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Abstract: The workability of cement-based materials is one of the features that makes these con-
struction materials the most used worldwide. Measuring and understanding how cement-based
constituent materials affect fresh properties depends on the experimental plans. The experimental
plans deal with the constituent materials used, the tests carried out, and the run of experiments.
Here, the fresh properties (workability) of cement-based pastes are evaluated based on the diameter
in the mini-slump test and the time in the Marsh funnel test being measured. This overall study is
composed of two parts. In Part I, tests were carried out on several cement-based paste compositions
incorporating distinct constituent materials. The effects of the distinct constituent materials on the
workability were analyzed. Furthermore, this work deals with an approach to the run of experiments.
A typical run of experiments was applied, with basic sets of mixed compositions being studied by
only changing one input parameter at a time. This approach used in Part I is faced with a more
scientific approach applied in Part II of the work where, based on the design of experiments, multiple
input parameters were changed at a time. This work showed that a basic run of experiments is
quick and easy to apply and leads to results for simple analyses; conversely, it lacks information
for advanced analyses and scientific conclusions. The tests carried out included studies on the
effect on the workability caused by changes in the limestone filler content, the type of cement, the
water-to-cement ratio, distinct superplasticizers, and shrinkage-reducing admixture.

Keywords: approach; cement paste; fresh properties; modelling; trial–error

1. Introduction

Cement-based materials are widely used because they are easy to understand. For
instance, to produce a mortar for bed and head joints in masonry, essentially, sand, cement,
and water are mixed in a trial–error method. Conversely, when high-performance proper-
ties are required without failure, high-tech knowledge based on scientific methodologies
is vital. For instance, for high-tech cement-based materials, wherein the fresh properties
are the crux of the matter (such as the ones with self-compacting properties or the ones
optimized for 3D printing), the selection of the constituent materials and their proportions
relies on scientific methods in order to make the correct choice.

Regarding the fresh state of a cement-based material, the most important rheological
properties that characterize its workability are the yield stress and the plastic viscosity.
The most precise and scientific approach to evaluating these two properties is by using a
rheometer. However, rheometers are quite expensive, require specific skills, are difficult
to operate, require specific conditions, and have reduced reproductivity, among other
problems such as expulsion or fracture of the material slip flow [1–3]. Therefore, concrete
engineers worldwide have used the slump cone test (the Abrams test in concrete)—an
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inexpensive and highly reproducible test [4]. Additionally, the V-funnel test for self-
compacting concrete (or the reduced V-funnel test for mortars) or the Marsh funnel test
for pastes are also inexpensive, well-known, and highly reproducible tests that are widely
(especially in laboratory work) used to evaluate the fresh state.

The mini-slump test carried out on pastes is usually carried out using the equipment
described in Ref. [5], with the output being the flow diameter. The Marsh funnel test on
pastes is usually carried out using the equipment described in the standards EN445 or
ASTM C939-10 (among others, Refs. [6–10]), with the output being the flow time. According
to several studies [11–15], the flow diameter is more correlated with the yield stress, whereas
the flow time is a combination of the yield stress and the plastic viscosity [10].

Thus, in the absence of a rheometer, when a large number of tests are required, or
for a quick evaluation, the mini-slump and Marsh funnel tests are accepted as the tests
that mostly characterize the workability properties of cement-based pastes [16], especially
when the superplasticizer effect or saturation is being studied [6,7]. In this research, the
workability properties of several pastes were assessed using these two tests.

Another concern that arises is the type of approach, i.e., the design of experiments
(DOE) technique, to achieve scientific results. Typically, simple approaches are used where
the researcher individually changes one or two parameters. These approaches, performing
only a few tests, obtain results and allow for some understanding regarding the effect
caused by the changed parameters. Habitually, with these approaches, the results are
plotted in charts in Microsoft Excel, and linear regression (or fitting curves) trends are
determined to make quick and direct comparisons between the input parameters. However,
when a large characterization is required with many input variables to be tested, other
approaches are more appropriate. Various DOE approaches include those based on statis-
tics, such as the experiments carried out by Taguchi [17,18], factorial design [19–22], the
response surface method [23–25], methods related to artificial neural networks [26,27], and
support vector machines [28–31], among others. Therefore, the choice of an appropriate
DOE performance is improved. Occasionally, the typical approach (also called the tradi-
tional approach in this paper) is chosen because it is very easy, and the primary outputs
are comprehensible. On other occasions, a factorial design is chosen, with all of the input
variables being changed at once, and with response models applied to the results to detect
direct and cross effects due to changes in the input variables.

In Part I, the research focuses on evaluating distinct experimental approaches to assess
the fresh properties of cement-based pastes. The present paper is Part I of this research
and presents the findings regarding experimental programs implementing a traditional
approach. In Part II, the experimental program is designed based on a statistical approach,
i.e., a central composite design of experiments is used. The major goals of this paper (Part
I) are as follows: (i) to identify the principal effects of each constituent material of cement
pastes on workability, and (ii) to evaluate and think about the type of research methodology
used, namely, the pros and cons of the traditional approach compared to an experimental
program design based on a central composite design of experiments.

Therefore, for Part I, 92 mixture compositions were made, whereas 15 mixture compo-
sitions were produced for Part II. All studies were conducted using cement-based pastes.
The tests carried out to evaluate the fresh properties were the mini-cone test and the Marsh
funnel test. It should be noted that Part I and Part II are not comparable in terms of their
results. Taken together, the results of Part I and Part II complement each other in order to
improve the overall characterization of the effects of the constituent materials, in addition
to allowing for an evaluation and comparison of distinct approaches.

2. Experimental Program

The experimental program presented is the result of several studies developed to
understand and characterize the effects of different constituent materials on the fresh
properties of cement-based pastes. These studies were carried out using well-defined
procedures; however, the mixtures were not defined at the beginning of the experimental
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program. In fact, as noted below, some materials were barely used (three superplasticizers,
one cement, and one SRA), but their results are presented because they are also a part of
the experimental work of the typical methodology, and they contribute toward the overall
aim of the study.

2.1. Materials

Three powders were used in this study:

(i). Commercial cement CEM I 42.5R (EN 197-1) produced by SECIL, Outão, Portugal,
with 90.2% of clinker, 5.2% of gypsum, 4.5% of limestone filler, Blaine 3871 cm2/g,
and a specific gravity of 3.11 g/cm3—this cement was used as reference one;

(ii). Commercial cement CEM I 52.5R (EN 197-1) produced by SECIL, Outão, Portugal,
with 93.3% of clinker, 6.7% of gypsum, 0% limestone filler, Blaine 4803 cm2/g, and a
specific gravity of 3.13 g/cm3;

(iii). Limestone filler with a specific gravity of 2.70 g/cm3.

Five commercial organic admixtures (EN 934-2) in the liquid state were used as follows:
(i) four distinct third-generation superplasticizers herein named (A), (B), (C), and (D), with
25.5%, 18.0%, 40%, and 30% of solid content, and with 1.02, 1.05, 1.08, and 1.06 g/cm3 of
specific gravity, respectively, and (ii) a shrinkage-reducing admixture (SRA) in a liquid state
with 1020 g/cm3 (there was no other information, especially regarding the solid content).

