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Abstract: Among other construction materials, Autoclaved Aerated Concrete (AAC) offers several
advantages to face the pressing need to build more sustainable and energy-efficient buildings.
From the building side, the low thermal conductivity of AAC allows the realization of energy-
efficient building envelopes, with interesting savings in terms of heating and cooling processes.
The equilibrium between structural performances (related to safety issues) and energy efficiency
requirements is, however, very delicate since it is strictly related to the search for an “optimum”
material density. Within this context, this work discusses the results of wide experimental research,
showing the dependency of the most important mechanical properties (compressive strength, elastic
modulus, flexural strength and fracture energy) from density, as well as the corresponding variation
in thermal conductivity. In order to identify the better compromise solution, a sort of eco-mechanical
index is also defined. The big challenge for future researches will be the improvement of this eco-
mechanical index by working on pore structure and pore distribution within the material without
significantly reducing the density and/or by improving the strength of the skeleton material.

Keywords: autoclaved aerated concrete; experimental tests; dry density; compressive strength;
flexural strength; elastic modulus; fracture energy; thermal conductivity; eco-mechanical index; green
building development

1. Introduction

In the last years, green buildings and sustainable solutions for the construction sector
have drawn the attention of designers and manufacturers, as well as of the scientific
community, due to the increasing problems regarding pollution and climate changes that
modern society is experiencing [1]. It is well known that the construction industry produces
a large number of global carbon emissions at all its stages: from materials’ production and
transportation to the building erection stage and waste management until dismantlement.
A large part of carbon emissions is, however, related to the normal functioning of buildings
in terms of energy consumption for indoor heating and cooling. It was estimated that the
need to ensure adequate thermal comfort to building occupants causes the consumption of
approximately 30-40% of global energy [2,3] and is responsible for half of the European
Union final energy consumption (FEC), making it the biggest energy end-use sector. For
this reason, the European 2012 Energy Efficiency Directive [4] put building energy efficiency
to the fore, pushing for renovation strategies for the existing building stock and for future
procurement of energy-efficient buildings. The proposal for a new directive on energy
efficiency was recently put forward by the European Commission in July 2021 as part of
the package “Delivering on the European Green Deal”. This document gives even more
emphasis to the crucial role played by heating and cooling in the Union’s ambition to
reach a carbon-neutral economy by 2050 [5]. Within this context, the need to enhance
building insulation carries out the lion’s share. For new constructions, energy efficiency
improvement takes place as a result of the enforced application of stringent building codes
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and of the adoption of passive, active or combined measures that will help to achieve
the target of near-zero energy buildings (NZEBs) [6,7]. In particular, passive measures
aim at minimizing the energy demand by exploiting the design and the properties of the
building envelope, basically to ensure heat protection. Since walls normally represent the
largest portion of the building envelope, the first and more obvious strategy to achieve
this goal relies on the choice of construction materials with a high thermal resistance
(that is to say, with good thermal insulation properties). In this way, it is possible to
minimize the heat flow due to temperature differences between the building interior
and the external environment during all seasons. A quite common solution, which is
particularly suited for the retrofit of existing buildings, is represented by the use of external
thermal insulation composite systems (ETICS). These systems are formed by thermo-
insulation plates fixed onto the substrate with the use of glue and special anchors and
covered by an external coating [8]. Another possible strategy is to use new materials with
good insulation properties and adequate bearing capacity to realize “single layer” walls,
without the need to resort to additional external thermal insulation systems or limiting
the thickness of additional layers [2,9]. One of these “environmentally friendly” materials
is autoclaved aerated concrete (AAC), which is typically made of fine silica aggregates,
cement, lime, gypsum, water and an expanding agent (the most common is aluminum
powder). Thanks to the addition of the expanding agent, during the molding process,
the air is entrapped artificially in the admixture, with a consequent increase in material
porosity and a significant reduction in density [10,11]. The material is then strengthened
through autoclave curing at high temperature and pressure, which leads to the formation of
calcium silicate hydrate phases, mainly a stable form of tobermorite. In virtue of its porous
structure, AAC offers excellent thermal performance, which makes it a good insulating
material. Other interesting features are related to the lighter weight, the possible savings
in material and the potential for large-scale utilization of industrial by-products in the
manufacturing process. For these reasons, there is considerable interest from the building
sector to also exploit AAC as a structural material for the realization of masonry blocks for
bearing walls [12-21]. With respect to other systems (such as concrete blocks or red clay
bricks), the use of AAC bearing masonry for residential buildings can offer more energy
savings already without the application of additional insulation layers by decreasing the
cooling energy by 12% and the total energy consumption by about 7% [20,22]. This positive
behavior can be attributable to the fact that AAC masonry prevents thermal bridges, which
are often associated with conventional walls, and creates an airtight building envelope,
reducing air leakages. However, more importantly, the energy savings related to the use
of AAC masonry are strictly related to the added value of thermal mass and low thermal
conductivity of the raw material [20,23-25].

