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Abstract
E——

The composition characteristics of concrete, such as water/cement ratio, cement consumption and compressive strength directly affect its handling
performance and durability. Thus, the technical standards related to concrete structures recommend technical specification concerning different en-
vironmental aggressiveness classes. Therefore, this study followed an experimental method aiming to evaluate the relationship between the charac-
teristics of four different concrete mixes produced in accordance to the specifications of the standards EN 1992-1 and EN 206 for quality of hardened
state concrete and its behavior during accelerated tests of carbonation and salt spray. Analyzes of compressive strength, void index, total and capillary
water absorption, specific gravity, electrical resistivity and ultrasonic wave propagation velocity were executed. For the statistical treatment, a Multi-
variate Analysis of Variance (MANOVA) was performed, which provided a simplified analysis of the durable potential of reinforced concrete structures
by its characteristics. Results lead to two major groups of behavior, and statistical significant differences in deterioration tests between mixes 1 and 4
for the salt spray test and between mix 4 and the others for the carbonation test.

Keywords: concrete structures, durability, statistical analysis, technical specification.

Resumo
E———

As propriedades dos concretos, como relagdo agua/cimento, consumo de cimento e resisténcia a compressao afetam diretamente seu desem-
penho em uso e durabilidade. Desta forma, as normas técnicas de dimensionamento de estruturas de concreto armado indicam especificagdes
em funcgado das classes de agressividade ambiental. Neste artigo, através de uma metodologia experimental, foi avaliada a relagéo entre as ca-
racteristicas de quatro composigdes de concreto, elaboradas de acordo com as normas EN 1992-1 e EN 206, e sua relagédo com a qualidade do
concreto no estado endurecido, nos ensaios de carbonatagéo e névoa salina. Foram empregadas analises de resisténcia a compressao, indice
de vazios, absorgao de agua total e por capilaridade, massa especifica, resistividade elétrica e velocidade de propagagéo de ondas ultrassonicas.
Para o tratamento estatistico foi utilizada Analise multivariada da variancia (MANOVA). Os resultados obtidos apontaram diferengas estatistica-
mente significantes nos ensaios de deterioracdo unicamente nos tragos 1 e 4 para o ensaio de névoa salina e entre o traco 4 e os demais para
o ensaio de carbonatagéo.

Palavras-chave: concreto, durabilidade, analise estatistica, especificagéo técnica.
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Study on concrete through its hardened state properties

1. Introduction

EE

Concrete structures have been used worldwide for over 100 years
due to their properties of resistance, versatility and load carrying
capacity, in addition to mastery and vast knowledge of this tech-
nology [1-4] . Amid this period, professionals could learn the main
characteristics of concrete and how these relate to durability and
performance, and how to preserve the proper-ties. However, as
occurs with structures knowledge, their composition has changed
throughout time, given the constant evolution of materials and
search for construction’s impact minimization [5,6].

The everyday specification of concrete progresses, currently em-
ploying fine and microfine components such as pozzolans, super-
plasticizers, and improved adjustment of safety coefficients, origi-
nated from the advances in calculation procedures and structural
design [7,8,9].

This constant evolution requires technical standards that can in-
struct and tell professionals what characteristics must be followed
in order to reach satisfactory behavior, considering that these cri-
teria must concern the concrete’s environmental aggressiveness
class [10]. The documents that present such values are notewor-
thy, such as ACI-318, ABNT NBR 6118, EN 1992-1, EN 206, IS
456, AS 3600 and FIB 34 [11-17].

The aggressiveness classes deserve this attention when specify-
ing the structures, as they point out what the dominant deteriora-
tion agents are and what damages could occur, given that the fac-
tors that favor deterioration are already known. Durable materials
have been developed with the same aim of predicting behavior and
deterioration of structures, hindering pathological manifestations,
such as cracking [18], carbonation [19], and others, and increasing
the lifespan of buildings, thus making them economically viable
and satisfactory to users.

