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Analytical model of stress-strain curve
for foamed cellular concrete in compression

Facundo A. Retamal” and Viviana C. Rougier?

Computational Mechanics and Structures Research Group (GIMCE), Civil Engineering Department,
C. del Uruguay Regional Faculty (FRCU), National Technological University (UTN), Argentina

(Received August 18, 2022, Revised October 13, 2022, Accepted April 18, 2024)

Abstract. Several mathematical models describe the compressive behaviour of different types of concretes, but no
specific one for foamed cellular concrete (FCC) has been developed. In this work, simple compression tests on FCC
specimens of different mixes were conducted to study this material’s compression behaviour curve until failure. Using
continuous load and displacement measurement equipment, it was possible to obtain stress-strain curves up to peak for
FCC of different strengths (from 1.20 to 47.34 MPa). Elastic modulus, compressive strength and failure strain values
were also determined. Through the analysis of the mentioned curves, a mathematical model of them was obtained,
through which it is possible to describe the compression behaviour of FCC up to failure. The comparison between the
predicted curve against experimental data shows the effectiveness of the proposed model.

Keywords: experimental campaign; foamed cellular concrete; mathematical model development; porosity;
strength prediction model

1. Introduction

Foamed cellular concrete (FCC) is a lightweight concrete (LC) that can reach highly variable
densities, normally between 300 and 2100 kg/m”>. It is made up of a cement mixture, which can be
a cement paste or mortar, with the incorporation of air bubbles through a pre-formed foam (ACI
2014a). It is also common to incorporate active or inert mineral additions, chemical additives, and
fibres, among others, which can accompany or replace all or part of the base materials (Amran et al.
2015). Because of these facts, it’s a material with particular and highly variable characteristics,
depending on the use for which it is designed (Retamal and Rougier 2022).

FCC has interesting characteristics for its application in the construction industry, such as its low
weight, high workability, and fluidity, and depending on its design it can be self-compacting.
Besides, it has high thermal and water-repellent insulation, and adequate fire resistance, among
others (Narayanan and Ramamurthy 2000). Through its mix design, variable characteristics can be
achieved. In the mechanical issue, compressive strengths from less than 1 MPa to values greater
than 40 MPa have been obtained (Jones and McCarthy 2005, Chica and Alzate 2019); elastic
modules between 1 and 12 MPa (Brady ef al. 2001), and similar occurs with the rest of the material
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properties. In the last years, the knowledge about FCC and its mechanical characteristics has been
notably increasing and, with this, its use in structural elements (Amran et al. 2015, Jones and
McCarthy 2005, Retamal and Rougier 2024).

This paper presents a contribution to the study of the use of FCC applied to resistant elements,
through the development of a stress-strain curve model, which describes its behaviour in simple
compression, up to failure, without confinement. It’s a continuation and improvement of previously
published work of the authors in this topic (Retamal and Rougier 2021).

Different kinds of mathematical models are developed by researchers for optimizing the design
of structural elements and improving cost-effectiveness among other important building decision-
making (Alshboul ef al. 2022b, Almasabha et al. 2022, Alshboul et al. 2022a, Tarawneh et al. 2021).
A mathematical model of stress-strain curve allows the description of the material mechanical
behaviour under a certain effort, by the input of a smaller number of data, and so, they are necessary
for their numerical modelling (Sun et al. 2018), among other important functions. In the case of
concrete, several models have been developed for different types, such as normal concrete (NC),
LC, high strength concrete (HSC), fibre reinforced concrete, etc. (Lim and Ozbakkaloglu 2014,
Popovics 1973, Sargin et al. 1971, Lu and Zhao 2010).

Concrete stress-strain relationship models can be divided into 2 groups, based on their
mathematical expression (Lu and Zhao 2010): those based on the Popovics (1973) expression, and
those based on Sargin ez al. (1971) model. Several modifications have been made to these models
over the years, to adapt them to other types of concrete. Mainly, work has been done proposing
various expressions to obtain the parameters of the curve, such as strain at peak stress, the elastic
modulus of the material, etc. (Lim and Ozbakkaloglu 2014).