2.2. Mixture Compositions

In total, 92 mixtures were made. These mixtures can be divided into two large groups
according to their powder content: Group (I)—mixtures 1 to 54 made in batches with 160 g
of powder; and Group (II)—mixtures 55 to 92 made in batches of 1.40 L with 2693.7 g
of powder. All the mixture compositions are displayed in Tables 1–3. In Table 1, the
47 mixtures made without organic admixtures are presented; in Table 2, the 41 mixtures
made with superplasticizer but without SRA are presented; and in Table 3, the four mixtures
made with SRA are presented.

The mixtures in Table 1 refer to seven sets of mixtures arranged according to the
changes from mix to mix—these seven sets were used for the same study. Mixtures 1–7
refer to a set used to evaluate the effect of the water content and/or the water-to-cement
ratio (this set was used as reference one). Mixtures 8–14 refer to a set in which 15% of the
cement was replaced by limestone filler. Mixtures 15–21 refer to a set in which 30% of the
cement was replaced by limestone filler. Mixtures 22–30 refer to a set in which 45% of
the cement was replaced by limestone filler. Mixtures 31–37 refer to a set in which all the
cement was replaced by limestone filler. Mixtures 38–42 refer to a set in which cement CEM
I 42.5R was replaced by cement CEM I 52.5R. Mixtures 43–47 refer to a set in which 20% of
the cement CEM I 42.5R was replaced by cement CEM I 52.5R.

The mixtures in Table 1 refer to seven sets of mixtures arranged according to the
changes from mix to mix—these seven sets were used for the same study. Mixtures 1–7
refer to a set used to evaluate the effect of the water content and/or the water-to-cement
ratio (this set was used as reference one). Mixtures 8–14 refer to a set in which 15% of the
cement was replaced by limestone filler. Mixtures 15–21 refer to a set in which 30% of the
cement was replaced by limestone filler. Mixtures 22–30 refer to a set in which 45% of
the cement was replaced by limestone filler. Mixtures 31–37 refer to a set in which all the
cement was replaced by limestone filler. Mixtures 38–42 refer to a set in which cement CEM
I 42.5R was replaced by cement CEM I 52.5R. Mixtures 43–47 refer to a set in which 20% of
the cement CEM I 42.5R was replaced by cement CEM I 52.5R.
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Table 1. Mixture compositions with limestone filler [g].

# Mixture CEM I 42.5R CEM I 52.5R Filler Powder Water w/c w/p Vw/Vp

1 100%C, 0%F-1 160.20 - - 160.20 71.97 0.45 0.45 1.39
2 100%C, 0%F-2 160.00 - - 160.00 75.99 0.48 0.48 1.47
3 100%C, 0%F-3 160.01 - - 160.01 80.05 0.50 0.50 1.55
4 100%C, 0%F-4 160.01 - - 160.01 84.02 0.53 0.53 1.63
5 100%C, 0%F-5 160.08 - - 160.08 88.01 0.55 0.55 1.70
6 100%C, 0%F-6 160.05 - - 160.05 92.00 0.58 0.58 1.78
7 100%C, 0%F-7 160.02 - - 160.02 96.04 0.60 0.60 1.86

8 85%C, 15%F-1 136.00 - 24.01 160.01 72.11 0.53 0.45 1.37
9 85%C, 15%F-2 136.03 - 24.00 160.03 76.02 0.56 0.48 1.44

10 85%C, 15%F-3 136.02 - 24.01 160.02 79.98 0.59 0.50 1.52
11 85%C, 15%F-4 136.00 - 24.01 160.01 83.94 0.62 0.53 1.59
12 85%C, 15%F-5 136.00 - 24.01 160.01 87.98 0.65 0.55 1.67
13 85%C, 15%F-6 136.01 - 24.09 160.09 92.03 0.68 0.58 1.74
14 85%C, 15%F-7 136.04 - 24.04 160.08 96.04 0.71 0.60 1.82

15 70%C, 30%F-1 112.01 - 48.02 160.03 71.98 0.64 0.45 1.34
16 70%C, 30%F-2 112.03 - 48.04 160.07 76.00 0.68 0.48 1.41
17 70%C, 30%F-3 112.02 - 48.02 160.04 80.07 0.72 0.50 1.49
18 70%C, 30%F-4 112.05 - 48.06 160.11 83.98 0.75 0.53 1.56
19 70%C, 30%F-5 112.01 - 48.01 160.03 88.01 0.79 0.55 1.63
20 70%C, 30%F-6 112.01 - 48.00 160.02 92.01 0.82 0.58 1.71
21 70%C, 30%F-7 112.02 - 48.00 160.02 95.98 0.86 0.60 1.78

22 55%C, 45%F-1 88.03 - 72.05 160.07 64.02 0.73 0.40 1.16
23 55%C, 45%F-2 88.01 - 72.03 160.05 68.01 0.77 0.43 1.24
24 55%C, 45%F-3 88.03 - 72.01 160.04 72.02 0.82 0.45 1.31
25 55%C, 45%F-4 88.01 - 72.01 160.03 76.03 0.86 0.48 1.38
26 55%C, 45%F-5 88.02 - 72.02 160.03 79.99 0.91 0.50 1.45
27 55%C, 45%F-6 88.01 - 72.04 160.05 83.99 0.95 0.53 1.53
28 55%C, 45%F-7 88.01 - 72.03 160.04 88.02 1.00 0.55 1.60
29 55%C, 45%F-8 88.07 - 72.01 160.08 91.99 1.04 0.58 1.67
30 55%C, 45%F-9 88.01 - 72.02 160.03 96.00 1.09 0.60 1.74

31 0%C, 100%F-1 - - 160.06 160.06 68.00 - 0.43 1.15
32 0%C, 100%F-2 - - 160.10 160.10 71.91 - 0.45 1.21
33 0%C, 100%F-3 - - 160.00 160.00 75.98 - 0.48 1.28
34 0%C, 100%F-4 - - 160.09 160.09 80.05 - 0.50 1.35
35 0%C, 100%F-5 - - 160.05 160.05 84.00 - 0.53 1.42
36 0%C, 100%F-6 - - 160.01 160.01 88.06 - 0.55 1.49
37 0%C, 100%F-7 - - 160.02 160.02 92.00 - 0.58 1.55

38 100%C+, 0%F-1 - 160.00 - 160.00 87.99 0.55 0.55 1.71
39 100%C+, 0%F-2 - 160.01 - 160.01 95.98 0.60 0.60 1.86
40 100%C+, 0%F-3 - 160.00 - 160.00 103.99 0.65 0.65 2.02
41 100%C+, 0%F-4 - 160.01 - 160.01 112.01 0.70 0.70 2.17
42 100%C+, 0%F-5 - 160.01 - 160.01 119.97 0.75 0.75 2.32

43 80%C, 20%C+, 0%F-1 128.04 32.07 - 160.11 79.95 0.50 0.50 1.55
44 80%C, 20%C+, 0%F-2 128.07 32.05 - 160.11 87.91 0.69 0.55 1.70
45 80%C, 20%C+, 0%F-3 128.01 32.02 - 160.04 95.96 0.75 0.60 1.86
46 80%C, 20%C+, 0%F-4 128.00 32.04 - 160.05 103.88 0.81 0.65 2.01
47 80%C, 20%C+, 0%F-5 128.01 32.06 - 160.06 111.89 0.87 0.70 2.17
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Table 2. Mixture compositions with superplasticizer [g].