The reduction in thermal conductivity is basically achieved by reducing the dry
density of the material [26,27], but this leads to a simultaneous reduction in the compressive
strength and in the other mechanical properties of the material. For this reason, depending
on the final use of AAC blocks (i.e., load-bearing masonry in seismic or not seismic-prone
zones, claddings or internal partitions—without any bearing function), an “optimum”
value of dry density should be achieved during the production process to reach a good
compromise between thermal and mechanical performances [28]. Although this concept
seems quite obvious for load-bearing masonry elements, which should respect minimum
values of compressive strength according to design standards (e.g., [29] for the design in
the seismic-prone zone), it should be kept in mind also for infill masonry. It is indeed well
known that, in framed structures, the load-bearing function is entrusted to beams and
columns; however, the mechanical properties of masonry infill panels should be adequate
to avoid undesirable early failures. For this reason, a minimum compressive (and also
tensile) strength should be guaranteed in order to prevent local compression crushing
at the corners, as well as premature cracking of the wall [30]. Despite a large number of
studies available in the literature on the mechanical characterization of AAC blocks, only a
few of them [31-36] discuss the dependency of the mechanical properties from density by
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analyzing experimental results relative to the same production (i.e., referred to the same
raw materials and autoclaving conditions, which are known to be the intrinsic factors with
a stronger influence on AAC properties [37—-40]). Most published works are referred to
the characterization of a specific product (with a given density), and this makes it difficult
to put the available data together to derive a general trend because of the different raw
materials in the admixture and the different conditions followed for the thermal treatment.
Moreover, most of the available studies are mainly focused on compressive strength, while
other properties are not deeply investigated.

This work discusses the results of a wide experimental program carried out on AAC
masonry blocks characterized by four different densities, approximately ranging from
300 kg/m? to 580 kg/m3, which represent the most common values available on the Eu-
ropean market. The main material properties (compressive strength, flexural strength,
fracture energy, elastic modulus) were determined as a function of dry material density.
Special attention was also paid to the determination of fracture energy and to its variation
with density due to the limited experimental data available in the literature [39,41-44].
Despite being less investigated than the tensile strength, fracture energy is indeed an impor-
tant parameter that governs crack propagation and influences material ductility. For this
reason, it is required as an input parameter when performing finite element (FE) analyses
on AAC masonry for the calibration of a proper cohesive law for blocks. For a given density,
experimental tests were also repeated for different moisture contents to highlight the effect
of water content entrapped within pores on the mechanical properties. The effectiveness
of analytical relations given by RILEM Recommended Practice [28] and other expressions
available in the technical literature (i.e., [31,45—47]) was also verified. Comparisons high-
light some critical issues in the formulation of analytical relations with general applicability.
It was found that RILEM suggestions are appropriate for the considered AAC productions,
at least for densities greater than 400 kg/m?.

Finally, the variation in mechanical properties with density was also related to the
corresponding variation in thermal conductivity to find a sort of eco-mechanical index for
each investigated product [48].

2. Materials and Methods

In this study, AAC specimens were derived from commercially available masonry
blocks, with nominal dimensions equal to 600 x 250 x 300 mm. The blocks were di-
rectly provided by the manufacturer and were characterized by four different nominal
densities, indicated in the following as D1 = 300 & 50 kg/m?, D2 = 350 + 50 kg/m?,
D3 =480 + 50 kg/m3 and D4 = 580 + 50 kg/m?3. These blocks are those routinely used
in Italy and in most European countries for the realization of high insulating infills in
framed structures (D1 and D2 class) and of load-bearing masonry in non-seismic and
seismic-prone zones (D3 and D4 class), respectively. The typical raw materials used for all
the examined density classes were ordinary Portland cement, lime, gypsum, high quartz
sand as fine aggregate, and aluminum powder as blowing agent. The bulk density was
mainly changed by altering material porosity (basically artificial air pores), which was in
turn mainly controlled by the dosage of the expanding agent [40]. All AAC products were
autoclaved at 180 °C and cured at 12 bars pressure in the autoclave chamber for 11 h. This
treatment allowed to impart strength, dimensional stability and other properties to the
hardened final product, thanks to the formation of hydrothermally synthesized crystalline
calcium-silicate-hydrates.

A detailed literature survey shows that a general agreement about the size and shape
of specimens to be used for the mechanical characterization of AAC units has not been
reached yet. In previous work, the authors proved that different specimen sampling
might lead to a non-negligible change in strength values [42]. A general overview of the
performed tests and of the relevant standards and procedures adopted in this experimental
program is reported in Table 1. All the tests were repeated for the four examined density
classes, except for those related to the determination of the elastic modulus. The latter was
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indeed simply derived indirectly for all the considered cases by simply elaborating the
data coming from compression tests. More accurate results were obtained from specific
tests on core samples, which were, however, carried out for two density classes only (i.e.,
D1 for non-load bearing masonry and D3 for load-bearing ones). Compressive and flexural
tests, as well as fracture energy tests, were also replicated for a given density value (equal
to 350 kg/m?3, class D2) by varying the moisture content, to investigate the influence of
specimen curing before test execution. Moreover, the dependency of compressive strength
from preliminary treatments used for smoothening specimen surfaces was also studied, as
better explained in the following sections.

Table 1. Overview of the tests performed during the experimental campaign and relevant standards.

Test Standard

Bulk density EN 772-13:2002 @
Compressive strength EN 772-1:2015
Flexural strength (MOR) EN 1351:1997 €
Fracture energy JCI-5-001:2003 ¢
Elastic modulus Rilem Recommended Practice: 1993 €

a Gee [49]. P See [50]. © See [51]. 4 See [52]. © See [28].

