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A B S T R A C T   

The paper investigates cracking development in Autoclaved Aerated Concrete (AAC) elements, and clarifies the 
effect of density and porosity on material mechanical properties. To this purpose, 4 material densities are 
analyzed, ranging from 300 kg/m3 to 580 kg/m3, corresponding to a compressive strength interval approxi
mately ranging from 1.90 MPa to 5.50 MPa. Fracture mechanics of AAC is analyzed by carrying out three-point 
bending tests on notched beams, similar to those commonly used for normal concrete elements. In these tests, the 
onset and development of crack pattern is studied by means of Digital Image Correlation technique. An almost 
linear dependence of fracture energy from density (and consequently from strength) is derived based on test 
results. Experimental results are used to calibrate a bi-linear cohesive law, whose parameters vary with material 
density, so allowing to differentiate fracture properties for structural (high density) and non-structural (low 
density) AAC elements in finite element analyses. The cohesive law parameters are calibrated by exploiting a 
neural network algorithm and interfacing MatLab with ABAQUS Finite Element package. The curves obtained for 
the 4 investigated densities, normalized with respect to material tensile strength, are almost superimposed on 
each other as if the stresses were scaled with porosity. The displacements corresponding to the knee of the curve 
are nearly coincident, independently from material density. The good agreement between experimental and 
numerical results proves the reliability of the proposed approach.   

1. Introduction 

Autoclaved Aerated Concrete (AAC) is a porous lightweight material 
that offers interesting heat insulation properties combined with good 
mechanical performances [1–5]. This combination of thermal and 
structural efficiency makes AAC an attractive choice for the building 
industry, also by virtue of the growing interest shown by public opinion 
with regard to the problem of global warming and the need to cut carbon 
dioxide emissions [6]. The use of AAC for the realization of load-bearing 
walls and/or for infills in framed structures reduces indeed the need for 
additional insulation products, with consequent advantages in terms of 
stability, construction costs and environmental impact [7–9]. Moreover, 
the thermal efficiency of AAC products sharply reduces the need for 
space heating and cooling, with a consequent noticeable reduction of 
energy consumption in residential and industrial buildings [5,10–12]. 

One of the main drawbacks of AAC is its inherent brittleness, which 
makes it prone to cracking under both static and dynamic loads [13–15]. 
As for ordinary concrete, fracture toughness of AAC can be improved 

through the addition of fibers; however, their application is still limited 
due to the following twofold reasons: 1) only some types of fibers are 
suitable for the production process of AAC; 2) fiber addition often causes 
an undesirable reduction of thermal insulation performances 
[14,16,17]. As a consequence, the knowledge of fracture mechanics 
parameters becomes relevant to quantify material brittleness for 
improving its properties, as well as to perform reliable numerical sim
ulations of damage evolution in plain AAC elements and structures [18]. 
For quasi-brittle materials like concrete and AAC, it is generally recog
nized the validity of the fictitious crack model introduced by Hillerborg 
and others [19], on the basis of the cohesive crack model firstly pro
posed by Barenblatt [20] and then improved by Rice [21]. Hillerborg’s 
model assumes that the fracture zone can be treated as a fictitious crack 
able to transfer stresses to a certain extent, in relation to crack opening 
(i.e., when crack opening becomes too large, stresses are no longer 
transmitted). To describe the stress transmission across the fictitious 
crack, a cohesive law should be therefore introduced, representing the 
behavior of the material softened by microcracking. The cohesive law is 
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generally provided in the form of a stress vs. crack opening displacement 
relation, and its definition requires the knowledge of some main mate
rial properties, like the tensile strength ft and the fracture energy GF, 
which can be intended as the area under the σ– w curve. The knowledge 
of cohesive law parameters is the key to perform reliable Nonlinear 
Finite Element (FE) simulation on the investigated material. 

With respect to other mechanical properties, fracture mechanics 
parameters of AAC have been so far less investigated in the literature 
[22–26]. Experimental data on direct tensile strength are usually hardly 
available due to the difficulties in test execution, which are mainly 
connected to the possible cracking of the specimen at grips [27]. For this 
reason, similarly to standard concrete, also for AAC splitting tensile tests 
or Three-Point Bending (TPB) tests are routinely performed by re
searchers to provide an estimate of material tensile strength (i.e., among 
others, [26,28–30]). From these tests, it is also possible to indirectly 
derive direct tensile strength, by means of ESPI technique and inverse 
Finite Element (FE) analysis, as discussed in Ferretti et al. [26]. How
ever, it should be observed that the strength of AAC significantly de
pends on the viscousness, as well as on the shape and size of the samples, 
as discussed in [31]. As regards fracture energy, RILEM recommenda
tion AAC 13.1 [32] suggests the execution of wedge-splitting tests, 
which consist in pressing two wedges symmetrically in order to split the 
specimen into two halves. However, the test setup discussed in [32] has 
some drawbacks and for this reason some alternatives can be found in 
the literature [25]. One of the main modifications to the test setup 
consists in placing the specimen over two symmetric line supports, 
instead of only one-line support in the center, so to avoid a multiaxial 
stress distribution at the end of the crack path, which affects the cohe
sive law. When performing wedge-splitting tests, the splitting force is 
first calculated starting from the applied vertical load and the wedge 
angle, and then the fracture energy GF is determined as the area under 
the splitting force − Crack Mouth Opening Displacement (CMOD) curve, 
divided by the ligament area Alig [25]. Another common experimental 
procedure to determine fracture energy in cementitious materials is 
represented by TPB tests on notched beams [33,34], which are easier to 
be controlled thanks to their simpler setup. Previous studies (e.g. [35]) 
have proved that, irrespective of the specimen shape, identical GF values 
can be obtained from TPB tests and wedge-splitting ones, providing that 
the ligament length and the cementitious material are the same. For this 
reason, Three-Point-Bending (TPB) tests on notched specimens under 
CMOD control have been successfully extended also to AAC specimens, 
as discussed in [26,30]. In this case, the fracture energy GF can be 
determined by calculating either the area under the load - CMOD curve 
(by introducing a correction factor equal to 0.75, [34]), or the area 
under the load-midspan deflection curve, if the latter is measured during 
the test by means of a Linear Variable Displacement Transducer (LVDT) 
or through non-contact methods, such as the Digital Image Correlation 
(DIC) technique. In both cases, it is necessary to divide the above
mentioned areas by the ligament area Alig. 

