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Abstract: Volcanic activity is characteristic of seismic zones. Consequently, volcanic material form
part of the landscape in places where earthquakes are common natural phenomena. As volcanic
wastes (VW) show pozzolanic activity, the substitution of manufactured Portland cement (PC) with
VW is clearly a desirable option not only from an economical point of view but also to reduce the
CO:z fingerprint. Therefore, designing concretes with volcanic Portland cements (VPC) clearly con-
tributes to cleaner cement production. Construction and building activities in seismic zones need to
use a specific kind of concrete—self-compacting concrete (SCC). The challenge we focused on was
the design of SCC using VPC. The flow behavior of SCC is characterized by low yield stress, high
plastic viscosity, and shear-thickening behavior at high shear. However, obtaining these striking
properties of the concrete is not easy with traditional concrete flow tests (Abrams cone, etc.). More-
over, these methods are very costly in terms of time and material. An alternative that allows us to
use absolute rheometry and which has been little explored consists in the substitution of concrete
by an equivalent mortar. The so-named concrete equivalent mortar (CEM) approach was used in
this study to obtain SCC formulations with VPC. Mini cone tests confirmed the absence of blend in
some selected CEM formulations based upon the accomplishment of the criteria for SCC. Three
concrete proposals were inferred from the respective CEM formulations. They adapted to the SCC
European standard according to the Abrams cone spread test.

Keywords: self-compacting concrete; volcanic Portland cement; concrete equivalent mortar

1. Introduction

Self-compacting concrete (SCC) is a very useful material in building and construction
engineering and for its specific application in earthquake resistant structures. Interest-
ingly, the flow behavior of SCC in fresh state is characterized by low yield stress and high
plastic viscosity. In addition, shear-thickening behavior is usually observed at relatively
high shear [1]. These striking characteristics of SCC result directly from the use of chemi-
cal additives (plasticizers). Plasticizers must be compatible with the cementitious phase
used in the specific formulation. In addition, the inert solid phase (sand and gravel) must
have appropriate geometric features related to its shape, size, and particle size distribu-
tion. These components, i.e., chemical additives and inert solid phase, make SCC a mate-
rial (i) with improved workability, making construction and building activities more effi-
cient; (ii) with better finishing; and (iii) with enhanced manufacturing processes eliminat-
ing segregation or bleeding and avoiding the formation of air bubbles. In addition, a val-
uable property of SCC, especially in earthquake-prone zones, is the possibility to obtain
structures with more intricate reinforced concrete, simply because SCC fills formworks
much more efficiently.

Seismic and volcanic activities are related phenomena [2-10]. Consequently, natural
volcanic wastes (pumice powder (PP) and volcanic ash (VA)) belong to the landscape of
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seismic areas. This is very interesting from an economical point of view, because volcanic
wastes (VW) show pozzolanic activity and therefore can partially replace Portland cement
(PC). This partial substitution of PC by VW gives rise to a new class of cement—the so-
called volcanic Portland cement (VPC). This class of cement reduces the CO: footprint and
cement production costs. It has been also reported that cementitious products that use
VPC in their formulation improve physical (cohesiveness, consolidation, flowability, set-
ting time and strength at later ages) and chemical (durability) qualities of concrete [11].
Therefore, the design of SCCs based on VPC (SCCVPC) is clearly an attractive prospect in
cleaner production and in safer building for earthquake zones.

The selection of appropriate plasticizers and an inert phase is mandatory for a valid
SCCVPC design. We have studied elsewhere [12] the compatibility of several copolymer
and lignosulfonate-based plasticizers with a VPC. The VPC used in that study consisted
of a mixture of 20 wt% of Andean VW and 80 wt% of pure PC. We say pure PC because
the PC was obtained from clinker grinding without any other addition. Only fresh cement
pastes formulated with copolymer plasticizers exhibited shear-thickening behavior at
high shear rates [12], which is one of the features of SCCs. Therefore, we have assumed in
this study the use of this kind of plasticizers for the formulation of SCCVPC.

Empirical techniques (Abrams cone, V-funnel, etc.) have shown limited effectivity
for the rheological characterization of SCCs. Fortunately, rheometric techniques that re-
sult from the use of absolute rheometers allow researchers a deeper and wider knowledge
of the mechanical response of fresh SCCs. However, absolute rheometry can be used only
if suspended particles have a very limited maximum size. The maximum particle size
must be at least 10 times lower than the gap existing between the solid walls of rheometer
geometries. The maximum gap in absolute rheometer geometries is around 1-2 mm for
plate-plate, 1-5 mm for concentric cylinder geometries, and only a few microns for the
cone-plate geometry, which are the most popular geometrical configurations used with
absolute rheometers. Therefore, it is not apparently possible to develop rheometric studies
of concretes with absolute rheometers, simply because of the high particle size (as large
as ~20 mm) that can be found in concretes. To overcome this drawback, a new methodol-
ogy has been proposed [13]. It consists of the substitution of the inert phase (sand and
gravel) by certain amount of small sand that must have the same total surface area and
composition as the original inert phase, but with a maximum particle size compatible with
the condition before described for the use of absolute rheometers. This approach is named
the concrete equivalent mortar (CEM) methodology [13]. Therefore, the use of the CEM
instead of the corresponding concrete eliminates the inconveniences caused by handling
coarse aggregates. Other authors [14] have validated the design of SCCs from rheological
and mechanical properties of the mortar, i.e., the SCC after the elimination of the coarse
aggregate. Note that the principle of CEM is different according to the use of the mortar.
The CEM method consists of designing a mortar starting from a certain concrete compo-
sition with the objective to study its rheological behavior in a deeper way. Alternatively,
and with a clearly different motivation, the rheological study of CEMs aims to obtain spe-
cific concrete formulations.