# Mixture Cement Filler Powder Superplasticizer Sp/p Water
Added

Effective
Water w/c Vw/Vp

48 100%C, SpA1.0% 160.00 - 160.0 1.62(A) 1.0% 44.39 45.60 0.285 0.884
49 100%C, SpA1.5% 160.00 - 160.0 2.41(A) 1.5% 43.80 45.60 0.285 0.884
50 100%C, SpA2.0% 160.00 - 160.0 3.22(A) 2.0% 43.20 45.60 0.285 0.884
51 100%C, SpA2.5% 160.00 - 160.0 4.01(A) 2.5% 42.61 45.60 0.285 0.884
52 100%C, SpB1.0% 160.00 - 160.0 1.55(B) 1.0% 44.33 45.60 0.285 0.884
53 100%C, SpB2.0% 160.00 - 160.0 3.27(B) 2.0% 42.92 45.60 0.285 0.884
54 100%C, SpB2.6% 160.00 - 160.0 4.15(B) 2.6% 42.20 45.60 0.285 0.884

55 w/c.18, SpC1.0% 2783.0 - 2783.0 27.85(C) 1.0% 484.23 500.94 0.180 0.558
56 w/c.18, SpC1.5% 2783.0 - 2783.0 41.77(C) 1.5% 475.88 500.94 0.180 0.558
57 w/c.18, SpC2.0% 2783.0 - 2783.0 55.68(C) 2.0% 467.53 500.94 0.180 0.558
58 w/c.18, SpC3.0% 2783.0 - 2783.0 83.51(C) 3.0% 450.83 500.94 0.180 0.558
59 w/c.18, SpC1.3% 2783.0 - 2783.0 36.19(C) 1.3% 479.23 500.94 0.180 0.558
60 w/c.18, SpC1.7% 2783.0 - 2783.0 47.33(C) 1.7% 472.54 500.94 0.180 0.558
61 w/c.225, SpC0.5% 2554.0 - 2554.0 12.78(C) 0.5% 566.98 574.65 0.225 0.698
62 w/c.225, SpC0.8% 2554.0 - 2554.0 20.45(C) 0.8% 562.38 574.65 0.225 0.698
63 w/c.225, SpC1.2% 2554.0 - 2554.0 30.67(C) 1.2% 556.25 574.65 0.225 0.698
64 w/c.225, SpC1.5% 2554.0 - 2554.0 38.33(C) 1.5% 551.65 574.65 0.225 0.698
65 w/c.225, SpC1.0% 2554.0 - 2554.0 25.57(C) 1.0% 559.31 574.65 0.225 0.698
66 w/c.225, SpC0.6% 2554.0 - 2554.0 15.33(C) 0.6% 565.45 574.65 0.225 0.698
67 w/c.225, SpC0.7% 2554.0 - 2554.0 17.91(C) 0.7% 563.90 574.65 0.225 0.698
68 w/c.225, SpC0.9% 2554.0 - 2554.0 23.01(C) 0.9% 560.84 574.65 0.225 0.698
69 w/c.225, SpC1.1% 2554.0 - 2554.0 28.14(C) 1.1% 557.77 574.65 0.225 0.698
70 w/c.225, SpC1.35% 2554.0 - 2554.0 34.49(C) 1.35% 553.96 574.65 0.225 0.698

71 63%C, 37%F, SpC0.4% 1693.7 1000.0 2693.7 10.87(C) 0.4% 482.36 488.88 0.289 0.533
72 63%C, 37%F, SpC0.5% 1693.7 1000.0 2693.7 13.49(C) 0.5% 480.79 488.88 0.289 0.533
73 63%C, 37%F, SpC0.6% 1693.7 1000.0 2693.7 16.2(C) 0.6% 479.16 488.88 0.289 0.533
74 63%C, 37%F, SpC0.7% 1693.7 1000.0 2693.7 18.87(C) 0.7% 477.56 488.88 0.289 0.533
75 63%C, 37%F, SpC0.8% 1693.7 1000.0 2693.7 21.55(C) 0.8% 475.95 488.88 0.289 0.533
76 63%C, 37%F, SpC0.9% 1693.7 1000.0 2693.7 24.25(C) 0.9% 474.33 488.88 0.289 0.533
77 63%C, 37%F, SpC1.0% 1693.7 1000.0 2693.7 27.07(C) 1.0% 472.64 488.88 0.289 0.533
78 63%C, 37%F, SpC1.1% 1693.7 1000.0 2693.7 29.64(C) 1.1% 471.10 488.88 0.289 0.533
79 63%C, 37%F, SpD0.5% 1693.7 1000.0 2693.7 13.47(D) 0.5% 479.45 488.88 0.289 0.533
80 63%C, 37%F, SpD0.6% 1693.7 1000.0 2693.7 16.17(D) 0.6% 477.56 488.88 0.289 0.533
81 63%C, 37%F, SpD0.7% 1693.7 1000.0 2693.7 18.87(D) 0.7% 475.67 488.88 0.289 0.533
82 63%C, 37%F, SpD0.8% 1693.7 1000.0 2693.7 21.73(D) 0.8% 473.67 488.88 0.289 0.533
83 63%C, 37%F, SpD0.9% 1693.7 1000.0 2693.7 24.27(D) 0.9% 471.89 488.88 0.289 0.533
84 63%C, 37%F, SpD01.0% 1693.7 1000.0 2693.7 26.96(D) 1.0% 470.01 488.88 0.289 0.533
85 63%C, 37%F, SpD01.1% 1693.7 1000.0 2693.7 29.65(D) 1.1% 468.13 488.88 0.289 0.533
86 63%C, 37%F, SpD01.2% 1693.7 1000.0 2693.7 32.36(D) 1.2% 466.23 488.88 0.289 0.533
87 63%C, 37%F, SpD01.3% 1693.7 1000.0 2693.7 35.16(D) 1.3% 464.27 488.88 0.289 0.533
88 63%C, 37%F, SpD01.4% 1693.7 1000.0 2693.7 37.74(D) 1.4% 462.46 488.88 0.289 0.533

Note: all these mixtures were made with CEM I 42.5 R; four distinct superplasticizers named ‘A’, ‘B’, ‘C’, and ‘D’
were used.

Table 3. Mixture compositions with shrinkage-reducing admixture [g].