So far, the available works in the literature on this topic are quite 
limited, and, to the Authors’ knowledge, published studies on the vari
ation of the cohesive law with material density and compressive strength 
- which is correlated to the density - are still missing. For this reason, the 
present paper experimentally investigates the dependency of fracture 
energy from density and porous structure of AAC, by analyzing four AAC 
density classes (corresponding to a compressive strength interval 
approximately ranging from 1.90 MPa to 5.50 MPa), and the obtained 
results are then elaborated to calibrate cohesive law parameters, so to 
clarify their possible dependence from material density and strength. 
This allows to provide reliable data to be used in FE simulations not only 
for load-bearing masonry (with higher densities), but also for lower 
density products (such as infills and cladding), through a differentiation 
of fracture properties for AAC used in structural and non-structural 
applications. To achieve this goal, TPB tests on both un-notched and 
notched specimens belonging to 4 different density grades (ranging from 
300 to 580 kg/m3) were first performed to determine flexural tensile 

strength and fracture energy. Knowing that the mechanical parameters 
of quasi-brittle materials depend on the specimen size (so-called size- 
effect, [36]), the specimen dimensions were chosen according to the 
specifications of the relevant Standards. The dependency of material 
microstructure, as well as of total pore volume and pore distribution 
from density was investigated through X-Ray Diffraction (XRD) analysis, 
image analysis on thin sections and mercury intrusion porosimetry 
(MIP), respectively. Experimental results were finally analyzed and used 
for the calibration of a bi-linear cohesive law for AAC by adopting a 
neural network algorithm and interfacing Matlab code [37,38] with 
ABAQUS FE package [39]. 

2. Materials and methods 

All the specimens were obtained from commercially available AAC 
blocks belonging to four density grades, i.e. ρ = 300, 350, 480, and 580 
kg/m3, respectively indicated as D1, D2, D3 and D4 in the next Sections. 
The blocks were produced in Italy at the production plant of the 
Manufacturer starting from the following raw materials: cement, lime, 
water, gypsum, siliceous sand, and a variable amount of aluminum as 
expanding agent (the quantity of aluminum was indeed varied to obtain 
different densities of the final product). Autoclaving of AAC green cake 
lasted approximately 11 h and was carried out with a system working at 
high temperature and pressure (about 180 ◦C and 12 bars). After the 
production process, the blocks (with dimensions equal to 600 × 250 ×
300 mm3) were directly cut at the production plant, and the specimens 
were then sent to the Laboratory of Materials and Structures of the 
University of Parma (Department of Engineering and Architecture) for 
the execution of material characterization tests. The adopted sampling 
scheme is deeper discussed in [4]. Shortly, from a single block, 3 + 3 
twin cubes with 100 mm side were extracted to determine compressive 
strength and oven-dry density, together with 3 prismatic samples, hav
ing dimensions of 50 mm × 50 mm × 200 mm, for the determination of 
flexural tensile strength (series 1). From another twin block, one more 
prismatic sample with dimensions 50 mm × 50 mm × 200 mm was 
extracted to determine fracture energy, together with two cubes with 
100 mm side for the control of compressive strength and oven-dry 
density; in this case all the specimens were only cut from the central 
part of the block (series 2). A general view of the adopted sampling 
scheme is shown in Fig. 1. For both series 1 and 2, this sampling scheme 
was repeated on 6 blocks for each investigated density. According to the 
European Standards EN 772–1 and EN1351 [40,41], before testing 
specimens were preliminary dried in a ventilated oven until the reaching 
of 6 ± 2% moisture content. After the execution of mechanical tests, one 
specimen for each density grade was sent to the Laboratory of the 
Department of Chemistry, Life Sciences and Environmental Sustain
ability of the University of Parma, to extract thin sections dedicated to 
image analysis and MIP, and powders for XRD. 

2.1. Microstructural characterization and analysis of the porous structure 
of AAC 

2.1.1. Mineralogical characterization via XRD analysis 
Mineralogical analyses of AAC were performed with X-ray powder 

diffraction technique applied to sample powders. Before the analyses, 
AAC samples having different densities were oven-dried at 40 ◦C for two 
days, and subsequently small sample amounts (~0.5 g) were crushed 
into a jade mortar to reach an average grain size < 63 µm. Sample grain 
size reduction by milling is needed to avoid any diffraction and scat
tering of incident radiation during X-ray analysis due to the presence of 
coarse particles. Fine-grained powders were analyzed with a Bruker D2 
PHASER X-ray diffractometer. Measurements of intensity peaks were 
performed at electric current values of 30 kV and 10 mA, adopting a 
CuKα radiation with a wavelength of 1.54060 Å. A 2θ scattering angle 
interval spanning from 6◦ to 60◦ was covered with progressive incre
mental steps of 0.02◦ at a constant counting time of 2 s for each step. 
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2.1.2. Bulk porosity estimation through 2D image analysis 
AAC samples were cut to obtain petrographic thin section (~30 µm- 