The design of a CEM is based on two hypotheses: (i) the hydration products appear
at the interface existing between cement particles and inert solids and (ii) the friction phe-
nomena when the cementitious material flows occur just at that interface. In other words,
the total area of the inert aggregates is the fundamental variable to understand the level
of workability or, more widely, the rheological behavior of concretes [15]. Therefore, the
composition of a CEM is obtained imposing the following conditions with respect to the
corresponding concrete. First, the kind and dosage of cement and mineral additives must
match. Second, the water/cement (w/c) ratio must coincide. Third, the percentage of addi-
tive with respect to the cement amount and the mixing method must be the same. Fourth,
the amount of fine aggregate in the CEM must have an identical surface area to that cal-
culated from the total amount of the inert phase (sand and gravel) present in the concrete
[13,16].
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The aim of this research is to obtain an SCCVPC formulation that is valid for use in
building and construction activities at the well-known Ecuadorian seismic zone. For that,
we use Ecuadorian sands and commercial VPC formulated with raw VW extracted from
Andean volcanos and the CEM approach, with the latter used to confirm the accomplish-
ment of the three specific characteristics of SCCs pointed out above.

2. Theoretical Background
2.1. Multiscale Theory

Multiscale theory predicts the mechanical properties of heterogeneous mixtures from
the combined knowledge of the continuous (or dispersant matrix) and its corresponding
inclusions (or dispersed phase) [17-20]. When the multiscale theory applies to CEM, the
cement paste (cement, water, and chemical additives) is the matrix, and the sand is the
dispersed phase. Consequently, we expect that the rheological properties of cement pastes
joined to the shape, size, and volume fraction occupied by sand can predict the rheological
properties of the CEM. Extending the multiscale theory purpose for the study of concretes,
the mortar is the dispersant, and gravel is the dispersed phase. This scheme is certainly
attractive when we are thinking of an easier way to design concretes with different prac-
tical applications. However, these good prospects must be considered with caution. For
example, the results look inappropriate [21] when the prediction of the rheological behav-
ior of a concrete is based upon the rheological behavior of the cement paste, considered
as the dispersant phase, and sand and gravel, considered as dispersed phases. This nega-
tive result is probably because the rheology of both materials rests on some different
grounds. Certainly, while colloidal forces mainly govern the rheology of cement pastes,
more complex processes related to friction play a dominant role in the rheological behav-
ior of concretes [22,23]. Therefore, in relation to concrete rheology, the interest in the study
of cement paste rheology must be basically reduced to the compatibility and effect of ad-
ditives. It is necessary to include the inert phase in the arena to obtain wider, deeper, and
more realistic knowledge of concrete rheology. According to Schwartzentruber and Cath-
erine [13], this is possible using the CEM methodology. This approach was assumed here.

2.2. Constitutive Equation

It is worthwhile to note that cementitious materials are viscoplastic in nature. This is
a widely and well-established behavior observed in all cement-based materials. This
mainly means that a threshold stress value, named the yield stress (t, ), must be neces-
sarily surpassed to observe the flow of fresh cement pastes, mortars, or concretes. There-
fore, for viscoplastic materials, the general form of the relationship between shear stress
(t) and shear rate (y) when 7 > 7,, must be

T=1,+f(¥) M

where f(y) is some function of the shear rate. The list of expressions for the function f(y)
is large. One often used expression is f(y) = Ky™. This is the proposal of Herschel and
Bulkley (HB equation). However, the use of the HB equation involves two clear disad-
vantages. First, the HB equation overestimates the yield stress value when the material
shows shear-thickening behavior (n > 1) because the slope of the flow curve (7 vs.y)
tends to zero at very low shear rates and underestimates the yield stress value when the
material shows shear-thinning behavior (n < 1) because the slope of the flow curve
tends to infinity at very low shear rates. Second, it is not possible to compare different
values of the K parameter of different materials due to its “strange” unities (Pa - s™) be-
cause, in general, the flow index n will be different for different materials. However, this
last inconvenience can be partially bypassed considering that logt vs.logy plots are com-
monly used to extract information from steady flow curves. So, from the HB equation, we
can obtain that log(t — 7, ) = logK + nlogy. As logl =0, log(t; — 1, ) = logK when
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7, = 7(y = 1571). Consequently, the comparison between different materials based on
logK-values acquires some meaning.

Returning to the analysis of Equation (1), it is worth noting that Feys et al. [24]
pointed out three conditions that a good viscoplastic equation should always meet. First,
the yield stress must be a positive value due to evident physical reasons. Second, it should
contain a positive linear term in the shear rate to avoid zero or even negative slope at low
shear rates. Third, all parameters of the model should have proper dimensions to allow
comparison and physical interpretation of the results. The simplest model that meets these
three basic conditions is the second order extension of the linear Bingham model:

T=1Ty,+7n,7 + cy? (2)

where 7, is the plastic viscosity and ¢ is a second-order coefficient with well-defined
unities. It is worthwhile to note that some physical and practical meaning could be tenta-
tively ascribed to the three parameters that appear in Equation (2). First, the yield stress
(ty) relates to starting flow ability and stability and the resistance to segregation of ce-
mentitious materials when they are in an at-rest state [25-27]. Second, the plastic viscosity
(np) characterizes the pump ability and the resistance to segregation when the material is
flowing [28]. Third, as the second-order coefficient (c¢) value depends on the existence of
inclusions—-matrix interactions, its value and sign can supply information on the complex-
ity of the viscoplastic behavior, which manifests as a non-linear dependence of the shear
stress with the shear rate [29-31].