2.1. Specimen Sampling

The sampling schemes adopted in this work are outlined in Figures 1 and 2. As can be
seen from Figure 1, 6 cubic samples and 3 prismatic samples were cut from the top, middle
and bottom of each AAC block by means of a diamond blade cutter. Three cubic samples
with an edge length of 100 mm were used for the determination of material bulk density,
while the other 3 twin specimens were destined for compression tests. Prismatic samples for
bending tests were characterized by a square basis with an edge length of 50 mm and had
a total span of 200 mm. For each investigated parameter (density class, moisture content,
surface treatment), the sampling was repeated on 6 blocks, according to Tables 2 and 3. In
some cases, additional cubes were realized and tested only in compression (12 x 3, instead
of 6 x 3) to evaluate the effect of samples’ numerousness on average strength values.
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Figure 1. Sampling scheme adopted for the determination of bulk density, compressive strength and flexural strength
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Figure 2. Sampling scheme adopted for fracture energy tests. Twin cubes were also extracted from each block for the

determination of bulk density and compressive strength (dimensions in mm).
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Table 2. Plan of compressive tests on AAC cubes.

Preliminary Surface

Density Class Moisture Content (%) Number of Specimens

Treatment

D1 6% None/sandpaper 6x3
0% None/sandpaper 12x 3

0% Surface grinding 6x3

0% Cardboard 6 x3

D2 6% None/sandpaper 12x 3
15% None/sandpaper 6 x3

20-30% ! None/sandpaper 6 x3

D3 6% None/sandpaper 6 x3
D4 6% None/sandpaper 6 x3

Total= 198

1 Moisture content at the delivery to the laboratory.

Table 3. Plan of bending and fracture energy tests on AAC prismatic samples.

Test Density Class Moisture Content (%) Preliminary Surface Num}) er of
Treatment Specimens
D1 6% None/sandpaper 6 x3
0% None/sandpaper 6x3
. 6% None/sandpaper 6 x3
Bending b2 15% None/ sandgager 6 x3
tests 20-30% None/sandpaper 6 x3
D3 6% None/sandpaper 6 x3
D4 6% None/sandpaper 6x3
Total= 126
D1 6% None/sandpaper 3x1
0% None/sandpaper 3x1
Fracture 6% None/sandpaper 3x1
energy b2 15% None/sandpaper 3x1
tests 20-30% ! None/sandpaper 3x1
D3 6% None/sandpaper 3x1
D4 6% None/sandpaper 3x1
Total= 21

! Moisture content at the delivery to the laboratory.

Regarding the determination of fracture energy, the reference method suggested
for AAC elements by RILEM recommendations [28] consists of wedge-splitting tests on
notched specimens. However, the execution of this type of test is quite complex and
requires a completely different setup with respect to that used for bending tests. According
to previous findings [42,44], three-point bending tests on notched beams, which represent
the standard method to determine fracture energy in the case of mortar and concrete, can
also be successfully extended to AAC. Therefore, in this work, it was decided to follow this
last approach and to use prismatic specimens with the same geometry as those tested in
bending. In order to reduce the number of tests, a different sampling scheme was adopted,
according to Figure 2. In this case, only one prismatic sample (together with two twin
cubes for the determination of density and compressive strength) was extracted from the
middle of each block for a total of 3 blocks for each investigated density class and moisture
content, as shown in Table 3.

Sampling operations were performed at the production plant; after their delivery at
the laboratory, all the specimens were preliminarily blown with compressed air to remove
dust (deriving from cutting operations) from the surfaces.

The elastic modulus in compression was measured on cores extracted at the laboratory
from the middle part of the blocks. A total of three cores with a diameter of 100 mm and a
height of 300 mm were extracted for the two examined density classes (D1 and D3).
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A general overview of the performed tests is provided in Tables 2 and 3. All the tests
were carried out at the Laboratory of Materials and Structures of the University of Parma.

2.2. Determination of Physical Parameters: Bulk Density and Moisture Content

As shown in Figures 1 and 2, bulk density was determined on cubic specimens.
Following [49], specimens were dried in a ventilated oven at the temperature of 105 + 5 °C
until a constant mass was attained. The constant mass condition was assumed to be reached
when there were no variations between two subsequent weightings, with no less than a
24 h interval. Bulk density was then derived from the ratio between the oven-dried mass
and the volume of the cubic sample. Moisture content was also evaluated as the ratio
between the loss of mass during drying and the corresponding oven-dried mass, expressed
as a percentage.

2.3. Compression Tests

Compression tests were organized into three main steps. The first part of the research
aimed at investigating the influence of bulk density on the compressive strength; for this
reason, all the specimens underwent the same surface treatment before testing and were
subjected to the same curing conditions. Parallelism and flatness requirements of cubic
samples were preliminarily checked, and in the case that they were not satisfied, sample
surfaces were simply smoothed with sandpaper (Figure 3a). Among the different curing
methods allowed by the applied standard code [50], conditioning to 6 £ 2% moisture
content was chosen herein. It should be reminded that AAC contains moisture from the
manufacturing process and that the moisture content of the blocks at the time of delivery to
the laboratory /building site usually ranges between 20 and 30% by weight. Conditioning
to 6% moisture content is an interesting possibility since it corresponds to the equilibrium
condition with the surrounding environment normally reached in external construction
after one or two years from building erection (this value may further decrease in time up
to about 3%, [53]). Moreover, unlike other allowable curing options, conditioning to 6%
moisture content does not require the application of a correction factor to the experimental
value of compressive strength. In order to achieve this moisture content, specimens were
preliminarily dried at a temperature not exceeding 50 °C until their mass was equal to the
dry mass multiplied by 1.06. The specimens were then stored at room temperature for at
least 5 h before testing.