thick), which were subsequently manually polished with a fine-grained 
(~1 µm) corundum abrasive powder. Before being cut, all samples were 
impregnated in Araldite epoxy resin to facilitate precise cutting due to 
the high fragility of AAC specimens. The epoxy resin was mixed with a 
blue dye to ease porosity recognition and calculation. High-resolution 
scans of whole thin section area were acquired with a Nikon Super
Cool Scan 5000. For each AAC sample, a total of 10 detail photomi
crographs under 12.5 × magnification was acquired with a Zeiss 
Axioplan 2 petrographic microscope, equipped with a Leica MC 170 HD 
high-resolution camera. Image resolution was kept constant at 2592 ×
1944 px. Acquired images were processed with ImageJ open-source 
image analysis software, to remove noise, outlier color pixel, and to 
slightly enhance the color contrast between pores and matrix. Blue-dyed 
pores with equivalent diameters > 200 µm were detected using semi- 
automatic color threshold identification technique. Manual correction 
of automatically traced pores was needed to increase the precision in 
identifying the correct pore boundary. Bulk porosity, mainly imparted 
by relatively coarse pores (>200 µm in diameter) was calculated by the 
ratio of the area associated to pores and the total area of the image. 
Results concerning bulk porosity of each AAC specimen are provided as 
an average value gained from 10 images, with the associated standard 
deviation. 

2.1.3. Pore size distribution via mercury intrusion porosimetry (MIP) 
Pore size distribution was obtained through mercury intrusion 

porosimetry, using a PoreMaster 33 porosimeter (Quantachrome In
struments). Before measurements, all 4 samples were dried at the 
controlled temperature of 40 ◦C for two days, and then small sample 
amounts (0.1–0.2 g) were carefully cut and analyzed. The instrument 
was equipped with a 1.0 × 3.0 cm analysis cell and the mercury pressure 
varied in the 0.5–33000 psi range. The porosimeter pore size analytical 
range was comprised between 0.0064–250 µm, with mercury contact 
angle equal to 140◦ and a mercury tension surface of 0.48 N/m. 
Porosimetry via mercury intrusion technique calculates the volume of 
mercury penetrating the sample at increasing applied hydraulic pres
sure. At low mercury pressure, only coarse pores are reached, while at 
higher pressure values, finer pores are properly measured. Following 
this, the total mercury intruded volume can be interpreted in terms of 
pore size distribution using the Washburn’s equation [42]: 

R =
2γ cosθ

p
(1)  

where R stands for the pore-throat radius that can be measured by the 
injected mercury, γ is the tension surface of liquid mercury, θ is the 
contact angle between mercury and the analyzed material and p is the 
applied hydraulic pressure. 

2.2. Mechanical characterization of AAC specimens 

Oven-dry density was determined according to EN 772-13 [43]. 
Cubic samples were dried in a ventilated oven at a temperature of 105 ±
5 ◦C until the reaching of constant mass. Oven-dry density was then 
calculated as the ratio between the oven-dried mass and the cube 
volume. 

Compression tests were carried out following EN 772-1 [40], by 
using an Instron 5882 universal testing machine working with a loading 
rate of 0.05 MPa/s. Compressive strength was calculated as the ratio 
between the ultimate load and the area of the loaded surface. 

For series 1, both compressive strength and oven-dry density of a 
single sample were calculated as the average value of three cubes, ac
cording to the sampling scheme reported in Fig. 1a, while for series 2, 
they were simply determined on a single cube according to Fig. 1b. For 
series 1 and 2, the mean values referred to a specific density grade were 
calculated as the average of 6 samples and 3 samples, respectively. 

Flexural tests on un-notched beams were performed according to 
[41] by using an Instron 8862 universal testing machine working with a 
loading rate of 10 N/s. A TPB scheme was adopted, over a net span of 
150 mm. Flexural tensile strength was then calculated as: 

ft,fl =
1.5 Pℓ
bfr h2

fr
(2)  

where P is the failure load, ℓ is the net span, bfr and hfr are the specimen 
dimensions in correspondence of the cracked section. The flexural ten
sile strength of each sample was calculated as the average of three 
prisms according to the sampling scheme of Fig. 1a, while the average 
flexural tensile strength for each density grade was the average of 6 
samples. As already stated, before executing compression and flexural 
tests, the specimens were conditioned at a moisture content equal to 6 ±
2%, according to the relevant Standards [40,41]. 

Fig. 1. General view of the adopted sampling scheme: (a) series 1, (b) series 2.  
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The complete description of the followed test procedures is presented 
in [4], to which reference is made. 

2.3. Experimental determination of fracture energy: three-point bending 
tests 

Fracture energy was determined according to [34]. The same spec
imen geometry and loading arrangement adopted for flexural tests was 
used, but in this case a notch was cut in the central part of the specimen, 
with a notch depth approximately equal to 0.3 times the beam depth. A 
clip-gauge was fixed to the mouth of the notch and the tests were per
formed under CMOD control (Fig. 2), with a strain rate of 1 μm/min. 
Three beams were tested for each density grade, and all the samples 
were preliminarily conditioned at a moisture content of 6 ± 2% before 
testing. The evolution of midspan deflection with increasing loading was 
monitored through DIC technique, by continuously acquiring images of 
the specimen during the test, at a constant time interval of 5 s. For image 
acquisition, a Nikon D5100 camera placed on a stiff frame was used. One 
side of the specimen was preliminarily spray-painted, so to realize a 
speckle pattern formed by randomly distributed black dots over a white 
background (Fig. 2a, b), and was illuminated during test execution by 
means of a professional lamp. Displacement and strain fields were then 
obtained by using the software Ncorr [44]. The ratio of specimen height 
to the corresponding number of pixels was approximately 0.29 mm/px. 
Before analysing the images, the effect of subset radius and subset 
spacing on the standard deviation of the displacements was investigated 
according to [45,46]. The analysis revealed an optimal subset radius of 
50 px and a subset spacing of 5 px. Strains were calculated by interpo
lating the displacements with a plane using a strain radius of 3 px. To 
verify the effectiveness of the followed procedure, the specimens were 
also equipped with a LVDT, mounted on the opposite side (not subjected 
to DIC), on a specific device fixed onto supports. 