3. Materials and Methods
3.1. Materials

Three VPCs commercialized by UNACEM (Ecuador), compatible with the Ecuadorian
standards INEM 490 [32] and INEM 2380 [33], were used in this study. Table 1 shows chem-
ical and mineralogical compositions of the VPCs, which were obtained by analyzing results
of X-ray diffraction obtained with a Panalytical diffractometer (EMPYREAM) and using the
High Score Plus software. These cements, under the commercial names Campedn, Selvale-
gre, and Armaduro, were obtained by the crushing of a mix of clinker and different amounts
of natural VW. As expected, the manufacturer does not supply the composition of each VPC.
However, thanks to the fact that Andesine, a silicate mineral with pozzolanic activity that is
abundant in the Andes Mountains, is the main component of the VW and absent in PC and,
on the other hand, alite (CsS) is absent in VW but is the main phase in PC, we could use the
amounts of both andesine and alite to estimate VW and PC amounts in each VPC (Table 1).
The Blaine area of the three cements was obtained following NTE INEN 196 norms [34]. The
specific density of the cements was obtained following NTE INEN 156 norms [35]. Scanning
electron microscopy revealed a similar variety of angular shapes of VPCs particles (Figure
1). In other words, we did not observe significant differences in the particle shape of the
three VPCs. SEM micrographs were processed with toolbox routines included in Matlab
software (MathWorks Inc., Natick, MA, USA). Similar mean particle sizes (29-32 um) re-
sulted for the three VPCs. The polydispersity index was 15.5 in all cases, and the specific
surface area (BET method) only showed slight variation from one to another VPC (2.2-2.6
m?/g). Therefore, the amounts of andesine and alite have no influence on the geometric pa-
rameters of cement particles, although they have some influence on the rheological behavior
of cement pastes [36] and mortars [37].
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Table 1. Mineralogical and chemical composition (% wt) of VW and VPCs.

VW Campedn Selvalegre Armaduro
Andesine 84.00 37.00 36.00 23.00
Tchermakite 8.00 6.40 5.00 4.60
Quartz 3.48 0.80 1.35 1.46
Cordietite 4.30 1.70 0.70 1.30
GsS - 40.20 42.70 51.80
CS - 4.90 5.50 6.40
CiAF - 2.50 3.10 3.30
GA - 3.80 4.40 5.20
Gypsum - 2.20 1.70 2.70
VW percentage 100 46.4 42.6 30.6
PC percentage 0 53.6 57.4 69.4
5102 - 34.6 31.4 28.5
AlOs - 9.5 8.5 7.8
Fe20s - 4.0 4.1 3.7
CaO - 42.6 479 52
MgO - 2.4 2.4 2.3
SOs - 2.1 2.0 2.3
Na20 - 2.0 1.7 1.6
K0 - 0.6 0.5 0.5
TiOz - 0.5 0.4 0.4
Particle size (um) - 29-32 29-32 29-32
Density (g/cm?) - 2.94 2.95 3.00

Blaine surface (m?/g) - 2.6 2.4 2.2
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Figure 1. SEM images of VPC particles.

We used sand from three different sources in this study: (i) flushed sand (FS) that
came from the volcanoes quarry at the Pintag site, (b) beige sand (BS) extracted from the
Pisque quarry of the Guayllabambea site, and (c) blue powder (BP) mined at the Pululahua
quarry of the San Antonio de Pichincha site. All these places are in Pichincha (Ecuador).
The coarse aggregate came from the Pisque quarry of the Guayllabamba site. The particle
size distribution and the density, specific gravity, and absorption percentage of the three
sands and coarse aggregate were determined at the Laboratorio de Ensayo de Materiales
(Departamento de Ciencias de la Tierra y Construccién, Universidad de las Fuerzas Ar-
madas-ESPE, Ecuador). Results on the particle size distribution are shown in Figure 2. It
is worth noting that despite the cumulative passing being similar for the three sands, the
particle size distribution is slightly different, which is more clearly shown in Figure 3. As
can be seen, the most representative mean particle size, which was obtained using the
sieve procedure, followed the sequence FS(0.20 mm) < BP(0.22 mm) < BS(0.42 mm).
These three particle size values were used to calculate the sand amount in the correspond-
ing CEM. Monodisperse sands were assumed using this method, which is clearly a source
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of error for the calculation of CEM composition. The influence of this assumption on the
actual composition of CEMs is probably masked by other error sources, and its quantifi-
cation is out of the scope of this research. As the shape of sands is a determining factor for
the rheological behavior of mortars [38], optical images of the three sands grains were also
obtained with a non-polarized light optical microscope (model BA310E, Motic Inc. Ltd.,
Hong Kong, China). Figure 4 shows that the natural sand (BS) is slightly more spherical
than sands obtained by the crushing process (BP, FS), which presumably must facilitate
both CEMs and concrete flow ability.
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Figure 2. Cumulative passing of the three sands and coarse aggregate.
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Figure 3. Normalized size distribution of the three sands.
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Figure 4. Representative sands grains images obtained with optical microscopy.

To obtain the composition of a mortar, it is mandatory to determine previously the
water demand of sand [39]. We obtained the density and water demand of the three sands
following NTE INEN 856 and ASTM C128 standards [40]. The densities of the three sands
were very similar—specifically, 2.607 g/cm? (BS), 2.674 g/cm? (BP), and 2.640 g/cm? (FS).
Water adsorption indexes of natural or crushed sands were 3.5% (BP), 4.0% (BS), and 4.4%
(FS). In a nutshell, only the maximum grain size and its shape are parameters that must
be eventually used to distinguish the effect of the three sands on the rheological behavior
of the CEMs.

Although there are a wide variety of additives, the most widely used for SCC are
high-range water reducers and viscosity modifying or cohesive agents. According to the
results that we previously obtained [12], copolymer plasticizers show good compatibility
with Andean VPCs. Consequently, we focused on commercial copolymer plasticizers to
obtain self-compacting characteristics of CEM formulations. Some properties of the addi-
tives directly supplied by manufacturers are shown in Table 2.