Coupled with the feasibility to perform accelerated deterioration
tests, characterization tests have been developed, which may
present characteristics that relate to the durability of multiple com-
positions of concrete and even predict the material’s durable be-
havior [1;20].

Considering the scenario presented, this study aims to contrib-
ute evaluating relations between the characteristics stipulated for
meeting concrete durability standards, specifically those presented
by EN 1992-1 and EN 206:2013 [13-15], examining the durability
potential of the mixes specified and how the durability of these ma-
terials can be predicted by performing hardened state tests.

2. Concrete structures
E—

2.1 Characteristics of concrete

The analysis of concrete is split between properties of fresh and
hardened states. The fresh state properties relate to flow, ability to
cross obstacles and cohesion, whereas the hardened state counts
with physical and mechanical characterizations of the material,
among which stands out the compressive strength. Considering
that the mixes differ with respect to their composition, many tests
characterize and correlate their properties. Girskas et al. (2016),
[21] Sardinha et al. (2016) [22] and Mohammadhosseini et al.
(2017) [23] assessed hardened state tests and performed acceler-

ated tests for predicting the durability of innovative materials. The

main characteristics of concrete are as follows:

B Water/cement ratio
The water/cement ratio indicates the concrete’s durability. Its
major utilization leads to more common occurrence of voids,
which relates to a higher susceptibility to attack by deteriora-
tion agents of the structures [24].

B Compressive strength
Compressive strength is the concrete’s most well-known charac-
teristic, being the parameter that guides the design of structures.
Nawy (2000) [25] points out that higher compressive strength re-
lates to lower values of the w/c ratio, which, according to Neville
(2015), [1] minimizes porosity and increases durability [26].

B Cement consumption
Cement is used for wrapping aggregates, making a single ho-
mogeneous material. Concretes with low cement consumption
may be faulty concerning cohesion, presenting voids, lowering
their lifespan and resistance to attack by deleterious agents
[27].Wassermann, Katz and Bentur (2009) [28] pinpoint three
reasons for which technical standards must present minimum
values for cement consumption, being the workability of con-
cretes, minimum content of fines and chemical protection for
reinforcements.

2.2 Accelerated tests for predicting the durabilty
of concrete structures

Accelerated deterioration tests seek to reproduce real phenomena
in concretes, performed with higher concentration, in order to reduce
the time required for analyzing these mechanisms. As reported by
Helene (1997) [29], these tests consist of one of the lifespan predic-
tion methods of ASTM E632 [30]. For tests performed on concretes,
the accelerated tests of carbonation and salt spray exposure are
noteworthy, as they simulate the main attacks buildings suffer.
Carbonation consists of carbon dioxide entering concrete struc-
tures. Its occurrence depends on countless factors, among which
are the composition characteristics of the material, such as cement
consumption, compressive strength, water/cement ratio and CO,
concentration. [31]. According to Duprat, Vu and Sellier (2014)
[32], this phenomenon reduces concrete pH and, consequently,
the passivation of reinforcements, which may lead to corrosion of
the reinforcements. The accelerated carbonation test consists of
putting samples in a closed environment with a controlled influx
of CO, and checking, throughout time, the attack front of this sub-
stance on the samples by using chemical indicators [31].

The salt spray attack affects structures near oceans, which are ex-
posed to mists that contain chloride ions. [33]. Concerning acceler-
ated tests, it is possible to speed up the ions influx by salt spray expo-
sure in chamber [34]. This method has been known since the 1970’s,
although it is usually applied to metallic materials. [35]. It uses chemi-
cal indicators that measure the depth of the aggression by chlorides,
in the same fashion as the accelerated carbonation test.