# Mixture Cement Filler Sp_D SRA Water
Added

Replacing
Water Comment

82 Ref. 1693.7 1000 21.73 - 473.67 - Mixture reference

A SRA20,
wr0% 1693.7 1000 21.73 20.00 473.67 0% SRA was added without any

reduction in water

B SRA20,
wr100% 1693.7 1000 21.73 20.00 453.67 100%

SRA was added with the
corresponding mass of
water being removed

C SRA20,
wr50% 1693.7 1000 21.73 20.00 463.67 50%

SRA was added with 50% of
the corresponding mass of

water being removed

D SRA40,
wr50% 1693.7 1000 21.73 40.00 453.67 50%

SRA was added with 50% of
the corresponding mass of

water being removed
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The mixtures in Table 2 refer to three sets of mixtures arranged according to the
changes from mix to mix. Mixtures 48–54 refer to a set used to evaluate the effect of
two superplasticizers. Mixtures 55–70 refer to a set used to evaluate the effect of another
superplasticizer in two different water-to-cement ratios. Mixtures 71–88 refer to a set used
to evaluate the effect of two superplasticizers in compositions with limestone filler. The
mixtures in Table 3 refer to a set in which the effect of an SRA was evaluated. Mixtures 82,
A, B, C, and D refer to a set used to evaluate how the incorporation of SRA affects fresh
properties.

2.3. Mixing and Testing

The mixtures of Group (I) were made according to the following procedure: (i) cement
and then the limestone filler (if applicable) were weighed in a plastic cup; (ii) the water was
weighed in another plastic cup; (iii) if applicable, the superplasticizer was weighed in a
syringe; (iv) the water was poured over the powder; (v) the superplasticizer was poured
over the other compounds; (vi) all the compounds were mixed with a paddle at 2000 r.p.m.
for two minutes.

To evaluate the deformability of the pastes through flowability, the mini-slump test
was carried out immediately after mixing, and immediately after that, this test was repeated
once more without cleaning the equipment (mini-cone). Four readings were recorded by
measuring two orthogonal distances in each test.

The mixtures of Group (II) were made with mixers typically used in tests of standard
pastes of European Norms 196. However, the procedure was adapted as follows: (i) all
the materials were previously weighed; (ii) powders and ~80% of water were poured
into the mixing container; (iii) mixing was performed for 1 min at low speed; (iv) mixing
was stopped and the remaining water and superplasticizer were poured over the paste;
(v) mixing took place for 1 min at low speed; (vi) mixing was stopped for 30 s and the SRA
(if applicable) was poured; (vii) mixing was performed for 2 min at low speed; (viii) mixing
was stopped for 15 s; (ix) mixing continued for 30 s at high speed.

Immediately after mixing, the mini-slump tests were carried out similarly to the
mixtures of Group (I). Then, a Marsh funnel test was performed to evaluate the viscosity of
pastes. After these tests, the material was placed in a plastic container, and the mini-slump
test and Marsh funnel test were carried out once more 60 min after the start of mixing. It
should be noted that for some mixtures, not all the tests described here were carried out.

The mini-slump test setup used in this study was a downscaled Abrams cone geome-
try [5] with a 19 mm top diameter, 38 mm bottom diameter, and 57 mm height. Each test
was performed using a stainless steel mini-slump cone on a flat sheet of stainless steel.
Figure 1 presents the device and flow of the paste.
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The Marsh funnel (EN445) test was the one typically adapted for cement-based pastes;
i.e., 1000 mL of paste was poured into the Marsh funnel, and then the time for a measuring
cup to reach 500 mL was recorded.

3. Results and Discussion
3.1. Experimental Results

The experimental results are fully reported in Tables 4 and 5. In Table 4, ‘D1a’ and
‘D1b’ are the two orthogonal measurements of the first mini-slump test, ‘D2a’ and ‘D2b’
are the measurements for the second test, and ‘D-flow’ is the average of all measurements
taken. In this table, the ‘a’ (slope), ‘b’ (ordinate at the origin), and the ‘R2′ of the linear
regression of the corresponding set of mixtures are also shown. In Table 5, ‘D0’1a’, ‘D0’1b’,
‘D0’2a’, ‘D0’2b’, and ‘D0′ refer to measurements of the mini-slump test taken immediately
after mixing and corresponding to the D1a’, ‘D1b’, ‘D2a’, ‘D2b’, and ‘D-flow’ described
above, respectively. The measurements of ‘D60’1a’, ‘D60’1b’, ‘D60’2a’, ‘D60’2b’, and ‘D60′

are similar but taken 60 min after the start of mixing. Furthermore, ‘t0′ and ‘t60′ are the
time of Marsh funnel test taken immediately after mixing and 60 min after the start of
mixing, respectively.

Table 4. Results from the mixtures with limestone filler.

# Mixture D1a D1b D2a D2b D-Flow Linear
Regression

1 100%C, 0%F-1 90 90 91 91 90.5
2 100%C, 0%F-2 95 95 100 101 97.8
3 100%C, 0%F-3 109 110 112 114 111.3 a = 0.006961
4 100%C, 0%F-4 123 123 129 130 126.3 b = 0.770234
5 100%C, 0%F-5 139 139 140 141 139.8 R2 = 0.978597
6 100%C, 0%F-6 143 143 145 146 144.3
7 100%C, 0%F-7 151 151 153 153 152.0

8 70%C, 30%F-1 93 94 99 99 96.3
9 70%C, 30%F-2 105 105 111 112 108.3
10 70%C, 30%F-3 119 119 129 129 124.0 a = 0.008278
11 70%C, 30%F-4 125 126 130 131 128.0 b = 0.510641
12 70%C, 30%F-5 135 135 135 135 135.0 R2 = 0.967530
13 70%C, 30%F-6 144 142 147 147 145.0
14 70%C, 30%F-7 152 152 146 146 149.0

15 85%C, 15%F-1 92 93 93 93 92.8
16 85%C, 15%F-2 102 102 105 105 103.5
17 85%C, 15%F-3 119 119 116 116 117.5 a = 0.007501
18 85%C, 15%F-4 129 129 123 123 126.0 b = 0.660015
19 85%C, 15%F-5 141 141 141 141 141.0 R2 = 0.953415
20 85%C, 15%F-6 127 128 145 145 136.3
21 85%C, 15%F-7 155 155 150 151 152.8

22 55%C, 45%F-1 78 79 77 78 78.0
23 55%C, 45%F-2 89 89 88 87 88.3
24 55%C, 45%F-3 94 94 98 98 96.0
25 55%C, 45%F-4 120 121 115 114 117.5 a = 0.006733
26 55%C, 45%F-5 133 132 116 116 124.3 b = 0.636062
27 55%C, 45%F-6 123 123 132 132 127.5 R2 = 0.980954
28 55%C, 45%F-7 144 144 150 151 147.3
29 55%C, 45%F-8 144 145 162 162 153.3
30 55%C, 45%F-9 155 150 166 168 159.8
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Table 4. Cont.