Table 2. Chemical additives supplied by three different manufacturers.

ADITEC ADMIX SIKA
Vi
Techniflow605 SF106 200R Megamix Viscomix 1;(1);1[‘)ete Viscoflow50L
Density (g/cm?) 1.10 1.18 1.19 1.17 1.07 1.10 1.11
Dosage interval (%) 0.19-0.9 0.93-2 093-2 0525 0.5-1.5 0.19-0.9 0.4-2.3

3.2. Protocols

The design of protocols for rheological experimentation with fresh cementitious ma-
terials must consider the necessity to minimize the influence on the results of the cement
hydration process. In addition, it is mandatory to define the mechanical reference state of
the fresh cementitious slurry well to ensure the repeatability of the experimental results.
In line with these ideas, the time interval from cement/water first contact to the end of the
rheological test must be lower than the induction period of the cement, which is typically
around 30 min. Moreover, it is worthwhile to note that the resting state favors the hydra-
tion of the cement. Consequently, it is convenient to design the steady flow curve (SFC),
a rheological test that records the steady stress response of the material to a series of shear
rates monotonously distributed, starting from the higher shear rate value. Therefore, the
SFC corresponding to each sample was the plot of the steady shear stress versus the shear
rate value monotonously distributed in a decreasing ramp of shear rates from 120 s to 1
s, as shown in Figure 5. It is also worthwhile to note that each shear rate was applied
during the time necessary to record the steady shear stress response. Only when the rela-
tive variation of the stress response to each shear rate was less than 5% for 20 s was the
accomplishment of steady condition assured. We present the results of SFCs as the aver-
age value of three measurements taken with three different samples of the same cementi-
tious slurry (3 x 3 =9) measurements. Finally, and related to the design of the SFC protocol,
it is worthwhile to note that random stresses can develop in samples during mixing and
handling processes that take place in the preparation and positioning of samples before
the measuring procedures. Therefore, a pre-shear phase that consisted in the application
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of the maximum shear (120 s!) during 60 s was included before the rheological testing to
erase undesirable random effects.

Yis"
120

Pre-shear
L /Steady Shear Values

-
L

60 t(s)

Figure 5. Steady flow curve protocol.

In the case of cementitious materials, a well-defined protocol for the preparation of
samples is mandatory. The preparation protocol has a determinant influence on the rheo-
logical behavior of cementitious materials. We prepared all samples as follows. The liquid
phase (water and additive) was added to the previously mixed dry phase (cement and
sand). A Hamilton Beach 64650 mixer (Hamilton Beach Brands, Inc., Glen Allen, VA, USA)
was used to mix the components for 10 min at a constant velocity of 540 rpm. A damp
cloth covered the mixture to prevent water evaporation and cement scab formation. The
geometry selected for the mixing was a spindle of spans. The distance between the base
of the container and the lower base of the spindle was 3500 pm.

3.3. CEMs Design

For the design of CEMs, we followed the method described in detail in [16]. We se-
lected a concrete formulation normalized according to the recommendation of Colegio
Oficial de Ingenieros Civiles (Quito, Ecuador) as referenced concrete. It indicates the gen-

eral amounts of cement, sand, gravel, and water used in concretes for civil applications in
Ecuador (Table 3).

Table 3. Composition of a normalized Ecuadorian concrete.

Cement Sand Gravel Water
(kg) (kg) (kg) (kg)
520 750 750 208

The specific surface area of the aggregates and the amount of water in the concrete
are the two main critical parameters to be calculated for the design of the corresponding
CEM. The data and calculations needed to obtain the specific surface area of the three
sands and gravel used in this study are shown in Tables 4 and 5, respectively.
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Table 4. Specific surface area of the three sands.

BS BP FS

Sieve Cumulative S Weighted Surface ~Cumulative S Weighted Surface Cumulative S Weighted Surface
(mm) Passing (%) (m?) (m?/kg) Passing (%) (m?) (m?/kg) Passin (%) (m?) (m?/kg)
<0.075 0.00 65.17 4.039 0.00 63.19 2.337 0.00 64.86 2.209

0.075 6.20 21.82 1.013 3.70 21.16 0.844 341 21.72 1.823

0.149 10.84 10.88 1.242 7.69 10.56 2.793 11.80 10.83 2.133

0.3 22.25 5.43 2.234 34.15 5.27 1.101 31.49 5.40 1.121

0.6 63.42 2.74 0.459 55.06 2.66 0.454 52.23 2.73 0.477

1.18 80.16 1.38 0.274 72.11 1.34 0.373 69.70 1.37 0.416

2.36 100.00 0.77 0.000 100.00 0.75 0.000 100.00 0.76 0.000

9.261 7.902 8.179
Table 5. Specific surface area of the gravel.

(S;::S I)C;Isrilzlgat(l(;(; (n?z) Weighted Surface (m?/kg)
<2.36 0.00 2.097 0.079
2.36 3.76 0.695 0.044
4.76 9.93 0.347 0.115
9.51 43.19 0.225 0.043
12.5 62.49 0.157 0.039
19 87.51 0.111 0.010
254 96.92 0.079 0.002
38.1 100.00 0.055 0.000
0.332

The number of particles (N) in 1 kg of aggregate was calculated from Equation (3),
where pg (kg / m?) is the sand density and D (m) the equivalent diameter of the grain.
The specific surface area S corresponding to each grain size was obtained with Equation
(4). Therefore, the specific surface area of an aggregate is the sum of the specific surface
area of all grain sizes, i.e., 9.261 m?/kg (BS), 7.902 m?/kg (BP), 8.179 m?/kg (FS), and 0.331
m?/kg (gravel).