(b)

Figure 3. Possible surface treatments analyzed in this work: (a) none/grinding with sandpaper; (b) wet surface grinding;

(c) thin cardboard layer between the specimen and the loading apparatus.

The second step of the work aimed at investigating the dependency of compressive
strength from moisture content by keeping other parameters fixed, which is preliminary sur-
face treatment (none/sandpaper, as explained before) and density class (D2 = 350 kg/m?).
In addition to the “reference” moisture value of 6%, the following moisture contents were
also studied: 0%, 15% and an upper limit equal to the moisture content of the samples at
the time of their delivery to the laboratory, which ranged between 20% and 30%. According
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to EN 772-1 [50], conditioning to the oven-dry condition (0% moisture content) can be
achieved by following two alternative procedures, characterized by different temperature
values during the preliminary thermal treatment. In this work, specimens were dried at
70 £ 5 °C to constant mass and then stored at ambient conditions until thermal equilibrium
was attained. Fifteen percent moisture content was instead achieved by following the same
thermal treatment already discussed for conditioning to 6% moisture content.

Finally, for a given density class (D2 = 350 kg/m?®) and a given moisture content
(0%), the dependency of compressive strength from surface treatment before testing was
also studied. To this aim, two additional methods were considered: wet surface grinding
(Figure 3b) and the interposition of a thin cardboard layer between the press platens
and the specimen surfaces during test execution (Figure 3c). This latter technique is not
permitted from EN 772-1 [50], but it may be a topic of interest among scholars because it
represents a quite common method adopted in research works to apply a uniform load
during compression tests.

All compression tests were carried out by using an Instron 5882 press working under
loading control. The loading rate was set equal to 0.05 MPa/s, which is a typical value for
masonry elements with an expected compressive strength lower than 10 MPa [50]. Loading
was applied perpendicular to the direction of the rise of the AAC green cake.

2.4. Bending Tests

Flexural tensile strength was experimentally determined from three-point bending
tests on prismatic samples; the geometry is shown in Figure 1. According to EN 1351,
Appendix A in [51], tests were carried out over a net span of 150 mm, and the load was
applied at a constant force-controlled rate of 10 N/s until failure. The test setup is shown
in Figure 4a. An Instron 8862 press was used to the scope.

(b)

Figure 4. General overview of the experimental setup: (a) bending tests; (b) fracture energy tests.

Similar to compression tests, the first set of bending tests was carried out on specimens
characterized by the same surface treatment (none/sandpaper) and the same moisture
content at the time of testing (6%) by only varying the density class. A second test series
was instead focused on the effect of moisture variation, keeping the surface treatment
(none/sandpaper) and the density class (D2) unchanged, as shown in Table 3.

2.5. Fracture Energy Tests

Due to the lack of specific rules for the determination of fracture energy in AAC
elements by means of three-point bending tests, the Japanese Standard JCI-S-001 [52],
which refers to standard concrete, was followed in this work. In this way, it was possible
to adopt the same setup already discussed for bending tests with two main changes: a
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notch was made in the central part of the bottom edge of each specimen to guide the
crack formation, and tests were carried out under Crack Mouth Opening Displacement
(CMOD) control instead of loading control, with a strain rate equal to 1 pm/min [42]. A clip
gauge was fixed to the mouth of the notch in order to control and measure crack opening
during the test. Specimens were also equipped with a Linear Variable Displacement
Transducer (LVDT) to record the evolution of midspan deflection  until specimen failure.
This LVDT was applied on a specific device fixed onto supports (Figure 4b). A sketch of
the experimental setup is shown in Figure 5a.

50 mm

": 15 mm

A

(=150 mm

A\

L =250 mm

(a) (b)

Figure 5. Fracture energy tests: (a) sketch of the specimen geometry and test setup; (b) DIC setup.

Digital Image Correlation (DIC) was used to complete measurement acquisition in
terms of displacements, strains and crack pattern (Figure 5b). As known, in recent years,
DIC has become a widespread technique for material characterization, above all when
the behavior is affected by cracking occurrence, as in cement-based matrices. In order to
apply this method, a speckle pattern (formed by randomly distributed black dots over
a white background) was first realized on one side of the specimen by means of spray-
painting. A high-resolution camera (Nikon D5100) placed on a stiff frame was used for
image acquisition at a constant time interval of 5 s. Image post-processing was performed
by means of software Ncorr [54], working under a Matlab environment. In this way, it was
possible to derive midspan deflection to be compared with that directly measured by LVDT.

The determination of fracture energy was carried out according to two different
approaches. First of all, the relation suggested by the applied standard JCI-S-001 [52] was

used:
0.75Wy + W4

Aug )

Gr,cmop =
where the first addend Wy represents the area below the load—-CMOD curve, properly
reduced by means of a correction factor 0.75 (which was derived for standard concrete
elements), the second addend W is the work performed by the specimen self-weight and
by the weight of the loading apparatus, and Aj;; indicates the area of the broken ligament
(equal to b x h*, where h* is the difference between the height of the specimen and that of
the notch). The applicability of this relation to AAC was checked by comparing its results
with those obtained through the application of the general fracture mechanics equation:

@

where Wy is the area under the load-midspan deflection curve, properly corrected by
taking into account the work performed by the self-weight and by the weight of the loading
jig. In detail, m = mj + 2my is the sum of the mass of the beam portion within the supports
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and that of the loading apparatus directly weighing down on it, g is the acceleration due to
gravity and 0 is the midspan deflection.