# Mixture D1a D1b D2a D2b D-Flow Linear
Regression

31 0%C, 100%F-1 105 106 105 105 105.3
32 0%C, 100%F-2 115 115 123 125 119.5
33 0%C, 100%F-3 125 125 133 134 129.3 a = 0.007514
34 0%C, 100%F-4 145 145 145 146 145.3 b = 0.329800
35 0%C, 100%F-5 141 142 148 149 145.0 R2 = 0.919727
36 0%C, 100%F-6 144 144 148 148 146.0
37 0%C, 100%F-7 154 155 165 165 159.8

38 100%C+, 0%F-1 93 92 - - 92.5
39 100%C+, 0%F-2 102 102 - - 102.0 a = 0.008734
40 100%C+, 0%F-3 114 113 - - 113.5 b = 0.954350
41 100%C+, 0%F-4 141 139 - - 140.0 R2 = 0.963781
42 100%C+, 0%F-5 158 160 - - 159.0

43 80%C, 20%C+, 0%F-1 97 98 - - 97.5
44 80%C, 20%C+, 0%F-2 114 114 - - 114.0 a = 0.008849
45 80%C, 20%C+, 0%F-3 133 135 - - 134.0 b = 0.683382
46 80%C, 20%C+, 0%F-4 156 156 - - 156.0 R2 = 0.977411
47 80%C, 20%C+, 0%F-5 161 163 - - 162.0

Table 5. Results from the mixtures with shrinkage-reducing admixture.

# Mixture Sp/p D0’1a D0’1b D0’2a D0’2b D0 t0 D60’1a D60’1b D60’2a D60’2b D60 t60

48 100%C, SpA1.0% 1.0% 74 73 - - 73.5 - - - - - - -
49 100%C, SpA1.5% 1.5% 133 134 - - 133.5 - - - - - - -
50 100%C, SpA2.0% 2.0% 180 183 - - 181.5 - - - - - - -
51 100%C, SpA2.5% 2.5% 266 218 - - 242.0 - - - - - - -
52 100%C, SpB1.0% 1.0% 216 214 - - 215.0 - - - - - - -
53 100%C, SpB2.0% 2.0% 237 242 - - 239.5 - - - - - - -
54 100%C, SpB2.6% 2.6% 236 242 - - 239.0 - - - - - - -

55 w/c.18, SpC1.0% 1.0% - - - - - 336 - - - - - -
56 w/c.18, SpC1.5% 1.5% - - - - - 205.72 - - - - - -
57 w/c.18, SpC2.0% 2.0% - - - - - 194.42 - - - - - -
58 w/c.18, SpC3.0% 3.0% - - - - - 188.69 - - - - - -
59 w/c.18, SpC1.3% 1.3% - - - - - 232.43 - - - - - -
60 w/c.18, SpC1.7% 1.7% - - - - - 184.52 - - - - - -

61 w/c.225,
SpC0.5% 0.5% - - - - - 116.6 - - - - - -

62 w/c.225,
SpC0.8% 0.8% - - - - - 89.5 - - - - - -

63 w/c.225,
SpC1.2% 1.2% - - - - - 82.7 - - - - - -

64 w/c.225,
SpC1.5% 1.5% - - - - - 91.56 - - - - - -

65 w/c.225,
SpC1.0% 1.0% - - - - - 87.72 - - - - - -

66 w/c.225,
SpC0.6% 0.6% - - - - - 98.41 - - - - - -

67 w/c.225,
SpC0.7% 0.7% - - - - - 94.68 - - - - - -

68 w/c.225,
SpC0.9% 0.9% - - - - - 92.69 - - - - - -

69 w/c.225,
SpC1.1% 1.1% - - - - - 93.91 - - - - - -

70 w/c.225,
SpC1.35% 1.35% - - - - - 86.22 - - - - - -
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Table 5. Cont.

# Mixture Sp/p D0’1a D0’1b D0’2a D0’2b D0 t0 D60’1a D60’1b D60’2a D60’2b D60 t60

71 63%C, 37%F,
SpC0.4% 0.4% 126 122 131 122 125.3 119.78 - - - - - -

72 63%C, 37%F,
SpC0.5% 0.5% 193 191 196 194 193.5 64.03 - - - - - -

73 63%C, 37%F,
SpC0.6% 0.6% 206 198 198 200 200.5 59.09 191 191 183 192 189.3 106.81

74 63%C, 37%F,
SpC0.7% 0.7% 201 206 201 208 204.0 56.00 203 201 202 201 201.8 85.69

75 63%C, 37%F,
SpC0.8% 0.8% 217 218 217 213 216.3 54.12 206 204 206 205 205.3 68.50

76 63%C, 37%F,
SpC0.9% 0.9% 211 202 200 206 204.8 54.78 211 204 211 202 207.0 66.34

77 63%C, 37%F,
SpC1.0% 1.0% 203 217 203 217 210.0 55.47 210 216 211 214 212.8 67.13

78 63%C, 37%F,
SpC1.1% 1.1% 207 206 208 206 206.8 57.59 202 197 202 201 200.5 64.59

79 63%C, 37%F,
SpD0.5% 0.5% 187 187 185 177 184.0 79.57 - - - - - -

80 63%C, 37%F,
SpD0.6% 0.6% 200 203 200 198 200.3 69.90 - - - - - -

81 63%C, 37%F,
SpD0.7% 0.7% 204 206 206 209 206.3 67.59 176 181 171 171 174.8 189.72

82 63%C, 37%F,
SpD0.8% 0.8% 205 204 198 202 202.3 65.81 188 177 191 185 185.3 129.63

83 63%C, 37%F,
SpD0.9% 0.9% 210 200 206 209 206.3 65.03 201 195 201 197 198.5 112.90

84 63%C, 37%F,
SpD01.0% 1.0% 206 196 209 205 204.0 69.97 198 195 202 187 195.5 101.72

85 63%C, 37%F,
SpD01.1% 1.1% 198 202 198 198 199.0 63.71 197 198 194 200 197.3 98.87

86 63%C, 37%F,
SpD01.2% 1.2% 206 206 206 197 203.8 70.1 198 197 190 195 195.0 108.20

87 63%C, 37%F,
SpD01.3% 1.3% 204 205 196 200 201.3 75.53 194 192 193 190 192.3 112.70

88 63%C, 37%F,
SpD01.4% 1.4% 192 195 190 193 192.5 72.6 195 192 193 190 192.5 106.90

82 Ref. 0.8% 205 204 198 202 202.3 65.81 188 177 191 185 185.3 129.63
A SRA20, wr0% 0.8% 212 220 221 221 218.5 57.00 212 212 204 194 205.5 81.00
B SRA20, wr100% 0.8% 214 214 218 215 215.3 67.69 209 215 208 205 209.3 93.54
C SRA20, wr50% 0.8% 215 215 210 215 213.8 66.38 209 209 207 208 208.3 90.44
D SRA40, wr50% 0.8% 208 208 214 210 210.0 65.22 204 205 202 204 203.8 88.50

3.2. Analysis of Results and Discussion
3.2.1. Flowability of Mixtures with Different Limestone Filler Content, Different Types of
Cement, and without Organic Admixtures

The results of the flowability immediately after mixing the composition without
organic admixtures (mixture compositions of Table 1) are graphically shown in Figure 2.
The lines of the linear regressions are also displayed, with the values of the slope, ordinate
at the origin, and R2 listed in Table 4. The set of mixtures named ‘100%CEM I 42.5R’ was
used as a reference to compare with the other sets. As expected, and in agreement with
the literature [32–35], one observes that as much as the limestone filler replaces cement,
flowability increases for the same water-to-powder ratio. Furthermore, when cement CEM
I 52.5R replaced CEM I 42.5R, a strong increase in the water was required to reach the same
flowability. This effect might be explained by the cement fineness because finer cement
with higher water content is required to reach the same flowability [21,36,37].
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different types of cement were studied.