Fracture energy was then calculated by following the two different 
approaches presented in the Introduction, i.e. based on the area under 
the load-CMOD curve (approach 1, Eq. (3)), and based on the area under 
the load-midspan deflection curve (approach 2, Eq. (4)). In the first case, 
the following relation [34] was adopted: 

GF, CMOD =
0.75 W0 + W1

Alig
(3)  

with the following meaning of symbols: W0 is the area below load- 
CMOD curve up to specimen failure, W1 is the work done by the spec
imen deadweight and by that of the loading apparatus, and Alig the 
ligament area (equal to b × h*, where h* is the difference between the 
height of the specimen and that of the notch). For sake of clarity, sym
bols are also shown in Fig. 2c, d. 

Based on approach 2, fracture energy was instead calculated as [47]: 

GF =
W̃0 + mgδ0

Alig
(4)  

with the following meaning of symbols: W̃0 is the area under the load- 
midspan deflection curve; m = m1 + 2 m2 is the sum of the mass of 
the beam portion within the supports and that of the loading apparatus 
directly weighting down on it; g is the acceleration due to gravity; and 
δ0 is the midspan deflection at the instant when P = 0 and the beam 
breaks into two parts. A view of the fractured specimen is shown in 
Fig. 2b. It can be seen that fracture surfaces are almost plane, even if 
crack propagation is influenced by pore distribution within the material. 

Fig. 2. (a) Test setup for the determination of fracture energy (dimensions in mm); (b) fractured specimen; sketch of the procedure followed to determine fracture 
energy according to approaches 1 (c) and 2 (d). 
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3. Results and discussion 

3.1. Relation between porous structure and density 

3.1.1. Mineralogical composition of AAC samples 
As can be expected, all the four tested AAC samples D1-D4 showed 

almost equal X ray diffraction patterns despite their different density, 
with the same peaks (at same 2θ angles) and slight differences in count 
intensity (peak height), as shown in Fig. 3a. Detailed semi-quantitative 
analysis was carried out on D3 sample (with nominal density 480 ± 50 
kg/m3) to unravel the major and minor mineralogical phases (Fig. 3b). 
The most abundant mineralogical phases composing AAC specimens are 
quartz (SiO2), hydrated Ca silicates (tobermorite, comprising silicates 
with formula varying from Ca4Si6O15(OH)2⋅5H2O - Ca5Si6O17⋅5H2O), 
calcite (CaCO3), anhydrite (CaSO4) and feldspar ((Ca, Na, K)(Al, Si)4O8), 
[48]. Minor mineralogical phases comprise Ca silicates (Ca2SiO4 - 
Ca3SiO5) and dolomite (CaMg(CO3)2) (Fig. 3b). 

3.1.2. Bulk AAC porosity calculation from thin section image analysis 
Bulk porosity estimation was performed through image analysis on 

photomicrographs, therefore, only pores with equivalent diameter >
150–200 µm were considered (Fig. 4). All macro-pores display an almost 
perfect circular shape, and their size is uniform in samples D1 and D2, 
while D3 and D4 are characterized by pores having different equivalent 
diameters (Fig. 4). Some of the pores are interconnected and a few of 
them were enlarged during sample cutting and successive resin 
impregnation, therefore they were neglected during porosity calculation 
(Fig. 5). A summary of bulk 2D porosity is reported in Table 1. According 
to density variation from sample D1 to sample D4, mean porosity dis
plays a decrease from sample D1 (71.52%) to sample D4, which shows 
the lowest value (53.99%). Porosity calculated for D2 and D3 specimens 
falls in between, with mean values of 69.12% and 56.93%, respectively. 
The obtained results on macroporosity are in good agreement with those 
reported in [49]. From Fig. 6, it can be seen that the relation between the 
mean porosity determined though thin section image analysis and the 
density of the examined samples is almost linear. 

Fig. 3. Semi-quantitative XRD analysis diffractograms: (a) comparison of the results obtained for the 4 different specimens D1-D4; (b) semi-quantitative mineral
ogical phase identification carried out on D3 sample. 
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3.1.3. Pore size distribution (MIP) 
MIP analyses performed on AAC samples provided the pore size 

distribution of pores with diameters comprised in the range 0.006–250 

µm. Despite MIP is one of the most common techniques to determine 
pore size distribution in AAC, it should be reminded that most of the air 
pores cannot be detected, and that MIP may result in wrong pore sizes 
for inkbottle pores and bottle neck pore structures [50]. 

Despite their density, all the investigated specimens show charac
teristic bimodal pore diameter distributions, with a maximum in the 
microporous range, and another one in the macroporous range (as also 
found in [50–52]). Sample D1 has relative modal peaks at 0.25 and 140 
µm, with a gap from 5 to 50 µm where no pores were measured (Fig. 7a). 
D2 sample has a continuous pore size distribution curve (without gaps), 
with relative maxima at 0.2–0-3 and 120 µm (Fig. 7b). D3 specimen is 
characterized by a pore size distribution separated in two by an interval 
from 12 to 40 µm where no pores were detected. Relative maxima are 
located at 0.18 and 100 µm (Fig. 7c). Eventually, sample D4 displays a 

Fig. 4. High-resolution scans of blue-dyed thin sections displaying the porosity distribution and pattern: (a) sample D1; (b) sample D2; (c) sample D3; and (d) sample 
D4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Example of 2D porosity calculation via image analysis of detailed photomicrographs acquired under optical microscope: (a) blue-dyed original image; (b) 
color threshold applied to pore areas, manually corrected, and modified; (c) binary (black and white) image used to perform the porosity estimate. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Summary of 2D porosity estimation performed through image analysis from thin 
sections.  

