 135.0 48.3
fume + fly ash + um)and aggregates
ground granulated (0/600 um and 0/2 mm)
blast furnace slag
Pyoetal [114] Cement + silica fume Silica sand 0.22 2.0 water curing 23 °C 171 48.8 resonant
frequencies
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