1
_ Totalvolume  pg (3)
" Particlevolume 4 /D\3
37 (7)
S = NiD? )

Knowing the specific surface area of each aggregate, the amount of sand required for

the design of the CEM (M;qnq cen) Was calculated with Equation (5):
Msand CEM = Mgqnac + mgrave.lsc . Sgravel (5)
sand
where Mggnqc and My,qpe ¢ are, respectively, the amount of sand and gravel in the orig-
inal concrete, and Ssq,q and Sgrqpe; are the specific surface area of sand and gravel, re-
spectively.

The total amount of water needed for a CEM preparation (M,,4ter ) must be calcu-
lated considering not only the proposed w/c ratio (first term in Equation (6)), but also the
water absorbed by the sand (second term in Equation (6)) and the water amount directly
provided by the additive (third term in Equation (6)), i.e.,

_w M ond cEm Absorption coefficient B 1 — Dryresidue ©)
Mwater - c Mcement + 1+ Absorption coefficient 100 additive 100

100



Processes 2022, 10, 1820

11 of 19

Finally, the composition of the different CEMs rheologically tested in this study are
shown in Table 6. The effect of the fineness of sand in the rheological behavior of a given
CEM was also studied, dividing the total amount of sand in three different maximum
particle sizes. Therefore, F1 corresponds to sand passing a sieve of 2.36 mm, F2 includes
only sand passing a sieve of 0.30 mm, and, finally, F3 contains sand with the maximum
size of 0.149 mm (see the last column in Table 6).

Table 6. Composition of the different CEMs.

Sand/Cement Water/Cement Additive Fi/Cement
Cement Sand

(s/c) (wlc) (%) (Fi/c)

0.30 1.49 (F1)

BS 1.49 0.35 1.03 (F2)

0.40 0.34 (F3)

0.30 1.75 (F1)

SA BP 1.75 0.35 2.00 1.08 (F2)
0.40 0.49 (F3)

0.30 1.69 (F1)

FS 1.69 0.35 0.99 (F2)

0.40 0.41 (F3)

0.30 1.49 (F1)

BS 1.49 0.35 1.03 (F2)

0.40 0.34 (F3)

0.30 1.75 (F1)

CO BP 1.75 0.35 2.00 1.08 (F2)
0.40 0.49 (F3)

0.30 1.69 (F1)

FS 1.69 0.35 0.99 (F2)

0.40 0.41 (F3)

0.30 1.49 (F1)

BS 1.49 0.35 1.03 (F2)

0.40 0.34 (F3)

0.30 1.75 (F1)

AM BP 1.75 0.35 2.00 1.08 (F2)
0.40 0.49 (F3)

0.30 1.69 (F1)

FS 1.69 0.35 0.99 (F2)

0.40 0.41 (F3)

3.4. Equipment

A controlled stress rheometer (DHR-2, TA Instruments, New Castle, DE, USA) was
used for the rheological testing. This device was equipped with a Peltier system for the
temperature control. A four-vane geometry was used. The advantage of the use of a vane
rotor with cementitious materials has been extensively justified [41]. The diameter of the
rotor was 28.0 = 0.1 mm, and its height was 42.0 £ 0.1 mm. The rotor was introduced in a
concentric cylinder (stator) with an inner diameter of 30.0 + 0.1 mm for cement pastes (1
mm gap), and in a similar concentric cylinder with an inner diameter of 40.0 + 0.1 mm for
mortar mixes (6 mm gap).
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4. Results and Discussion
4.1. Selecting the Additive to Be Used in CEMs Formulation

The effect of the type and amount of additive on the SFC of Armaduro cement pastes
(0.35 %w/c) is shown in Figure 6. The amount of additive was calculated with respect to
the cement weight (%cw). Results for Armaduro cement paste without any additive, la-
beled as Armaduro 0%, are also included for comparison. Results obtained with the two
other cements (Selvalegre and Campedn) are not shown to avoid unnecessary repetition
because, qualitatively speaking, the results were very similar. No matter which recom-
mendations of the fabricant were used (see Table 2), cement pastes with the proportions
1,2, and 3 %cw of the additives were tested.

T 1000 4~ T T 1000 5+ T T

100 4 1004 ) s g ) .
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Figure 6. Effect of additive type and amount on SFCs of Armaduro cement pastes.

Quantitatively speaking, to achieve self-compacting characteristics of the cement
paste, the higher the plastic viscosity and the lower the yield stress, the better the effect of
the additive. Results of the SFC shown in Figure 6 were fitted with the modified Bingham
equation. The values of the modified Bingham parameters are shown in Table 7. As can
be seen, the modified Bingham model fitted very well to experimental points (R? >
0.9994). The additive Viscocrete supplied lower yield stress values. It is worthwhile to
remind readers that low values of the yield stress indicate that the cementitious material
can flow more easily by its own weight, which is one well-appreciated self-compacting
characteristic. An additional decrease of the yield stress value was achieved when the Vis-
cocrete dosage increased from 1 %cw to 2 %cw. The yield stress did not decrease any-
more when the amount of Viscocrete increased to 3 %cw. Consequently, 2 %cw was the
additive dosage finally accepted for the rest of the research. Unfortunately, the value of
the plastic viscosity was not the highest when Armaduro cement paste contains the Vis-
cocrete additive. This means that probably with the use of this additive, some bleeding of
the cementitious slurry must be observed. Alternatively, for example, the Viscoflow addi-
tive supplied higher plastic viscosity values, which is a positive result to avoid the bleed-
ing of the paste; however, the yield stress values were more than 10 times higher than
those obtained with the use of Viscocrete. To decide on the more appropriate additive
according with the aim of this research, the third characteristic of SSC, i.e., shear-thicken-
ing behavior at high shear rates [1], was considered. This rheological behavior manifests
in positive values of the second-order coefficient of the modified Bingham model. As can
be seen in Table 7, this was the case with the additive Viscocrete.