In fact, it was observed that the replacement of cement CEM I 42.5R by CEM I 52.5R
had a stronger effect on flowability than when it was replaced by limestone filler, the
effects of which were inverse. This can be observed not only when cement CEM I 42.5R
is completely replaced but also when it was partially replaced. This is probably due to
the particle shape and size distribution of the cement with a higher specific surface area,
resulting in lower flowability. Unfortunately, neither the particle shape nor the particle
size distribution information was available for the powders. However, it is known that
cement CEM I 42.5R typically has lower granulometry and higher specific surface area
(cm2/g) than the limestone filler, but higher granulometry and lower specific surface area
than cement CEM I 52.5R.

3.2.2. Effect of Superplasticizers on the Workability Parameters

As previously reported, four superplasticizers were used. However, the first two
superplasticizers were used in a simple study wherein the flowability was checked through
a mini-slump test in mixtures within Group (I); i.e., mixtures made with 160 g of cement.
Figure 3 presents the graphical results reported in Table 5 for mixtures 48 to 54. As
can be seen in Figure 3, over the range of superplasticizer contents used, the effect on
flowability is markedly different. While superplasticizer A has a markedly extensive effect
close to linear (the higher the superplasticizer content, the higher the deformability), the
effect of superplasticizer B is much smaller for the contents evaluated. It appears that
superplasticizer B already has its maximum effect to improve fluidity at Sp/p = 1%.

Based on the previous findings, the author expanded the study of the effect of the
superplasticizer on fresh properties by carrying out another set of mixtures (mixtures 55
to 70 without limestone filler and mixtures 71 to 78 with limestone filler) with low w/c
ratios, where another stronger superplasticizer (named Superplasticizer C) was used, and
where its effect on the viscosity was evaluated using the Marsh funnel test. The test results
of the Marsh funnel test are graphically shown in Figure 4. As can be observed with
Superplasticizer C, the effect on the funnel Marsh time is markedly different when the
w/c ratio changes from 0.180 to 0.225 (mixtures without limestone filler). In general, by
reducing the water-to-cement ratio by 20% from 0.225 to 0.180, the minimum time of the
Marsh funnel doubled and required more than twice the Sp/p to reach the minimum
time. Furthermore, when analyzing the effect of the superplasticizer on the set of mixtures
with w/c = 0.289 but with 40% of the powder as limestone filler, the viscosity decreased
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even more. This finding is particularly important because this set of mixtures, although
with a higher water-to-cement ratio, had the lowest water content and lower water-to-
powder ratio in volume (Vw/Vp = 0.533 compared to Vw/Vp = 0.698 and Vw/Vp = 0.558).
Therefore, one may conclude that the water-to-cement ratio plays an important role in the
viscosity and is even stronger than the water content.
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The loss of workability over time in the experimental program was also evaluated.
Moreover, two superplasticizers were tested (mixtures 71 to 88) to identify modifications.
The loss of deformability of the superplasticizers C and D is shown graphically in Figure 5
from immediately after mixing to up to 60 min after the start of mixing. Similarly, the
increase in the viscosity is shown in Figure 6.
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filler.

By comparing the two superplasticizers, it is concluded that in terms of deformability
(assessed through the flow in the mini-slump test), changes are not markedly different. In
fact, some loss of flowability was observed from immediately after mixing to 60 min after
mixing, with the loss flowability being greater for superplasticizer D. However, when the
increase in viscosity was analyzed by the increase in the time of the Marsh funnel, a marked
difference was observed between testing immediately after mixing and 60 min after mixing.
This viscosity increase occurred in both superplasticizers, but it is more pronounced with
superplasticizer D, even at a higher superplasticizer content. Therefore, it can be concluded
that superplasticizer C not only has a stronger effect than superplasticizer D but also shows
less workability loss up to 60 min after the start of mixing.
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3.2.3. Experimental Results with the Shrinkage-Reducing Admixture

One of the questions faced mainly by researchers (because they must be scientifically
accurate) when admixtures are introduced in a cement-based composition is how to intro-
duce them. Questions such as the following arise: (i) Is it to be assumed that as the total
volume increases, the per cubic meter of all other constituent materials is reduced? (ii) When
the admixture is in the liquid state, must the same volume of water be removed? (iii) How
can this be introduced without altering the workability or the compressive strength? Here,
the incorporation of SRA was tested in three different ways, and the effect on workability
was analyzed.

For this purpose, the author of this study took mixture 82 as the reference mix. Then,
the following changes were made: Mixture A—20 g of SRA was added to the batch without
removing any other component (the author considered that the SRA will occupy the pores
of the material and/or assumed that the total volume of the mixture will increase); Mixture
B—20 g of SRA was added to the batch by directly replacing 20 g of water (we considered
that the SRA will behave exactly like water); Mixture C—20 g of SRA was added to the
batch by replacing 10 g of water (50% replacement, which is an intermediary stage between
Mixtures A and B); Mixture D—40 g of SRA was added to the batch by directly replacing
20 g of water (similar to Mixture C but with doubled SRA). The effect of the SRA on
workability is presented in Figure 7.
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(a) deformability evaluated through the mini-slump test, and (b) viscosity evaluated through the
time in the Marsh funnel.

By analyzing Figure 7, it can be concluded that regardless of the way in which the SRA
is introduced, it always results in an increase in workability. As shown in Figure 7a, there is
a marked increase in the flowability, and Figure 7b shows that the time of the Marsh funnel
decreased. Furthermore, it is noted that the loss of workability after 60 min, especially
the increase in viscosity (evaluated by the time of the Marsh funnel), is less pronounced
for mixtures with SRA. However, no clear trends were found regarding how SRA should
be introduced. Looking at the results of Mixture A, it is verified that simply adding the
SRA to the batch without replacing any amount of water results in the greatest increase in
workability; therefore, the author concludes that this form should be excluded. It should be
noted that the compressive strength has not been evaluated; this probably also results in a
reduction in the compressive strength as it increases the fluid part of the mixture. Among
Mixtures B, C, and D all the results were quite similar; therefore, for simplification, the
author suggests that the same mass content of water should be replaced when SRA is
introduced.