2.6. Elastic Modulus

The test setup up used for the determination of the elastic modulus in compression is
shown in Figure 6. Before testing, samples were dried at 50 £ 5 °C to constant mass and
then left at ambient conditions for at least 5 h. As for compressive tests, an Instron 5882
press working under loading control was used. Loading was applied perpendicularly to
the direction of the rise of the AAC green cake by following the time/loading diagram
suggested in RILEM Recommendations [28]. Samples were also equipped with 4 LVDTs,
according to the scheme shown in Figure 6.

(a) (b)

Figure 6. (a) Sketch and (b) general view of the test setup used for the determination of the elastic
modulus in compression (dimensions in mm).

According to RILEM Recommendations [28], the elastic modulus was determined as:

Cfafy
 ea—&p

Ec 3)
where f, = 0.33 f¢ cores; fp = 0.02 fc cores; fecores = F/ A’ (with F the maximum applied load
and A/’ the area of the loaded surface); and ¢, and ¢}, are the average values of the strains
measured by the 4 LVDTs recorded under the final loading cycle at f, and f;,, respectively.

3. Results and Discussion
3.1. Bulk Density

The experimental results of bulk density measurements are summarized in Table 4,
where they are compared with the nominal values provided by the manufacturer. A good
agreement was found for all density classes, and the coefficient of variation (CV, defined as
the ratio between the standard deviation and the average value) of the experimental data
was found to be always below 1%.
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Table 4. Comparison between experimental results and nominal values for density.
Density Class D1 D2 D3 D4
Nominal density (kg/m?) 300 £ 50 350 £ 50 480 £ 50 580 £ 50
Average experimental
density (kg/m®) 294.87 346.25 506.06 588.14
CV of experimental data (%) 0.7 0.8 0.2 0.5

3.2. Compressive Strength

The final crack pattern of AAC cubic specimens in compression is shown in Figure 7a.
The Figure is relative to specimens belonging to density class D4, but a similar crack pattern
was observed for all the other density classes. It can be seen that the failure mode of AAC is
different from that of ordinary concrete, with the presence of irregular cracks and without
a typical hourglass shape.

7
6 4
5.49+0.41
5 4
&4 4 H]3.94¢0.32
2
‘-‘48 3 T
f 2.51:0.14
2T £ 1.9320.09
1 4
0 : : :
0 200 400 600 800
p (kg/m?)
(b)

Figure 7. (a) Crack pattern at failure for specimens belonging to density class D4; (b) variation in compressive strength with

density for moisture content of ws = (6 &= 2)%. The figure also reports the average experimental value and the corresponding

standard deviation.

The variation of the compressive strength with density is reported in the form of a
boxplot in Figure 7b, with reference to a moisture content of the specimens equal to 6%.
For each density class, the average compressive strength and the corresponding standard
deviation of the measured values are clearly indicated. The upper and lower limits of the
box can be obtained by summing/subtracting the standard deviation to the mean value,
while the whiskers indicate the maximum and minimum experimental values. The larger
dispersion of the data referred to denser specimens is attributable to their not optimal
conditioning. These specimens were indeed tested during summer, and they experienced
a quicker and more pronounced drying of the external regions with respect to the inner
core. The same experimental results are also rearranged in a different graphic layout in
Figure 8a, where they are compared with some empirical relations [28,31,32] and with other
experimental data taken from the literature [12,27,55-57]. As can be seen, the compressive
strength increases with density due to the corresponding reduction in material porosity, but
the relation between the two variables is clearly nonlinear. Experimental values generally
lie within the range suggested by RILEM Recommended Practice [28], which is reported
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in red in Figure 8a, and their trend is also similar to that reported in [27]. Experimental
compressive strengths are higher than those predicted by the RILEM range only for density
class D1, as also found in [27,32]. When comparing the data measured in this study with
other available experimental results from the literature [12,55,56], a greater scatter can be
found. This tendency can be easily explained by taking into account the differences in raw
materials (such as the inclusion of waste in the admixture) and in autoclaving process. The
same graph also reports two analytical relations between compressive strength and density,
derived from Chen et al. [31] (Equation (4)) and by Argudo [32] (Equation (5)) based on the
results of their own experimental campaigns:

fee = 03208 p 00, 4)

fCC =385 P10% — 790 (5)

where p1gq, is the bulk density corresponding to a moisture content of 10%, assuming that
the ratio p1g9,/ Pdry iS equal to 1.1. In Equation (5), f. is expressed in psi, and p1ge, in pcf.
These further comparisons confirm that a general relation between compressive strength
and density cannot be found because the mechanical behavior of the material is strongly
affected by the production process. Each relation is, therefore, simply valid for the specific
product used for the calibration process. The range provided by RILEM has a general
validity instead, but the compressive strength variation corresponding to each density
value is quite wide, especially for denser materials.
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Figure 8. (a) Compressive strength vs. density: comparison between experimental results and other
data from the literature RILEM Range [28] Chen et al. [31] Argudo [32] Miccoli et al. [27] Petrov
et al. [55] Holt et al. [56] Song et al. [12]; (b) dimensionless compressive strength vs. moisture content
RILEM Range [28].