Processes 2022, 10, 1820 13 of 19

Table 7. Parameters of modified Bingham equation. Effect of additives on Armaduro CP

(0.35%w/c).
Additive % cw R? Typ (Pa) 1, (Pa.s) c (Pa.s?)
1 0.9997 20+1 0.60 £+ 0.05 0.0008 + 0.0003
Techniflow 2 0.9998 70+ 4 23405 ~0
3 0.9995 8.1+0.9 0.68 £+ 0.06 ~0
1 0.9999 2717 1.9+0.2 ~0
200-R 2 0.9996 9.5+0.8 1.5+0.1 —(0.002 + 0.001)
3 0.9999 8.0+ 0.6 0.35 4+ 0.03 ~0
1 0.9994 53+9 3.0+0.3 —(0.009 + 0.002)
SF 106 2 0.9999 172+ 0.5 0.34 £ 0.04 0.0010 £ 0.0003
3 0.9999 1.3+0.1 0.26 £ 0.01 0.0009 + 0.0001
1 0.9997 0.7+0.2 0.12 £ 0.02 0.0009 + 0.0004
Viscocrete 2 0.9999 0.52 +0.08 0.12 £ 0.01 0.0005 + 0.0002
3 0.9999 0.50 + 0.04 0.12 £ 0.01 0.0008 + 0.0001
1 0.9999 8.8+ 0.3 0.83 + 0.06 ~0
Viscoflow 2 0.9999 43+0.2 0.23 +£0.01 0.0004 £ 0.0001
3 0.9999 9.9 + 0.5 0.68 + 0.04 —(0.0011 + 0.0005)
- 0 0.9995 80+ 4 1910.2 —(0.007 + 0.001)

4.2. Rheological Behavior of the F1-CEMs

The effects of cement type, w/c ratio, and sand type on the SFC of F1-CEMs were
studied. The modified Bingham model (Equation (2)) was fitted to the experimental data,
and the resulting model parameters are shown in Table 8.

Table 8. Parameters of modified Bingham equation. F1-CEMs.

Cement Aggregate w/c  tyg (Pa) m, (Pa.s) c (Pa.s?) R?
0.30 28+ 2 16.6 + 0.3 —(0.43 +0.08) 0.9930
BS 0.35 2512 9.2+0.5 —(0.08 £ 0.01) 0.9979
0.40 10+ 2 57+0.1 —(0.047 +0.002) 0.9999
0.30 33+3 26+1 —(0.32 £ 0.03) 0.9983
Selvalegre BP 0.35 26+1 12.5+ 0.4 —(0.091 + 0.009) 0.9995

0.40 20+1 78402 —(0.070 £ 0.006) 0.9994
0.30 30+1 13.4+0.1 —(0.146 + 0.002) 0.9970

FS 0.35 25+1 82+0.1 —(0.080+0.001) 0.9980

0.40 12+1 42403 —(0.033+0.006) 0.9982

0.30 30+ 2 17+1 —(0.19 £ 0.02) 0.9988

BS 0.35 25+1 10+1  —(0.089 +0.008) 0.9992

0.40 15+1 7x1 —(0.062 + 0.005) 0.9994

0.30 35+2 27.0+£09 —(0.29+£0.02) 0.9989

Campedn BP 0.35 30+2 13.2+08 —(0.08+0.02) 0.9979

0.40 20+1 78104 —(0.07 £ 0.01) 0.9981
0.30 30+ 2 143+0.7 —(0.12+0.02) 0.9985
FS 0.35 201 85+0.3 —(0.072 £ 0.006) 0.9995
0.40 10+1 44402 —(0.033 +0.004) 0.9993
0.30 20+1 164+ 0.2 —(0.151+ 0.003) 0.9999

BS 0.35 10+1 56+0.2 —(0.019+0.003) 0.9980

0.40 8+1 25402 —(0.007 £0.002) 0.9960

0.30 25+1 163+ 04 —(0.134+0.01) 0.9995

Armaduro BP 0.35 20+1 78+ 04 —(0.032 £ 0.004) 0.9979

0.40 15+1 43402 —(0.018+ 0.003) 0.9974
0.30 25+1 8.8+ 0.3 —(0.080+ 0.007) 0.9994
FS 0.35 15+1 43+03 —(0.015+ 0.003) 0.9966
0.40 711 2.14+01 —(0.007 +0.001) 0.9985
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The sign of the second-order coefficient is negative in all cases, which indicates that
the presence of F1-sand eliminates the expected shear-thickening behavior obtained when
Viscocrete additive was used in CP formulations. This must be presumably because the
presence of F1-sand reduces the adsorption capability of copolymer molecules on cement
particles. On the other hand, the yield stress diminishes when the w/c ratio increases.
This is an expected result because higher water content must give rise to an increase of
the mortar fluidity. On the other hand, no significative differences in yield stress and plas-
tic viscosity values were obtained using different VPCs. Therefore, F1-CEMs formulated
with the three VPCs should flow and bleed similarly. This conjecture could be confirmed
by the inspection of mini-cone results shown in Figure 7 because, as can be seen, no ap-
preciable differences in size and bleeding of the three slump tests could be detected.

Selvalegre Campeodn Armaduroe

Figure 7. F1-CEM mini-cone results. BS sand. w/c = 0.30. 2.0 %cw Viscocrete.

To improve the performance of VPCs as basic components in SCC formulations, we
tested the influence of sand fineness on the modified Bingham model parameters, espe-
cially with the objective of detecting possible changes in the sign of the second-order co-
efficient.