4. Evaluation of the Approach Used

This Section aims to evaluate the applied approach and compare it with an alternative
approach. In this paper, the typical approach, wherein the input parameters are changed
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individually, was applied to verify their effect on the workability of cement-based pastes.
A visualization of the advantages and disadvantages of this approach, when compared to
the approach used in Part II is, described below.

Typical approach—Advantages:

• Basic studies allow the interpretation of the main effects of the input parameter on
the properties. Its effect is easier to test and verify for different materials. Here, a
different cement, the effect of the SRA, and the effect of different superplasticizers
were checked.

• In simple experimental plans with few mixtures, some trends were recognized.
• The experimental plans can easily be adjusted during the planning.
• Trail–error experiments may be enough to answer some doubts. In this paper, the SRA

study was performed just to clarify a basic doubt. Likewise, superplasticizers A and B
were checked for single effects only.

Typical approach—Disadvantages:

• Studies that are usually carried out under minor and basic sets are easy to analyze
and interpret, and therefore, do not allow applying advanced response models that
are typically described with linear regressions and R2.

• Studies are not wide-ranging experiments; therefore, the data are not usually published
because their scientific interpretation lacks support. For example, in this study, the
results of the SRA were easy and quick to obtain, but they were scientifically not
interesting.

• When several properties need to be evaluated, the experimental program increases
considerably, and the results and comparisons between the parameters are difficult to
interpret.

• Secondary and cross effects are difficult to detect as no advanced response models are
obtained.

• The results have not been deeply studied because they frequently lack a scientific
approach—for instance, in this work, only a few mixtures were performed in the
SRA study.

5. Conclusions

The workability of cement-based pastes using distinct experimental approaches was
characterized in this work. This paper (Part I) mainly focuses on several basic studies,
wherein sets of simple experimental plans were adjusted to identify primary effects. A
different approach (more scientific, based on DOE with a central composite design) is
proposed in Part II. In this study, 92 mixture compositions were made, and from the overall
research, the following conclusions have been drawn:

• Basic approaches, which consist of changing a single parameter at a time, are very
useful for quick studies whose objective is to recognize the main trends.

• These basic approaches allow the detection of the main effects of a single input variable
with few trials. However, when multiple input variables are studied, the number
of trials increases markedly, especially when the interactions between variables are
studied.

• For multiple input variables with interaction effects, other DOE approaches should be
considered, especially when deep analysis or models are required.

• The primary effects of the different constituent materials of cement pastes on fresh
properties were characterized in this study using a traditional approach of changing
each parameter separately. At the same time, the type of research methodology
applied was studied, namely, the advantages and disadvantages when compared with
an experimental program based on a factorial design.

• The replacement of cement by limestone filler increased the flowability.
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• The efficiency of superplasticizers in terms of flowability and time of Marsh funnel
is markedly affected not only by the type of superplasticizer but also by the water–
cement ratio.

• The SRA used improved workability, but no clear trend was found for the introduction
of the SRA.

Funding: This work has been financially supported by: Base Funding—UIDB/04708/2020 of the
CONSTRUCT—Instituto de I&D em Estruturas e Construções—funded by national funds through
the FCT/MCTES (PIDDAC). This work has been funded by national funds through FCT—Fundação
para a Ciência e a Tecnologia, I.P., under the Scientific Employment Stimulus—Institutional Call—
CEECINST/00049/2018.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The author thanks the companies that provided the materials.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Liddel, P.V.; Boger, D.V. Yield stress measurements with the vane. J. Nonnewton. Fluid Mech. 1996, 63, 235–261. [CrossRef]
2. Saak, A.W.; Jennings, H.M.; Shah, S.P. The influence of wall slip on yield stress and viscoelastic measurements of cement paste.

Cem. Concr. Res. 2001, 31, 205–212. [CrossRef]
3. Tan, Z.; Bernal, S.A.; Provis, J.L. Reproducible mini-slump test procedure for measuring the yield stress of cementitious pastes.

Mater. Struct. 2017, 50, 235. [CrossRef]
4. Domone, P. The Slump Flow Test for High-Workability Concrete. Cem. Concr. Res. 1998, 28, 177–182. [CrossRef]
5. Kantro, D.L. Influence of water-reducing admixtures on properties of cement paste—A miniature slump test. Cem. Concr. Aggreg.

1980, 2, 95–102. [CrossRef]
6. Gettu, R.; Pillai, R.; Santhanam, M.; Dhanya, B.S. Ways of Improving the Sustainability of Concrete Technology through the Effective Use

of Admixtures; Indian Institute of Technology Madras: Chennai, India, 2016.
7. Aïtcin, P.C. High Performance Concrete; E&FN SPON: New York, NY, USA, 1998; ISBN 9780419192701.
8. Le Roy, R.; Roussel, N. The Marsh Cone as a viscometer: Theoretical analysis and practical limits. Mater. Struct. 2005, 38, 25–30.

[CrossRef]
9. Guria, C.; Kumar, R.; Mishra, P. Rheological analysis of drilling fluid using Marsh Funnel. J. Pet. Sci. Eng. 2013, 105, 62–69.

[CrossRef]
10. Roussel, N.; Le Roy, R. The Marsh cone: A test or a rheological apparatus? Cem. Concr. Res. 2005, 35, 823–830. [CrossRef]
11. Wallevik, O.H.; Feys, D.; Wallevik, J.E.; Khayat, K.H. Avoiding inaccurate interpretations of rheological measurements for

cement-based materials. Cem. Concr. Res. 2015, 78, 100–109. [CrossRef]
12. Wallevik, J.E. Relationship between the Bingham parameters and slump. Cem. Concr. Res. 2006, 36, 1214–1221. [CrossRef]
13. Roussel, N.; Coussot, P. “Fifty-cent rheometer” for yield stress measurements: From slump to spreading flow. J. Rheol. N. Y. 2005,

49, 705–718. [CrossRef]
14. Christensen, G. Modelling the Flow of Fresh Concrete: The Slump Test; Princeton University: Princeton, NJ, USA, 1991.
15. Hu, C. Rhéologie des Bétons Fluids. Ph.D. Thesis, Ecole Nationale des Ponts et Chaussées, Marne-la-Vallée, France, 1995.
16. Roussel, N.; Stefani, C.; Leroy, R. From mini-cone test to Abrams cone test: Measurement of cement-based materials yield stress

using slump tests. Cem. Concr. Res. 2005, 35, 817–822. [CrossRef]
17. Ferrándiz-Mas, V.; Sarabia, L.A.; Ortiz, M.C.; Cheeseman, C.R.; García-Alcocel, E. Design of bespoke lightweight cement mortars

containing waste expanded polystyrene by experimental statistical methods. Mater. Des. 2016, 89, 901–912. [CrossRef]
18. Hadi, M.N.S.; Farhan, N.A.; Sheikh, M.N. Design of geopolymer concrete with GGBFS at ambient curing condition using Taguchi

method. Constr. Build. Mater. 2017, 140, 424–431. [CrossRef]
19. Nunes, S.; Figueiras, H.; Milheiro Oliveira, P.; Coutinho, J.S.; Figueiras, J. A methodology to assess robustness of SCC mixtures.