Specimen 
ID 

Density 
(kg/m3) 

Mean 2D 
porosity (%) 

Standard 
deviation (%) 

Number of 
images 

D1 300 ± 50  71.52  3.68 10 
D2 350 ± 50  69.16  3.77 10 
D3 480 ± 50  56.93  2.91 10 
D4 580 ± 50  53.99  3.11 10  
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continuous pore size curve with modal peaks at 0.15 and 50–60 µm 
(Fig. 7d). 

3.2. Effect of density on the main AAC mechanical properties 

The main mechanical properties obtained for series 1 samples, their 
dependency from density, and experimental failure modes were already 
discussed in another published work [4], to which reference is made for 
all the necessary clarifications. The main results are briefly summarized 
herein in Table 2, where they are also compared to the corresponding 
properties determined from series 2 samples, which were used for the 
determination of fracture energy as discussed in Section 3.3. 

It can be seen that the differences between the average oven-dry 
density values as determined on 6 samples of series 1 (3 cubes for 
each sample) and on 3 samples of series 2 (only one central cube for each 
sample) ranges between 1% and 8%. Similar differences were also found 

for the average compressive strength, even if a larger value, almost equal 
to 18%, was registered for a density grade of 580 kg/m3. This is not 
surprising due to the limited number of samples tested in series 2; for 
that reason, a higher coefficient of variation was found and the average 
strength was much more influenced from the extreme values. 

Based on the experimental results obtained for series 1 samples, the 
following best-fitting equations (exponential and linear) relating 
compressive strength with density were deduced: 

fc = a1eb1ρ( R2 = 0.96
)

(5)  

with a1 = 0.7375 (0.6024, 0.8726) and b1 = 0.0034 (0.0030, 0.0037), 
where the values in bracket give the 95% confidence interval of the 
coefficients; 

fc = c1ρ+ d1
(
R2 = 0.94

)
(6)  

with c1 = 0.01144 (0.01019, 0.01269) and d1 = -1.482 (-2.045, 
-0.9185), and being ρ in kg/m3, and fc in MPa. Fig. 6. Relation between density and mean porosity as determined from thin 

section image analysis. 

Fig. 7. Pore size distribution obtained from MIP analysis on AAC prepared samples: (a) sample D1; (b) sample D2; (c) sample D3; and (d) sample D4.  

Table 2 
Properties of AAC specimens for different density grades, with (6 ± 2) % 
moisture content (the Coefficient of Variation CV of the results is reported in 
brackets).  

Density 
(kg/m3) 

Oven- 
dry 
density – 
series 1 
(kg/m3) 

Compressive 
strength – 
series 1 
(MPa) 

Oven- 
dry 
density – 
series 2 
(kg/m3) 

Compressive 
strength – 
series 2 (MPa) 

Flexural 
tensile 
strength 
(MPa) 

300 ±
50 

295 
(0.007) 

1.93 (0.04) 290 
(0.003) 

1.91 (0.07) 0.65 
(0.13) 

350 ±
50 

346 
(0.008) 

2.56 (0.03) 342 
(0.003) 

2.29 (0.03) 0.77 
(0.08) 

480 ±
50 

506 
(0.002) 

3.94 (0.08) 468 
(0.002) 

3.80 (0.06) 1.13 
(0.05) 

580 ±
50 

588 
(0.005) 

5.49 (0.08) 541 
(0.007) 

4.67 (0.11) 1.44 
(0.05)  
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The best fitting equations relating flexural tensile strength and 
density were: 

ft,fl = a2eb2ρ (
R2 = 0.96

)
(7)  

with a2 = 0.2954 (0.2558,0.3349) and b2 = 0.0027 (0.002437,0.00296); 

ft,fl = c2ρ + d2
(
R2 = 0.95

)
(8)  

with c2 = 0.0027 (0.0024,0.00292) and d2 = − 0.1495 (-0.2712, 
− 0.02775), being ρ in kg/m3, and ft,fl in MPa. 

Based on the reported values of R2, it can be seen that the de
pendency of compressive and flexural tensile strength from density can 
be represented with a quite similar degree of approximation with both 
the linear and exponential relations. Therefore, it is reasonably to infer 
that also the dependency of direct tensile strength from density might be 
almost linear. 

Direct tensile strength was deduced in this work by exploiting the 
results of DIC relative to the samples belonging to series 2, and elabo
rating the so obtained data by means of inverse Finite Element (FE) 
analysis, as better discussed in Section 4. As a first step, the initial 
cracking load Pcr and the peak load P were determined from the analysis 
of DIC images for all the tested specimens, and the ratio Pcr/P was 
calculated. As an example, Fig. 8a,b show the map of horizontal strains 
at peak load and in the softening branch (P/Pmax = 0.46) respectively for 
specimen D4-1. Fig. 8b also shows the extent of the Fracture Process 
Zone (FPZ) calculated from the gradient of the horizontal displacements, 
following the procedure described in [45,46]. 