Figure 8b shows the experimental relation between the dimensionless compressive
strength (normalized with respect to f..(9,), corresponding to a moisture content of 6%) and
the moisture content at the time of testing for specimens belonging to density class D2. The
higher investigated moisture contents, which are referred to the condition of the specimens
at their delivery to the laboratory— ranging between 20 and 30%—are herein uniformed
and set equal to 30% for all the samples, to allow higher readability of the graph. The
general trend observed from the experimental tests is that compressive strength is higher
for lower moisture contents: passing from wg = 6% to wg = 0%, the increase in the average
compressive strength is almost equal to 8%, while passing from ws = 6% to ws = 15% and
30%, a decrease of about 2.5% and 5% can be registered, respectively. This trend is generally
well documented in the literature, and this is the reason why standard codes (such as [50])
introduce a correction factor equal to 0.8 if compression tests are performed on oven-dried
specimens, to take into account this increase in resistance passing from “wet state” to
“dry state”.
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However, the experimental increase in compressive strength in the region correspond-
ing to moisture contents lower than 6% is less pronounced if compared to that suggested by
RILEM Recommended Practice [28]. In fact, the average ratio fcc/f.c(6%) for dried specimens
is found to be equal to 1.09, while the lower bound of the RILEM interval corresponds
to fec(oo) / fec(e%) = 1.27. Consequently, based on the experimental results, the correction
factor suggested by the standards (equal to 1/1.27 = 0.80 instead of 1/1.09 = 0.92) seems
quite punitive and could probably be slightly modified. For moisture contents higher than
6%, the experimental compressive strength variation is almost superimposed with the
RILEM range.

Finally, the influence of preliminary surface treatment on compressive strength is
shown in Figure 9a, with reference to oven-dried specimens belonging to density class D2.
The presence of a thin cardboard layer between the steel platens of the loading press and
the specimen allowed the reaching of an average compressive strength 3.7% higher with
respect to specimens without any surface treatment or smoothened with sandpaper, while
showing a similar scattering (CV = 0.05 and 0.04, respectively). The use of wet surface
grinding instead provided a strength increment of about 7% by reducing at the same time
the scatter in the experimental measures (CV = 0.02).

3.5 1000
a
33+ @ (b
750 1 604 (0.09)
T 484 (0.14, 3
= E2.9lt0.07 = -14)
[ 2.82+0.14 By <
2287 2.72:0.12 S 500 1 61000 7 *
< = o %
245 (0.14) g
25 T o
250 4 v
23 + . ® Experimental
2.0 ! } I 0
None/sandpaper ~ Grinding ~ Cardboard 200 300 400 500 600 700 800
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Figure 9. (a) Dependency of the compressive strength from surface treatment (for specimens belong-
ing to D2 density class, with wg = 0%), and an indication of the corresponding average compressive
strength and standard deviation; (b) experimental relation between elastic modulus (as derived from
compression tests) and density. In this case, the average value and the coefficient of variation in the
measured data (in brackets) are reported for each density class.

The experimental data collected during the experimental tests were also elaborated
to determine the corresponding elastic modulus as the slope of the linear branch of the
load—displacement curve in compression. Since cubic specimens were not instrumented,
the displacements were assumed equal to those of the loading platens. The obtained values
are reported in Figure 9b as a function of material density. It can be seen that this method
cannot provide a reasonable estimate of the elastic modulus (that is clearly too low) since
higher deformability was found due to the initial movements between the press platens
and the specimen. For this reason, it was decided to carry out specific tests (i.e., static
elastic modulus tests) for the determination of this parameter, as discussed in the following
sections.

3.3. Flexural Tensile Strength

The final crack pattern of AAC cubic specimen in bending, characterized by the
presence of an almost sub-vertical crack near the midspan, is shown in Figure 10a for the
tested specimens belonging to density class D1. It is worth noting that a similar crack
pattern was observed for all the specimens, independently from their densities. Flexural
tensile strength (modulus of rupture MOR) values are plotted as a function of density in
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Figure 10b. As can be seen, in this case, the relation between the two variables is almost
linear.

2.0 .
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Figure 10. (a) Crack pattern at failure for specimens belonging to density class D1; (b) variation of
flexural tensile strength with density, for a moisture content wg = (6 & 2)%, with indication of average
value and the coefficient of variation in the measured data (in brackets).

However, in current practice, flexural strength is more often expressed as a function
of the compressive strength rather than of the density. For this reason, the experimental
relation between the two variables is plotted in Figure 11a, together with some analytical ex-
pressions taken from the literature. The relation suggested by Chen et al. (Equation (6), [31])
and by Argudo (Equation (7), [32]) are herein reported for reading convenience:

foon = 0.15fc (6)

fct,ﬂ =438 V fcc (PSi) (7)
as well as the linear relation suggested by RILEM [28]:

fooq = 027 4021 fee. )

1.8 - - - - - - 1.0

(b)
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Figure 11. (a) Flexural strength vs. compressive strength for a moisture content ws = (6 + 2)%
RILEM [28] Argudo [32] Chen et al. [31]; (b) flexural strength vs. moisture content for density
class D2.

It can be seen that RILEM relation provides a very good fit of the experimental results,
also in virtue of the fact that it was calibrated on the basis of the same experimental setup
(three-point bending test) and the same shear span to specimen depth ratio (equal to 1.5)
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used in the experimental campaign described in this work. The ratio between the mean
value of flexural tensile strength f g and the corresponding compressive strength f.. is
equal to 0.34, 0.31, 0.29 and 0.26 for a density class equal to D1, D2, D3 and D4, respectively.
These results are quite in agreement with the findings of [28,37], where it was found that
the ratio between direct tensile strength (that is generally lower than flexural strength) and
compressive strength ranges between 0.15 and 0.35. Based on previous findings of the
authors [42], the ratio between direct tensile strength and flexural tensile strength can be
approximately assumed equal to 0.9.