3. Experimental procedure
—

In order to evaluate the relation between the characteristics of
four concrete mixes, specified in accordance to EN 1992-1 and
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Table 1
Concrete characteristics according
to aggressively class

Compressive Cement
fgg?;r::ﬁs strgngth consumption Wate:é;:izmeni
(MPa) (kg/m3)
T1 25 260 0.65
T2 30 280 0.6
T3 35 320 0.55
T4 40 360 0.45

EN 206 [13;14], and the behavior during the accelerated tests

of carbonation and salt spray, this experiment relied on the fol-

lowing steps:

a) Summarization of the data obtained during the tests of Pache-
co (2016) [36] for each concrete composition;

b) Descriptive analysis of the data and search for possible outliers;

c) Multivariate Analysis of Variance (MANOVA);

d) interpretation of the results.

3.1 Data summarization

Experiments were performed on four distinct concrete composi-
tions (treatments). These compositions (T1, T2, T3 and T4) varied
with respect to compressive strength, water/cement ratio and ce-
ment consumption, as recommended by [13;14] (Table 1), ranging
from an aggressiveness class of lower deterioration potential to
places of more severe aggression.

The variables evaluated were compressive strength (CS), void in-
dex (VI), specific gravity (SG), total water absorption (TWA), capil-
lary water absorption (CWA), mercury intrusion porosimetry (MIP),
ultrasonic wave transmission velocity (UWV), electrical resistivity
(ER) and the accelerated tests of carbonation depth (CD) and salt
spray (SS). The experimental procedure, its compositions and
analysis performed are depicted in Figure 1.

Independent variables
(Treatments)

Traits having the characteristics
specified in the norm,
determined according to the
classes of environmental
aggressiveness

T1T2,1374

Figure 1
Experimental procedure

Experimental
Procedure

3.2 Description of samples and identification
of outliers

Each variable had its own descriptive values. Table 2 presents
the response variables, their number of observations, mean val-
ues and standard deviation, besides maximum and minimum
vales, and others.

Likely outliers were identified afterwards. The Boxplot tool was
chosen for evaluating the existence of these dissonant data.
For the capillary absorption variable, an anomalous point was
found, occurring by the 84 days, on mix 2. When organizing
the values for electrical resistivity, ultrasonic wave propagation
velocity and specific gravity, no exception points or outliers were
found, whereas the analysis of void index displayed discrep-
ancy on mixes 3 and 4, with specific cement consumption of 320
and 360 kg/m?.

3.3 Multivariate analysis of variance (MANOVA)

MANOVA was applied subsequently. MANOVA is a multivariate sta-
tistical technique which allows to evaluate if effects between groups,
in an experimental setting, occur due to treatments or are merely at
random [37;38]. The MANOVA structure relies on two types of vari-
ables: independent (treatments) and dependent (responses).
Afterwards, the statistical assumptions of Independence, Normal-
ity and Homoscedasticity were checked [37]. In order to assess if
the data were normally distributed, the test of Shapiro-Wilk (1965)
[39] was used. The theory of Shapiro-Wilk (1965) is based on two
hypotheses: Ho the variable’s data follow normal distribution and
H1 the variable’s data do not follow normal distribution. The signifi-
cance, in this case, is 95%. That way, when the p-value obtained
from the sample is higher than 5% (p>0.05), Ho is not rejected,
therefore the data are normally distributed [40].

Homoscedasticity was assessed through the test of Levene. Fi-
nally, the degree of correlation between dependent variables was
obtained through the test of Barlett. The F-statistic was used for

Variables evaluated (Answers)

I
CONCRETE CHARACTERISTICS E

- Compressive strength (CS); i

- Void index (V1); :

- Specific gravity (5G); I

- Total and capillary water absorption |
(TWA and CWA); :

Mercury intrusion porosimetry (MIP); 1

- Ultrasonic wave transmissionvelocity |
(Uwv); !