4.3. Rheology of F2-CEMs and F3-CEMs

The fineness of sands was reduced while maintaining the sand type and the total
specific surface area as constant. Therefore, in addition to F1-CEMs, we also studied
equivalent mortars labeled as F2-CEMs and F3-CEMs. While F2-CEMs are equivalent
mortars with a maximum sand particle size of 0.30 mm, F3-CEMs correspond to equiva-
lent mortars with a maximum sand particle size of 0.149 mm (see Table 4 for interpretation
of F1, F2, and F3 nomenclature).

The parameters of the modified Bingham equation fitted to the experimental data
corresponding to F2-CEMs and F3-CEMs SFC are shown in Tables 9 and 10. As can be
seen, the sign of the second-order parameter changes from negative to positive when the
fineness of sand diminishes. The overall conclusion is that the effectivity of Viscocrete
additive to maintain separated cement particles increases when sand particles are smaller.
In this way, we can observe shear-thickening behavior at high shear rates with some F3-
CEMs. In addition, particles with a smaller size must favor CEM flow, acting as effective
bearings. This is consistent with the fact that yield stresses are lower with F3-CEMs than
with F2-CEMs and, in this last case, are lower than with F1-CEMs.
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Table 9. Parameters of modified Bingham equation. F2-CEMs.

Cement Aggregate w/c Typ (Pa) 1, (Pa.s) c (Pa.s?) R?
0.30 15+ 2 12+1 —(0.11 £ 0.02) 0.9942
BS 0.35 50+0.2 4.30 4+ 0.08 —(0.027 + 0.002) 0.9998
0.40 54+04 1.30 + 0.01 —(0.004 + 0.001) 0.9986
0.30 3.0+0.2 39+ 04 ~0 0.9941
Selvalegre BP 0.35 08+0.2 0.83 + 0.01 0.021 + 0.001 0.9998
0.40 09+03 0.34 £ 0.01 0.007 £ 0.001 0.9993
0.30 10+ 2 119+ 0.6 —(0.12+0.01) 0.9977
FS 0.35 404+0.2 3.8+0.1 ~0 0.9995
0.40 25%+0.1 1.03 £ 0.05 ~0 0.9984
0.30 942 9.5+ 0.5 —(0.07 £ 0.01) 0.9976
BS 0.35 6.0+ 0.3 52+02 —(0.025 + 0.005) 0.9992
0.40 3.0+01 1.20 £ 0.05 ~0 0.9988
0.30 15+ 2 18+1 —(0.21 £ 0.03) 0.9957
Campedn BP 0.35 50+0.2 57+0.7 ~0 0.9919
0.40 3.0£01 2.48 £ 0.06 ~0 0.9994
0.30 12+1 1.14 £ 0.09 0.025 + 0.003 0.9972
FS 0.35 6.0+ 0.2 1.1+0.3 —(0.025 + 0.009) 0.9984
0.40 25+0.1 0.97 + 0.03 ~0 0.9992
0.30 7.0+ 0.3 58+ 0.1 —(0.018 + 0.002) 0.9994
BS 0.35 25401 1.84 + 0.03 0.004 £ 0.001 0.9998
0.40 25+0.1 1.02 + 0.02 ~0 0.9998
0.30 6.0+ 0.2 7+1 ~0 0.9866
Armaduro BP 0.35 25101 2.04 £ 0.06 0.008 £+ 0.001 0.9993
0.40 24402 0.45 + 0.04 ~0 0.9967
0.30 50+0.3 49+0.1 —(0.007 + 0.001) 0.9990
FS 0.35 254+0.1 1.58 + 0.03 ~0 0.9997
0.40 23+0.1 0.63 + 0.04 0.003 + 0.001 0.9977
Table 10. Parameters of the modified Bingham equation. F3-CEMs.
Cement Aggregate w/c Typ (Pa) n, (Pa.s) c (Pa.s?) R?
0.30 1.0+0.1 1.1+0.2 0.026 £+ 0.004 0.9999
BS 0.35 0.80 + 0.03 0.32 £0.02 0.013 £ 0.001 0.9992
0.40 0.354+0.01 0.15+0.01 0.005 + 0.001 0.9996
0.30 15+1 20+ 2 —(0.29 + 0.06) 0.9904
Selvalegre BP 0.35 7+1 84+08 —(0.05 +0.02) 0.9925
0.40 4+1 2.28 + 0.06 —(0.005 + 0.001) 0.9993
0.30 1.5+0.1 0.98 + 0.09 0.025 + 0.003 0.9965
FS 0.35 14 +0.1 0.42 + 0.02 0.010 + 0.001 0.9991
0.40 0.45 + 0.01 0.13+0.01 0.004 £ 0.001 0.9996
0.30 25+0.1 28+0.2 0.03 £0.01 0.9971
BS 0.35 1.3+£0.1 0.64 + 0.06 0.013 £ 0.002 0.9962
0.40 1.0+0.3 0.27 £ 0.01 0.008 £ 0.001 0.9994
0.30 25%0.1 1.12 £ 0.05 ~0 0.9916
Campeodn BP 0.35 1.3+£0.1 0.60 + 0.01 0.22 £ 0.02 0.9960
0.40 1.0+0.3 0.24 + 0.03 0.38 £ 0.01 0.9976
0.30 9.5+0.1 10.9 £ 0.7 —(0.09 £ 0.01) 0.9961
FS 0.35 1.3+0.1 0.38 £ 0.02 0.010 £ 0.001 0.9990
0.40 04+0.1 0.11 £ 0.01 0.004 £+ 0.001 0.9997
0.30 0.92 £ 0.03 0.46 £ 0.02 0.012 £ 0.001 0.9994
BS 0.35 0.85 1+ 0.02 0.23 £0.01 0.007 £ 0.001 0.9996
Armaduro 0.40 0.25 4+ 0.01 0.13+0.01 0.004 £ 0.001 0.9998
BP 0.30 1.03 £ 0.03 0.76 + 0.02 0.019 + 0.001 0.9997
0.35 1.01 £ 0.04 0.38 + 0.01 0.007 £ 0.001 0.9989
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0.40 0.31+0.01 0.15+ 0.01 0.004 + 0.001 0.9998
0.30 0.85 + 0.01 0.51+0.01 0.011 + 0.001 0.9999
FS 0.35 0.40 £ 0.01 0.24 £ 0.01 0.005 + 0.001 0.9999
0.40 0.37 £ 0.01 0.06 + 0.01 0.003 + 0.001 0.9991