According to Table 3, it can be observed that the ratio Pcr/P is almost 
independent from density and stands at a value approximately equal to 
0.53. Direct tensile strength ft was then derived from inverse FE analysis, 
by determining the tensile stress at the notch tip for an applied load 
equal to the experimental cracking load obtained from DIC. As reported 
in Table 3, also the ratio ft / ft,fl is almost constant, ranging between 0.54 
and 0.57 for all the investigated densities. These values are quite in line 
with those reported in [53], which are comprised between 0.56 and 
0.68. Therefore, the best fitting equation relating direct tensile strength 
ft coming from the elaborated data with density was: 

ft = 0.0016ρ − 0.1206
(
R2 = 0.99

)
(9)  

3.3. Effect of density on AAC fracture energy 

The main results of fracture energy tests are summarized in Table 4, 
where GF is reported as a function of material density for a reference 
moisture content of 6%. As can be seen, midspan deflection was deduced 
by means of DIC for all the specimens (except for specimen D2-2, due to 
acquisition problems during the test), while LVDT measurements – 

which served as controls – were only performed for a couple of speci
mens for each density grade. The deflection measurements performed 
with the two techniques (LVDT vs. DIC) showed a generally good 
agreement, both in terms of averages values (see Table 4) and in terms of 
applied load P vs. mispan deflection δ curve (as an example see Fig. 9, 
which is referred to the lower density grade specimens, D1). For this 
reason, further comparisons involving the evaluation of fracture energy 
according to approach 2 are only made with reference to DIC results. 

The experimental applied load P vs. CMOD curves and applied load P 
vs. midspan deflection δ (as obtained from DIC) curves for different 
density grades are summarized in Fig. 10. It can be observed that the 
curves are influenced by material density (and therefore by the 
compressive strength), as higher density specimens are characterised by 
higher peak load values as well as greater displacements/CMOD. A good 
agreement can be noted also in this case between the two families of 
graphs, if we take in mind that the area under the load – CMOD curve is 
greater than that under the load–deflection curve, and should be 
therefore reduced through a factor equal to 0.75 according to [34]. 

The dependency of fracture energy from density is plotted in 
Fig. 11a, reporting both the results obtained from approach 1 and 2, 
with the relative best-fitting linear equations, that are expressed in the 
form: 

GF = aρ + b (10)  

with a = 0.0135 (0.0098, 0.0172) and b = -1.83 (-3.379, -0.2742) for 
approach 1, and a = 0.01471 (0.01081, 0.01861) and b = -2.396 
(-4.051, -0.7401) for approach 2, where the values in bracket give the 
95% confidence interval of the coefficients. In deriving the best-fitting 
equations, the anomalous point relative to specimen D3-1 (which is 
however reported in the graph of Fig. 11) was discarded. In any case, the 
poor R2 value and the large confidence intervals are due to the un
avoidable scatter of the experimental points, and can only be reduced by 
increasing the number of experimental tests for each density value. The 
dependency of fracture energy GF from compressive strength fc is instead 
shown in Fig. 11b. 

4. Calibration of a cohesive model through a neural network 
algorithm 

4.1. Finite element model 

The cohesive law was calibrated through inverse analysis by 
modeling the three-point-bending tests using the finite element software 
Abaqus [39]. Specifically, the specimen was modeled in plane stress 
conditions using about 7000 four-node plane stress elements (element 
type CPS4R) of size 1.2 mm × 1.2 mm (Fig. 12). The supports and load 
rollers were modeled as rigid parts. The interface between specimen and 
rollers was simulated using Coulomb’s friction law (with friction coef
ficient 0.4). The analysis was carried out by applying a force that was 
varied using the Riks’ method. 

The mechanical behavior of AAC was modelled using the “Concrete 
Damage Plasticity’’ CDP model [54], a continuum model based on 
plasticity and damage with distinct failure surfaces for tensile cracking 
and compressive crushing. Since a specific calibration of CDP parame
ters for AAC is not available in the literature, the standard parameters 
for concrete were adopted [55] in this study, as done also in other 
published works on AAC [28]. The triaxial behavior of CDP was then 
defined by the following four parameters: the ratio between biaxial and 
uniaxial compressive strength fb0/fc0 = 1.16; the ratio between second 
stress invariant on the tension meridian and second stress invariant on 
compression meridian Kc = 0.667; the eccentricity of the plastic po
tential surface e = 0.1; and the dilation angle ψ = 30◦. However, it 
should be noted that there is no agreement in the literature regarding the 
value to be assumed for the dilatation angle in case of AAC, with sug
gested values ranging between 20◦ and 30◦ [56–58]. Some Authors [59] Fig. 8. Horizontal strain field obtained from DIC (Specimen D4-1): (a) at peak 

load; (b) in the softening branch (P/Pmax = 0.46). 
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also suggest to apply a value of ψ = 10◦, which is commonly adopted for 
simulating the behavior of traditional unreinforced masonry [60]. 
Despite its importance when modelling full scale elements, the value of 
the dilatation angle has a limited influence on the numerical analyses 
discussed in this paper, because in case of bending the compression zone 
has a very limited extension. The viscosity parameter, which improves 
the numerical stability of the iterative solution, was chosen as v =
0.0002. Compression behavior was described using the stress-plastic 
strain law σ-εcp shown in Fig. 13a, while the bilinear function shown 
in Fig. 13b was chosen for the cohesive law σ-w. The fracture is repre
sented using the crack band model instead of cohesive elements, but the 
approach, as demonstrated in [61], is perfectly equivalent. Since a post- 
failure stress-displacement curve is adopted in this work, Abaqus 
transforms displacements into deformations by automatically dividing 
them by the characteristic length of the element, which depends on 
element geometry and formulation. In the present case, with elements of 
type CPS4R, the internal length is equal to the square root of the element 
area. The mesh was constructed with square elements aligned with the 

crack and of constant size to avoid the problems well highlighted by 
Jirasek and Bauer [62]. 