- Electrical resistivity (ER); I

- Accelerated tests of carbonation depth :
(CD) and salt spray (SS). I
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Table 2
Sample description
. Absolute . .
- Standard : Weighted Minimum Maximum
Variables N° of obs Average P Median mean
deviation average deviation value value
Compressive
strenght 60 37.11 12.14 34.3 35.5 9.56 21.5 67.8
Void ratio 24 11.4 1.38 11.11 11.39 1.36 8.96 13.8
specific
gravity 24 2.54 0.04 2.54 2.54 0.04 2.44 2.6
Total water
absorption 24 5.08 0.68 4.91 5.07 0.69 3.91 6.22
Capillary
water 24 1.67 2.15 1.26 1.27 0.16 0.56 11.68
absorption
Mercury
intrusion 4 0.06 0.04 0.05 0.06 0.04 0.01 0.11
porosimetry
Ultrasonic
wave
transmission 36 4675.8 130.65 4641.8 4669.77 138.61 4484.65 4915.65
velocity
Electrical 72 38.43 19.4 34.75 35.67 17.79 15.5 89.4
resistivity
Carbonation
depth 16 6.7 5.29 4.58 6.59 4.68 0 14.9
Salt spray
attack depth 8 9.83 4.38 10.75 9.83 4.67 3 15.2

interpreting the data from MANOVA verification. The higher this
value is, the higher the difference between groups is. [37].

3.4 Analysis of variance (ANOVA) and Pos-hoc test

After MANOVA, a test of ANOVA was performed. Lastly, a post-hoc
analysis for the statistically significant ANOVA variables was car-
ried out. The main difference between the post-hoc analysis and
ANOVA is that ANOVA indicates if there is significant difference
between groups, while the post-hoc analysis measures between
what groups this difference can be found [41-42].

4. Results
E——

4.1 Independence and normality

The assumption of independence was satisfied due to the use of
different samples. Normality, as presented in Table 3, was con-
firmed for all variables except electrical resistivity regarding lev-
els 240 (T1), 280 (T2) and 360 (T4) (p>0.05). However, given the
relevance of this test and its non-destructive nature for analyzing

structures, these data were kept. The tests of mercury intrusion po-
rosimetry and salt spray had few repetitions, given their complexity,
and their normality could not be tested, since at least 3 variables
per treatment are required for the normality analysis. The porosim-
etry test was performed only once for each mix, and the salt spray
test, in varied ages.

4.2 Homoscedasticity

Table 4 presents the Levene test for equality of variances (homosce-
dasticity). As occurs in the normality test, when p<0.05, it is said that
there is no variance equality [40]. Therefore, the variables compres-
sive strength (CS), void index (VI), electrical resistivity (ER) and salt
spray (SS) displayed values below (p<0.05), indicating that the vari-
ances are not equal. Nevertheless, as the aim of this study was to
validate all analyzes, these variables were not discarded.

4.3 Visual inspection

In order to set up a first description of the treatments’ behavior, the
means of the response variables were plotted in a single diagram.

Table 3
Samples’ normality test
Trago Cs Vi SG TWA CWA uwv ER CcD
T 0.169 0.125 0.371 0.124 0.389 0.732 0.008 0.529067
12 0.093 0.208 0.739 0.235 0.126 0.478 0.007 0.781314
3 0.878 0.484 0.452 0.157 0.507 0.987 0.065 0.387294
T4 0.017 0.694 0.158 0.821 0.433 0.214 0.011 0.236685

90
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Table 4
Leven's fest (homoscedasticity)
F Df1 Df2 Sig
CS 0.00051 3 56 0.00051
VI 0.001898 3 17 0.001898
SG 0.1763 3 20 0.1763
TWS 0.04233 3 20 04233
CWA 0.2272 3 19 0.2272
MIP NA 3 NA NA
Uwv 0.2175 3 32 0.2175
ER 0.007029 3 68 0.007029
CD 2.3661 3 12 0.1222
Ss 1.81 e+30 3 3 2.20E-16

The values were standardized (scaled) so that it would be possible
to assess their macro behavior within a same unit. Figure 2 dis-
plays the plotting of the variables after being standardized.