4.4. SCCVPC Formulation

Spread tests with an Abrams mini cone were carried out with F1-, F2-, and F3-CEMs
(Table 11). As can be seen, the diameter of the spread increases when the size of the sand
used for CEM formulations decreases. In addition, the flow time T20, i.e., the period be-
tween the moment the mini-cone leaves the base plate and the CEM touches the circle of
diameter 20 mm, decreases when the size of sand decreases. The three F3-CEMs showed
the best results, i.e., lower yield stress, higher plastic viscosity, positive sign of the second-
order parameter, larger spread, and lower T20. Images of spread tests with the three F3-
CEMs confirm this statement (Figure 8). Note the absence of bleeding. Therefore, these three
F3-CEM formulations were selected to infer the corresponding concrete formulations.

Selvalegre Campeon Armaduro

Figure 8. Mini-cone tests of selected F3-CEMs. BS sand. w/c = 0.30. 2.0 %cw Viscocrete.

Table 11. Tests using the Abrams mini cone of equivalent mortar detailed in Tables 8-10, with nor-
malized concrete according to the recommendation of Colegio Oficial de Ingenieros Civiles (Quito,
Ecuador) was selected (Table 3).

CEM Cement Sand Water/Cement 2% Additive Water Absorption Tz d
Phase (kg) (kg) (wlc) (kg) (kg) (s) (cm)
SA BS
520.00 751.28 0.30 10.40 31.08 15.54 27.75
- CcO BS
520.00 751.28 0.30 10.40 31.08 13.25 28.00
AM BS
520.00 751.28 0.30 10.40 31.08 8.12 28.00
SA BS
520.00 516.89 0.30 10.40 25.79 7.45 30.75
o CO BS
520.00 516.89 0.30 10.40 25.79 5.10 33.00
AM BS
520.00 516.89 0.30 10.40 25.79 4.17 32.50
SA BS
520.00 246.43 0.30 10.40 12.22 3.48 38.00
F3 CcO BS
520.00 246.43 0.30 10.40 12.22 3.91 36.75
AM BS
520.00 246.43 0.30 10.40 12.22 3.21 33.75

The concrete formulations were designed following the recommendations given by
Colegio Oficial de Ingenieros Civiles (Quito, Ecuador) (Table 3). As can be seen in Table
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12, the flow time T50, i.e., the period between the moment the cone leaves the base plate and
the concrete touches the circle with a diameter of 500 mm, and the size of the spread confirm
they are SCCs according to the European Guidelines for Self-Compacting Concrete Specifi-
cation Production and Use (EN 12350-1, 2011; EN 12350-2, 2019). Images of spread Abrams
cone tests with the three concretes confirm the absence of bleeding (Figure 9).

Table 12. Concrete formulations inferred from F3-CEMs (Table 11) and the recommendations by
Colegio Oficial de Ingenieros Civiles (Quito, Ecuador) (Table 3).

Gravel Cement Sand (2.36 mm) Water/Cement 2% additive Tso d
(kg) (kg) (kg) (w/c) (kg) (s) (cm)

SA BS

750.00 520.00 237.9 0.30 10.40 24.10 86.30
CcO BS

750.00 520.00 237.9 0.30 10.40 17.83 88.8
AM BS

750.00 520.00 237.9 0.30 10.40 12.03 93.00

Selvalegre Campeon Armaduro

Figure 9. Results of the Abrams cone corresponding to the three SCCVPC inferred from the corre-
sponding F3-CEMs (BS sand, w/c = 0.30, 2.0 %cw Viscocrete additive).

5. Conclusions

Building and construction in seismic zones must be resistant against earthquakes.
Therefore, more intricate reinforced concrete must be selected. In other words, SCC is in-
dicated in those places. In addition, as volcanic activity is characteristic of seismic zones,
huge amounts of natural raw volcanic materials are part of the landscape in seismic zones.
As VWs are pozzolanic, they can be used as substitutes for PC, reducing the CO2 finger-
print and giving economic and social advantage to a natural source, specifically in unde-
veloped and third-world countries. The objective of this research was to design an SCC
using raw VW and sand and cements commercialized in Ecuador. To accomplish this ob-
jective, different cements, sands, and additives were considered. Absolute rheological in-
formation must be known to determine well-defined self-compacting characteristics, i.e.,
low yield stress, high plastic viscosity, and shear-thickening behavior at high shear. There-
fore, appropriate concrete equivalent cementitious material should be used. Fortunately,
the CEM approach was developed in 2000 [13], allowing us to accomplish our goals.
Spurred on by the good previous results obtained by using the CEM approach [16], we
decided to follow this program to design an SCCVPC. Therefore, the flow behavior of
concrete equivalent mortars (CEMs) was tested with an absolute rheometer. Lower yield
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stress, higher plastic viscosity, and shear-thickening behavior at high shear were used as
signs of self-compacting characteristics of the CEMs. Three concretes were formulated
from the CEMs that better achieved self-compacting characteristics. The results of Abrams
cone spread tests made with the concretes agreed with the SCC European standard, which
was used as an independent test of the validity of our CEM-based results.

The most remarkable conclusion of this work is that the CEM approach can be used
to infer SCCVPC formulations.
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