Finally, Figure 11b shows the variation in flexural strength with moisture content,
with reference to specimens belonging to D2 density class. As for compressive strength,
flexural strength decreases with increasing moisture content. Passing from ws = 6% (our
reference value) to wg = 0%, there is an increase in strength almost equal to 2.6%, while
passing from wg = 6% to ws = 15%, a decrease of about 7% is registered. For moisture
contents greater than 15%, the flexural strength remains instead almost constant. The ratio
between f. 1 (6o, fct a1 (0%) i quite similar to the corresponding ratio fe. 6%/ fec (0%), being
equal to 0.97.

3.4. Fracture Energy

To the knowledge of the authors, a complete study reporting the variation of fracture
energy with density and moisture content is not available in the literature, despite the
importance of this mechanical parameter in describing the post-cracking behavior of the
material. Based on the few available experimental data [39,41,42,44,58], it is generally
recognized that AAC is a softening material and that the fictitious crack model used to
describe the fracture process in standard concrete can also be successfully extended to the
case of AAC. Material ductility can be in turn evaluated as a function of fracture energy by

defining the characteristic length:
EGg
ln = ——
fet

according to [28,41,44], with being E the elastic modulus and f. the direct tensile strength.
Lower values of the characteristic length are associated with reduced resistance to cracking
and a more brittle behavior.

As discussed in Section 2.5, in this work, fracture energy is determined following two
distinct approaches, which is the one suggested by the Japanese Standard [52] based on
the complete load—crack mouth opening displacement curve (Figure 12a), and the general
fracture mechanics approach based on the load—-midspan deflection curve. In this last case,
the displacement values measured by means of LVDT and DIC are used and compared
to each other (Figure 12b). The experimental results reveal that the correction factor 0.75
suggested by the Japanese Standard [52] for standard concrete to reduce the area under
the load-CMOD curve can be successfully extended also to AAC. The obtained results are
indeed very similar to those calculated according to Equation (2) and based on midspan
deflection measurements (see Figure 12b). The experimental relation between fracture
energy (calculated according to Equation (1)) and material density is found to be almost
linear, as depicted in Figure 13a. For higher densities, the obtained values are similar to the
average fracture energy determined in [42] within a previous experimental campaign for
AAC specimens with p = 550 kg/m?. From Figure 13b, it can also be argued that fracture
properties of AAC at room temperature are not significantly affected by moisture content,
as also evidenced in [44].

©)
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Figure 12. (a) Experimental load-CMOD curves for the 3 specimens belonging to density class D1; (b) comparison between
load—-CMOD curve and load-midspan deflection curves (from LVDT and DIC) for specimen D1-3. The reported Gg values
are calculated according Equations (1) and (2).
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Figure 13. (a) Experimental relation between fracture energy (calculated according to Equation (1)) and material density [16];

(b) fracture energy vs. moisture content for specimens belonging to D2 density class.

3.5. Static Modulus of Elasticity

The experimental values of the elastic modulus in compression determined on AAC
cores belonging to density classes D1 and D3 are summarized in Figure 14. The experimen-
tal values, obtained according to the procedure discussed in Section 2.6, are compared with
the range of variation suggested in RILEM Recommended Practice [28], and with some
analytical relation suggested in the literature [31,32], generally based on a linear regression
analysis of experimental data.
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Figure 14. Experimental relation between (a) elastic modulus vs. material density RILEM Range [28]; (b) elastic modulus

vs. compressive strength as determined on cores for specimens belonging to D1 and D3 density classes Chen et al. [31]

Argudo [32].

The RILEM range, depicted in red in Figure 14a, is expressed through the following
equation:
E = (=520 +4.7p) + 500N /mm?, (10)

while the analytical relations plotted in Figure 14b are taken from the work of Chen
et al. [31] (dotted line, Equation (11); grey triangles, Equation (12)):

E = 0.35fy +0.5, (11)
E = 0.065 pl, {0y, (12)

and by the work of Argudo [32] (purple cross, Equation (13)):
E = 6500 £ (in psi), (13)

where fp, is the compressive strength measured on prisms or cores.

Comparisons highlight a reasonable fit between experimental data and all the reported
analytical relations and represent further evidence that the elastic modulus should be
determined based on dedicated tests, while it cannot be simply derived from standard
compression tests on cubes, as already discussed in Section 3.2.