As noticed, the variables portrayed two groups of similar behav-
ior, being the first with the variables compressive strength (CS),
specific gravity (SG), ultrasonic wave propagation velocity (UWV),
electrical resistivity (ER), and the second with total water absorp-
tion (TWA), void index (VI), capillary water absorption (CWA),
mercury intrusion porosimetry (MIP), carbonation depth (CD) and
salt spray (SS). This binary division typifies the variables’ macro
behavior, which further leads to the verification of between what
points of analysis differences can be found. This macro behavior

was expected, as some independent variables are related, due to
physical characteristics of concrete. For instance, it is known that
concretes with higher void index (group 2) will present higher total
and capillary water absorption (group 2), whereas such variables
are inversely proportional to compressive strength (group 1). It
was also noted, through the diagram plot, that the similarities are
higher among the variables of group 1 than group 2.

As noticed, the variables portrayed two groups of similar behav-
ior, being the first with the variables compressive strength (CS),
specific gravity (SG), ultrasonic wave propagation velocity (UWV),
electrical resistivity (ER), and the second with total water absorp-
tion (TWA), void index (VI), capillary water absorption (CWA),
mercury intrusion porosimetry (MIP), carbonation depth (CD) and
salt spray (SS). This binary division typifies the variables’ macro
behavior, which further leads to the verification of between what
points of analysis differences can be found. This macro behavior
was expected, as some independent variables are related, due to
physical characteristics of concrete. For instance, it is known that
concretes with higher void index (group 2) will present higher total
and capillary water absorption (group 2), whereas such variables
are inversely proportional to compressive strength (group 1). It was
also noted, through the diagram plot, that the similarities are higher
among the variables of group 1 than group 2.

4.4 MANOVA

Based on the visual inspection and the theoretical knowledge on

Variables behaviour by treatment

Group 1

Variavel
- CS

~+- V|

-+ SG

~+ TWA

Value (scaled)

+ MIP
-- uwv
- ER
- CD
— 88

w
.

Treatment

Figure 2
Graphic of variables after scaling
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Table 5 Table 6
Leven's test (homoscedasticity) MANOVA Results
Group 1 Group 2 Group 1
Bartlett's K-squared 54.227 30.295 Test Value F df Sig.
Df 15 19 Pillais 2.1305 4.0425 3 0.001779
p-value 2.407e-06 0.04816 Wilks 0.000629 17.143 3 3.515E-06
, , Hoteling- 14586  45.484 3 1.339E-07
how the variables tend to relate, each group received MANOVA Lawley
treatment to better understand the phenomenon. Roy 141.22 247.14 3 1.305E-07
T4 0.017 0.694 0.158 0.821
4.41 Correlation between dependent variables
Group 2
Before applying the MANOVA technique, one should test for cor- 'I"eslt Value F of Sig.
relation between dependent variables [37]. As referred in Table 5, Pillais 1.139 1.2153 ? 0.3448
each block presents statistical significance (p<0.05), implying an Wilks 0.12025 1.5243 9 0.201
acceptable degree of correlation between dependent variables. HI?:S\I/IIQ;E} 5.2467 1.5546 3 0.2727
Analyzing the behavior between both groups, it was noted that
Blocl): 1 ?)resented a p-value much sme?ller Ft)h;an Block 2, that is Roy 4.8294 9.0588 3 0.01031
’ ’ T4 0.017 0.694 0.158 0.821

the variables behaved similarly amid distinct treatments. In Block
2, there is discrepancy between mercury intrusion porosimetry and
the other variables, what may have caused the increased deviation
between samples.

As depicted in Table 6, the test is divided in two groups due to
the behavior discussed previously. Group 1 presents significance
(p < 0.05) for all tests. For group 2, only Roy’s test was significant
(p <0.05).

Next, the ANOVA test was performed to check variability be-
tween treatments, for each variable. Its results can be found in
Table 7.