Relevant studies in the literature have shown that for quasi-brittle 
materials, the bilinear law is preferable to the linear and exponential 
laws because it allows the experimental load-CMOD curve to be better 
replicated [36]. The bilinear law is characterized by four parameters: 
the direct tensile strength ft, the fracture energy of the first branch Gf, 
the stress that locates the knee σk, and the total fracture energy GF 
(Fig. 13b). For specimens in the laboratory scale, the first two parame
ters govern the peak of the load-CMOD curve, while the last two govern 
its softening branch [36]. Some researchers measure tensile strength by 
splitting or direct tensile tests, although these quantities may be affected 
by a size-effect [36]. Some others prefer to define the tensile strength ft 
by observing by laser interferometry the crack onset [26,63]. Also DIC 
can also be used for the purpose, although it is not as accurate [46,64]. 
Because of its simplicity, DIC was used in this work; specifically, the 
cracking load was determined by looking at the onset of jumps in the 
horizontal displacements in DIC images. Then, the tensile strength ft was 

Fig. 9. Comparison between the results obtained from DIC and LVDT measurments, in terms of load P vs. midspan deflection δ, for specimens (a) D1-2 and (b) D1-3 
with a nominal density grade of 300 ± 50 kg/m3. 

Table 3 
Cracking and peak loads for the examined specimens as derived from DIC analysis, and direct tensile strength obtained from inverse FE analysis.  

Density (kg/m3) Specimen ID Pcr (kN) P (kN) Pcr/P (-) Pcr/P (-) mean ft (MPa) ft / ft,fl (-) 

300 ± 50 D1-1  0.051  0.098  0.520  0.44  0.37  0.57 
D1-2  0.041  0.077  0.532 
D1-3  0.023  0.083  0.277 

350 ± 50 D2-1  0.061  0.102  0.598  0.58  0.43  0.56 
D2-2  0.043  0.093  0.462 
D2-3  0.062  0.091  0.681 

480 ± 50 D3-1  0.098  0.177  0.554  0.56  0.61  0.54 
D3-2  0.068  0.129  0.527 
D3-3  0.082  0.135  0.607 

580 ± 50 D4-1  0.089  0.172  0.517  0.54  0.82  0.57 
D4-2  0.098  0.189  0.519 
D4-3  0.111  0.194  0.573  

Table 4 
Experimental values of fracture energy for different density grades, for a nominal moisture content of 6%.  

Density (kg/m3) Specimen ID GF CMOD (N/m) GF CMOD, mean (N/m) GF LVDT (N/m) GF LVDT, mean (N/m) GF DIC(N/m) GF DIC, mean (N/m) 

300 ± 50 D1-1  2.13 1.99 / 2.01 1.98 1.99 
D1-2  1.90 1.83 2.01 
D1-3  1.94 2.19 1.98 

350 ± 50 D2-1  3.08 2.95 / 2.65 3.23 2.51 
D2-2  2.99 2.73 / 
D2-3  2.78 2.56 1.78 

480 ± 50 D3-1  6.83 5.20 7.20 5.70 6.74 5.06 
D3-2  3.88 / 3.78 
D3-3  4.88 4.19 4.67 

580 ± 50 D4-1  6.62 5.52 / 6.17 6.35 5.71 
D4-2  5.18 5.50 5.60 
D4-3  4.76 6.84 5.18  

E. Michelini et al.                                                                                                                                                                                                                               



Construction and Building Materials 400 (2023) 132547

10

Fig. 10. Experimental results of TBP tests on notched beams with different densities in terms of: (a)-(d) applied load P vs. CMOD; (e)-(h) applied load P vs. midspan 
deflection δ (for specimen nomenclature refer to Table 4). 
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fixed and taken equal to the stress at the crack tip of the FE model in 
correspondence of the cracking load. The Young modulus E of the ma
terial was determined by imposing that the experimental and the 

numerical curves were superimposed in the initial linear elastic branch. 
More specifically, the following values were assumed: 823 MPa, 1374 
MPa, 1424 MPa, 1930 MPa for density ranging from D1 to D4, that are in 

Fig. 11. Experimental dependency of fracture energy from (a) density, according to approaches 1 and 2; (b) compressive strength, according to approach 1.  

Fig. 12. Finite element model of the TPB test.  

Fig. 13. Concrete damage-plasticity model: (a) Compression behavior; (b) Cohesive law, for specimens of density D2.  
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line with those experimentally determined in [4]. 

4.2. Adopted neural network algorithm 

Cohesive law parameters x  = [Gf, σk, GF] were calibrated by fitting 
the experimental load-CMOD curve with that obtained from the finite 
element model previously discussed, through the minimum least- 
squares method. In more detail, the followed procedure consisted in 
minimizing the function: 

S =
∑n

i=1

(
Ftest (CMOD i) − FFEM (x,CMOD i)

)2 (11)  

where Ftest(CMODi) are the experimental data, FFEM(x, CMODi) are the 
data coming from the finite element model, CMODi is the sampling value 
of CMOD, and n is the number of equally spaced points chosen to 
represent the curve (in the present study, n = 50). 

The procedure requires evaluating the finite element curve FFEM(x, 
CMOD) many times, to find the best set of the parameters x that allows 
obtaining a solution that fits the average experimental curve, and 
therefore is particularly time-consuming. For this reason, the approach 
described in Papazafeiropoulos et al. [38] was used in the present work. 
Accordingly, FFEM was replaced with FNET, obtained by fitting with 
neural networks a number N of FFEM,j (xj, CMOD) curves plotted for 
different trial values of the unknown parameters xj. To span a possible 
range for the solution, nine trial values (N = 9) of vector x  were chosen, 
by taking initial values and their variation ± 25%. This operation was 
performed using the Matlab app Neural Network Fitting. The network was 
composed of 10 hidden layers and was trained using the Bayesian 
Regularization Method [37]. Mean Squared Error (MSE) was used for 
the loss. Division of data for training, validation, and testing of the 
network was 80%, 15%, and 5% respectively. 