3.6. Thermal Conductivity

It is worth noticing that the balance between mechanical performances and environ-
mental features of a given material can be expressed in terms of a synthetic indicator,
known as “eco-mechanical index” (i.e., [48,59-61]). As for standard concrete, the me-
chanical performances of AAC can be expressed in terms of its compressive strength.
Environmental performances can be referred to a variety of indicators related to natural
resources depletion, greenhouse effect and energy consumption, etc., whose values can
be deduced from Life-Cycle Assessment (LCA) studies. With respect to standard con-
crete, AAC building solutions are characterized by similar values of embodied energy
and greenhouse emissions based on weight, but these values are significantly lower (from
one-quarter to one-fifth) if they are referred to material volume, thanks to its low density.
However, one of the most interesting environmental features of AAC as a building material
is its thermal insulation potential, which allows a significant reduction in greenhouse
emissions and energy consumption related to heating and cooling during the building life.
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Based on this observation, a possible indicator of the environmental performance of AAC
can be represented by its thermal conductivity. This parameter seems more interesting
with respect to thermal transmittance (that also involves additional considerations on wall
thickness and stratigraphy) since it represents a material property. Thermal conductivity is
strictly related to the porosity (and consequently to the density), while it seems to be much
less affected by material composition (in terms of raw materials) and autoclaving process
(e.g., [62]). Figure 15a shows the comparison between some experimental data available
from the literature and the thermal conductivity at the dry state of the analyzed blocks
declared by the producer, determined according to EN 12667 [63] by means of the guarded
hot plate method. This graph highlights that thermal conductivity varies almost linearly
with material density and that the scatter of data coming from different experimental cam-
paigns [27,62,64,65] is very small if compared to those data found, as shown in Figure 8a
for the compressive strength. For the investigated products, the ratio between thermal
conductivity to average experimental compressive strength ratio decreases almost linearly
with increasing densities, ranging between 0.036 and 0.024, as plotted in Figure 15b.
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Figure 15. (a) Thermal conductivity vs. density: comparison among the data from different experimental programs Miccoli

et al. [27] Jerman el al. [62] Walezac et al. [64] Yang et al. [65]; (b) Thermal conductivity to average compressive strength

ratio vs. density for the 4 examined AAC products.

Eco-mechanical indexes are usually expressed in the form:

MI
EMI = — 14
i (14)
where MI and EI are the mechanical and ecological indexes, respectively. By assuming
MI = f.. and EI = A, it can be seen that EMI ranges from 0.14 to 0.20, 0.43 and 0.71 for
density classes D1, D2, D3 and D4 analyzed in this study, respectively. This data can be
interpolated through the linear equation:

EMI = 0.0483 p +13.76 (15)

where R? = 0.97. As already stated, the main strategy applied by AAC producers to reduce
the thermal conductivity of the blocks is to reduce their density (basically acting on air pore
volume, [66]), but this is in turn followed by a reduction in their compressive strength. This
is an undesirable effect not only for load-bearing blocks but also for elements destined to
the realization of cladding and infills since they become more prone to cracking also under
service conditions, compromising the durability of the structure. The eco-mechanical index
defined in Equation (14) can be used as a quick indicator to compare the performances
of different AAC products belonging to a similar density class during their use phase to
choose the most “efficient” product with respect to social and environmental issues (that
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is safety and energy efficiency). The challenge for researchers and producers would be to
increase EMI by altering material porosity without significantly modifying the density. This
result can be achieved, for example, by substituting part of the aggregate with fibers [67], or
by simply using finer quartz sand and adapting the binder content to reduce the amount of
residual quartz in AAC and to obtain a more homogeneous pore distribution [26]. Another
possible strategy would be to make some changes to the admixture in order to increase
the strength of the skeleton part. Further studies on this topic would certainly fasten the
process towards the realization of NZEB buildings and the consequent reduction in the
environmental impact of urbanization.

4. Conclusions

The increasing need to incorporate ethical aspects into the construction sector is
progressively forcing the involved operators to a great change in traditional design and
production approaches, passing from “old” systems merely facing mechanical issues
(safety) to new systems that also incorporate environmental issues (sustainability). Within
this context, modern concrete masonry blocks should ensure at the same time minimum
strength requirements, together with improved thermal properties to allow a reduction
in energy consumption, especially during the service life of the building. In autoclaved
aerated concrete blocks, this delicate equilibrium is mainly governed by material density.
This study discusses the results of a deep experimental program on the dependence of the
main mechanical properties (compressive and flexural strength, fracture energy, elastic
modulus) and of the thermal conductivity from material density by considering four
different density classes approximately ranging from 300 kg/m? to 580 kg/m>. The main
findings of the study are recalled in the following:

e  All the investigated properties, which are flexural tensile strength, fracture energy,
elastic modulus and thermal conductivity, exhibit an almost linear dependency from
density. For compressive strength, an exponential relation with density seems instead
more reasonable;

e  For a given density class, compressive strength values are quite dispersed since they
are influenced by several intrinsic and extrinsic factors, such as the type and amount
of raw materials, the autoclaving treatment and specimens’ shape and dimensions.
Even for a given product and a given specimen typology, the results are affected
by the moisture content at the time of testing, as well as by the curing treatment
before test execution. For these reasons, a relation between compressive strength and
density with wide applicability can hardly be proposed. The broad range suggested by
RILEM [28] confirms its validity, even if it should be revised for lower density values
since the improvements in the production process progressively led to an increase in
the compressive strength in time;

e  Flexural tensile strength and elastic modulus show an almost linear trend with com-
pressive strength and can be quite accurately predicted by using the analytical relations
available in the literature.

The relation between fracture energy and density has been hardly studied so far; for
this reason, the experimental results reported in this study can represent a useful tool for
studying cracking propagation in AAC masonry, especially through FE analyses.

Environmental performances of AAC can be synthetized in terms of its thermal con-
ductivity. Until now, this property was mainly reduced acting on material density (basically
increasing air pore volume), but this, in turn, causes a reduction in the compressive strength.
By assuming that the ratio between the compressive strength and the thermal conduc-
tivity can represent a sort of eco-mechanical index for AAC, further research is needed
to increment this value for a given density class, through targeted modifications of the
pore structure/distribution in the material or the strength of the skeleton material, without
changing the amount of expansion agent.
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