In accordance to what has been presented, the variables of com-

pressive strength, specific gravity, capillary water absorption, ul-
trasonic wave transmission velocity and electrical resistivity have
significant differences between treatments, or type of mix. The oth-
er samples displayed p-value greater than 0.05, so they were not
influenced by the treatments. Since ANOVA only assesses if there
is difference between treatments and results, a post-hoc analysis
was performed, with the Tukey Test, checking between which con-
crete compositions there were significant differences for the accel-
erated deterioration tests. Table 8 presents the analysis regarding
the accelerated carbonation test.

Table 7
ANOVA Results
Variables and results df SS Mean of square F P value
Compressive Treatment 1 4097 4097
51.63 1.43x 10
strength Residuals 58 4602 79 *
. Treatment 1 1.973 1.973
Veid index Residuals 19 31.196 1.642 1201 0.287
- ) Treatment 1 0.011 0.011
Specific gravity Residuals 22 0.0262 0.001 9.427 0.0056
Total water Treatment 1 1.612 1.612
absorption Residuals 29 8.051 0.406 3.963 0.0591
Capillary water Treatment 1 0.301 0.301
absorption Residuals 21 1.414 0.067 4.474 0.0465
Mercury intrusion Treatment 1 0.003 0.003
porosimetry Residuals 22 0.003 0.001 2:354 0265
Ultrasonic wave Treatment 1 391621 391621
fransmission ) 64.68 2.25x 107
velocity Residuals 34 205856 6055
Electrical Treatment 1 8650 8650 .
resistivity Residuals 70 18083 258 33.49 1.86x 10
Carbonation Treatment 1 96.7 96.69
depth Residuals 14 322.3 23.02 42 0.0596
Treatment 1 36.48 36.48
[t 2.2 N
Salt spray Residuals 6 97.87 16.31 36 0.185
9?2 NN IBRACON Structures and Materials Journal * 2020 « vol. 13 *n° 1
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Table 8 Table 9
Tukey test - carbonation depth Tukey test- salt spray
Tempens  puaue  [oOmelS  puave  foomenl  puowe  feoment  paue
T2-T1 0.9983 1312 0.8805 T2-T1 0.3921 13-12 0.4856
T3-T1 0.8054 T4-T2 0.0071 T3-T1 0.1134 T4-T2 0.1450
T4-T1 0.0056 T4-T3 0.0204 T4-T1 0.0452 T4-T3 0.5208

It was found that only between mix 4 and the others there were
significant differences. When comparing other mixes, no significant
differences were found. Analyzing the mixes specified in this re-
search, it was noted that the difference in water/cement ratio be-
tween this mix and the others was 0.10 at least, which suggests
expressive changes to the presence of voids in the material, influ-
encing the analysis. The difference between other traces was only
0.05, which may not have provoked expressive changes in their
composition. Table 9 presents the analysis concerning the chloride
ions penetration front.

Considering the contents of Table 9, a significant difference was
found between mixes T1 and T4, showing that changes in concrete
composition do not have a significant impact on its durability with
regards to chloride ions penetration front. Furthermore, the behav-
ior suggests phenomena that may have affected only mix 4, which
may have had its pores clogged and the attack stagnated.

5. Conclusion
E—

This study aimed to assess how concrete characteristics relate to
each other and what impact they have on the accelerated deterio-
ration tests of salt spray and carbonation. By the means of multi-
variate analysis of variance, two major groups of behavior were
found: with increasing and decreasing variation concerning treat-
ments. The increasing one displayed more similarities between
variables for different treatments, while the decreasing one has
more variance within a same block. The ANOVA pointed out that
some of the tests were influenced by the type of mix, whereas the
accelerated tests were seemingly not affected by the treatments.
Tukey's test for the carbonation test showed that only mix 4 result-
ed in significant differences. For the salt spray test, the difference
was significant only when comparing mixes T1 and T4, that is, the
ultimate mixes with respect to concrete specification.
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