Cem. Concr. Res. 2006, 36, 2115–2122. [CrossRef]
20. Matos, A.M.; Maia, L.; Nunes, S.; Milheiro-Oliveira, P. Design of self-compacting high-performance concrete: Study of mortar

phase. Constr. Build. Mater. 2018, 167, 617–630. [CrossRef]
21. Nunes, S.; Oliveira, P.M.; Coutinho, J.S.; Figueiras, J. Interaction diagrams to assess SCC mortars for different cement types.

Constr. Build. Mater. 2009, 23, 1401–1412. [CrossRef]
22. Cangussu, N.; Matos, A.M.; Milheiro-oliveira, P. Numerical Design and Optimisation of Self-Compacting High Early-Strength

Cement-Based Mortars. Appl. Sci 2023, 13, 4142. [CrossRef]

https://doi.org/10.1016/0377-0257(95)01421-7
https://doi.org/10.1016/S0008-8846(00)00440-3
https://doi.org/10.1617/s11527-017-1103-x
https://doi.org/10.1016/S0008-8846(97)00224-X
https://doi.org/10.1520/CCA10190J
https://doi.org/10.1007/BF02480571
https://doi.org/10.1016/j.petrol.2013.03.027
https://doi.org/10.1016/j.cemconres.2004.08.019
https://doi.org/10.1016/j.cemconres.2015.05.003
https://doi.org/10.1016/j.cemconres.2006.03.001
https://doi.org/10.1122/1.1879041
https://doi.org/10.1016/j.cemconres.2004.07.032
https://doi.org/10.1016/j.matdes.2015.10.044
https://doi.org/10.1016/j.conbuildmat.2017.02.131
https://doi.org/10.1016/j.cemconres.2006.10.003
https://doi.org/10.1016/j.conbuildmat.2018.02.053
https://doi.org/10.1016/j.conbuildmat.2008.07.009
https://doi.org/10.3390/app13074142


Materials 2023, 16, 4139 16 of 16

23. Rezaifar, O.; Hasanzadeh, M.; Gholhaki, M. Concrete made with hybrid blends of crumb rubber and metakaolin: Optimization
using Response Surface Method. Constr. Build. Mater. 2016, 123, 59–68. [CrossRef]

24. Pinheiro, C.; Rios, S.; Viana da Fonseca, A.; Fernández-Jiménez, A.; Cristelo, N. Application of the response surface method to
optimize alkali activated cements based on low-reactivity ladle furnace slag. Constr. Build. Mater. 2020, 264, 120271. [CrossRef]

25. Li, Z.; Lu, D.; Gao, X. Multi-objective optimization of gap-graded cement paste blended with supplementary cementitious
materials using response surface methodology. Constr. Build. Mater. 2020, 248, 118552. [CrossRef]

26. Uysal, M.; Tanyildizi, H. Predicting the core compressive strength of self-compacting concrete (SCC) mixtures with mineral
additives using artificial neural network. Constr. Build. Mater. 2011, 25, 4105–4111. [CrossRef]

27. Eskandari-Naddaf, H.; Kazemi, R. ANN prediction of cement mortar compressive strength, influence of cement strength class.
Constr. Build. Mater. 2017, 138, 1–11. [CrossRef]

28. Yan, K.; Shi, C. Prediction of elastic modulus of normal and high strength concrete by support vector machine. Constr. Build.
Mater. 2010, 24, 1479–1485. [CrossRef]

29. Akande, K.O.; Owolabi, T.O.; Twaha, S.; Olatunji, S.O. Performance comparison of SVM and ANN in predicting compressive
strength of concrete. IOSR J. Comput. Eng. 2014, 16, 88–94. [CrossRef]

30. Azimi-Pour, M.; Eskandari-Naddaf, H.; Pakzad, A. Linear and non-linear SVM prediction for fresh properties and compressive
strength of high volume fly ash self-compacting concrete. Constr. Build. Mater. 2020, 230, 117021. [CrossRef]

31. Abd, A.M.; Abd, S.M. Modelling the strength of lightweight foamed concrete using support vector machine (SVM). Case Stud.
Constr. Mater. 2017, 6, 8–15. [CrossRef]

32. Yahia, A.; Tanimura, M.; Shimoyama, Y. Rheological properties of highly flowable mortar containing limestone filler-effect of
powder content and W/C ratio. Cem. Concr. Res. 2005, 35, 532–539. [CrossRef]

33. Petit, J.Y.; Wirquin, E. Effect of limestone filler content and superplasticizer dosage on rheological parameters of highly flowable
mortar under light pressure conditions. Cem. Concr. Res. 2010, 40, 235–241. [CrossRef]

34. Nunes, S. Betão Auto-Compactável: Tecnologia e Propriedades. Master’s Thesis, Universidade do Porto, Porto, Portugal, 2001.
35. Maia, L.; Neves, D. Developing a Commercial Self-Compacting Concrete without Limestone Filler and with Volcanic Aggregate

Materials. In Proceedings of the 2nd International Conference on Structural Integrity, ICSI, Madeira, Portugal, 4–7 September
2017; Volume 5.

36. Juvas, K.; Kappi, A.; Salo, K.; Nordenswan, E. The Effects of Cement Variations on Concrete Workability. Nord. Concr. Res. 2001,
26, 39–46.

37. Nunes, S.; Oliveira, P.M.; Coutinho, J.S.; Figueiras, J. Rheological characterization of SCC mortars and pastes with changes
induced by cement delivery. Cem. Concr. Compos. 2011, 33, 103–115. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.conbuildmat.2016.06.047
https://doi.org/10.1016/j.conbuildmat.2020.120271
https://doi.org/10.1016/j.conbuildmat.2020.118552
https://doi.org/10.1016/j.conbuildmat.2010.11.108
https://doi.org/10.1016/j.conbuildmat.2017.01.132
https://doi.org/10.1016/j.conbuildmat.2010.01.006
https://doi.org/10.9790/0661-16518894
https://doi.org/10.1016/j.conbuildmat.2019.117021
https://doi.org/10.1016/j.cscm.2016.11.002
https://doi.org/10.1016/j.cemconres.2004.05.008
https://doi.org/10.1016/j.cemconres.2009.10.013
https://doi.org/10.1016/j.cemconcomp.2010.09.019

	Introduction 
	Experimental Program 
	Materials 
	Mixture Compositions 
	Mixing and Testing 

	Results and Discussion 
	Experimental Results 
	Analysis of Results and Discussion 
	Flowability of Mixtures with Different Limestone Filler Content, Different Types of Cement, and without Organic Admixtures 
	Effect of Superplasticizers on the Workability Parameters 
	Experimental Results with the Shrinkage-Reducing Admixture 


	Evaluation of the Approach Used 
	Conclusions 
	References