After defining the neural network, Eq. (11) was used two times, one 
for the rising branch of the experimental curve to determine Gf (using 
trial values for σk and GF), and the other for the softening branch to 
determine σk and GF (using Gf previously computed), as suggested in 
[36]. To check the soundness of the best-fitted parameters, the corre
sponding FFEM curve was calculated, and function S defined in Eq. (11) 
was evaluated. In order to define FFEM, Abaqus2matlab [38] was used to 
interface Abaqus and Matlab, so allowing both to edit the model input 

file, and to read the results of the Abaqus simulations within the Matlab 
environment. The minimum of function S was searched with the Matlab 
function fminsearch, which is based on the Nelder-Mead simplex direct 
search method [65]. This method was chosen because it does not employ 
either numerical or analytical gradients, and theoretically requires less 
evaluation of the FFEM function. If the minimum of S was attained with 
an error less than a predefined tolerance the procedure reached 
convergence and stopped; otherwise, the FFEM curve was added to the 
FFEM,j, then FNET was recalculated through the neural network algorithm 
and the procedure was repeated iteratively. It usually required less than 
10 iterations to reach an error ε <0.001. 

4.3. Derivation of cohesive law parameters as a function of density 

The described procedure was applied to the mean experimental 
curves obtained for the 4 investigated densities. As an example, Fig. 14a 
shows the nine trial curves fitted by the Neural Network, and Fig. 14b 
reports the comparison between the numerical best fitted curve and the 
experimental ones relative to the specimen with density D4. Similar 
results were found also for densities D1-D3. Experimental and numerical 
results are in good agreement, so proving the ability of the bi-linear 
cohesive law to represent both the peak and the shape of the softening 
branch of the experimental curves. 

The obtained cohesive laws are plotted in Fig. 15a for different block 
densities. The curves are characterized by a different maximum cohesive 
traction, corresponding to the tensile strength, while the displacements 
corresponding to the knee of the curve are almost superimposed. If the 
curves are plotted as a function of dimensionless stresses (i.e. cohesive 
traction divided by tensile strength), they appear to be substantially 
superimposed (Fig. 15b) considering the ineluctable experimental un
certainties. Looking at the curves, it is as if the stresses were scaled with 
porosity. The parameters defining the cohesive law ft, σk/ft, Gf, and GF/ 
Gf are given in Table 5 for the four density values. The value of the 
fracture energy reported in Table 5 is the one subtended by the cohesive 
law, GF = GF,FEM. The value of GF,FEM is slightly larger than that calcu
lated from the experimental curve (Table 4), partly because the exper
imental curve did not reach the complete failure of the specimen. 

Fig. 14. Fitting of Load-CMOD curves for the specimens D4: (a) Trial curves to be fitted with neural networks; (b) Results of best fitting procedure.  
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5. Conclusions 

This work experimentally investigates the dependency of AAC 
porous structure and mechanical properties from material density. Four 
material densities are analyzed, ranging from 300 kg/m3 to 580 kg/m3, 
corresponding to a compressive strength interval of 1.90–5.50 MPa. 
Variation of fracture energy with density was preliminary assessed 
through experimental tests. Then, a bi-linear cohesive law was cali
brated for each density/strength, by exploiting a neural network algo
rithm and interfacing MatLab with ABAQUS Finite Element package. 
Based on the obtained results, the following conclusions can be drawn:  

- since the material composition is the same for all AAC samples, and 
porosity is varied by changing the dosage of aluminum powder in the 
admixture, almost equal X-ray diffraction patterns are found 
regardless of specimen density. All the investigated specimens show 
characteristic bimodal pore diameter distributions, and the mean 
porosity (as derived from thin section image analysis) shows a linear 
dependence on density; 

- the experimental dependence of mechanical parameters (compres
sive strength, flexural tensile strength, and fracture energy) on 
density can be reasonably represented by a linear relationship. The 
ratio of direct tensile strength (as derived from inverse FE analysis) 
to flexural tensile strength is almost constant, ranging from 0.54 to 
0.57 for all the investigated densities;  

- the two approaches for the determination of the fracture energy, 
based respectively on the evaluation of the area under the load- 
CMOD curve, properly reduced by a factor equal to 0.75, and on 
the evaluation of the area under the load–deflection curve obtained 
from TPB tests on notched beams, give very similar results; for the 
range of densities studied, GF varies approximately between 1.99 and 
5.52 N/m.  

- cohesive laws for different densitiesare obtained from numerical 
analysis and calibrated on experimental results. The curves are 
characterized by a different maximum cohesive traction, corre
sponding to the tensile strength, which varies between 0.37 and 0.82 
MPa, while the displacements corresponding to the knee of the curve 
are almost superimposed, which seems indicating that fracture 

mechanism is independent from material density. When the curves 
are plotted as a function of dimensionless stresses (i.e. cohesive 
traction normalized with respect to material tensile strength), they 
appear to be substantially superimposed to each other as if the 
stresses were scaled with porosity. 

The obtained cohesive laws, together with the other mechanical 
parameters, can be proficiently used to carry out numerical simulations 
not only of AAC structural elements, but also of AAC infills in framed 
structures, providing a realistic representation of their cracking 
behavior. Further studies are required to deepen the knowledge of 
micromechanics governing crack onset and propagation, as well as the 
dependence of fracture energy on specimen size. 
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