Published in 1973, Sandor Popovics’ model (Popovics 1973), is an appropriate expression to
estimate the complete diagram of the stress-strain relationship for NC, when the compressive
strength of the concrete and its corresponding specific strain are known, as input data. The
expression is presented in Eq. (1), where: f; is the maximum compressive stress of the concrete, &
the specific strain corresponding to this stress value, f'the compressive stress at a given point on the
curve and ¢ its corresponding value of specific deformation, and £ is a factor used to modify the
shape of the curve, adapting it to different types of concrete. Popovics proposed expressions for S
for concrete, mortar, and cement paste. This model gives a good approximation of the curve also for
low-resistance concrete and considers the increase in the value of the specific deformation at the
material’s stress peak as its resistance increases (Popovics 1973).

f € B
fo (so) B—1+(£/50)B (1)

Tomaszewicz (1984) proposed the incorporation of the coefficient k to Popovics’ model, which
is a function of the compressive strength of the concrete, to describe the unloading stage of the curve.
He also proposed new values for the determination of the elastic modulus of the concrete and for the
p factor. The mathematical expression for this model is shown in Eq. (2).

I _ (i) B
fo £o ﬁ—1+(e/e0)kﬁ (2)
Carreira and Chu (1985), proposed new expressions for E, g and f. Later, Hsu and Hsu (1994),
published their stress-strain relationship model, shown in Eq. (3). They modified the Carreira and

Chu model by incorporating the coefficient n, which takes on different values depending on the
compressive strength of the concrete, and a new expression of f§ to adapt the curve to the behaviour
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of the HSC with and without confinement.

I _ (i) ™
fo &o nﬁ—1+(5/80)n8 (3)

Wee et al. (1996), modified the model of Hsu and Hsu replacing the factor n by the parameters

ki and k», which are functions of the compressive strength of the concrete introduced. The expression

of the curve is shown in Eq. (4).

Lo(£)—tt .
fo £o k15—1+(£/go) 2 ( )

Later, Lim and Ozbakkaloglu (2014), proposed another stress-strain model, in the line of
Popovics’ one, for NC and LC, through a large literature review and a statistic analysis applied to
the data collected. They modified the mathematical expression that defines the £ coefficient and
adapted the model for confined and unconfined concrete.

In 1971, Sargin ef al. (1971), published their compression stress-strain curve model for concrete,
which is shown in Eq. (5), giving rise to the other group of mentioned mathematical expressions.
The A factor was introduced, which is a function of the compressive strength of the material, of the
specific deformation corresponding to this stress value, and of the elastic modulus of the material.
The D factor depends only on fy, and he also proposes expressions for the determination of £ and &.

f=f, [ AE)ro-n(E) ]

0 1+(A—2)(%)+D(i)2

€0

)

Wang et al. (1978), proposed their model based on the expression of Sargin et al., but considering
a series of 4 factors A, B, C and D, as shown in Eq. (6). There, 2 groups of factors are used, one to
describe the ascending portion of the curve and the other for the descending one.

& & 2
AGEE)
— (6)
1+c(%)+D(%)

CEB-FIB (1993), adopted Sargin et al. model, modifying the expressions of the coefficients, to
obtain Eq. (7) for the portion of the curve up to its point of inflection. The parameter Ej is introduced,
which corresponds to the slope of the secant line that joins the origin of the coordinate system, with
the point of the stress-strain curve corresponding to the maximum compressive strength of the

material, that is, the point of coordinates (fp; g0). With another series of factors, the rest of the curve
is obtained. Expressions for the determination of E and & are also introduced here.

o[58

Van Gysel and Taerwe (1996), present their model, modifying the 1990 Model Code expression
for the final part of the curve and proposing an expression for & as a function of fo. Later, 2010 CEB-
FIB Model Code (CEB-FIB 2010), discards the portion of the curve after the point of inflection and
incorporates an expression for g as a function of the compressive strength of the concrete and its
elastic modulus.

Other models deviate from these aforementioned lines of research. Almusallam and Alsayed

f=f0[
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(1995), adapted the parameters of Eq. (8), from Richard and Abbott (1975), to fit the model to NC,
HSC and LC.

f= (K=Kp)e r+ Kye
(csep)e) T ®)
1+( fo ) ]

There, K and K, correspond to the initial and final slopes, respectively, of the stress-strain curve.
That is, K is equal to the initial elastic modulus £ of the material. Furthermore, # is a shape parameter
of the curve, which depends on £, fo, K, K, € and &.

Cui et al. (2012), developed a curve for structural concrete with lightweight aggregate (LWAC),
which relates the compressive strength of the material y, with its specific strain x, which is presented
in Eq. (9). The parameters ¥ and ¢ depend on the volume, strength, form factor, and density of the
lightweight aggregate and the strength and elastic modulus of the cement paste.

y = —Px? + 2¢x )

This kind of model is very important for the study and understanding of a determined material’s
behaviour, in this case, in compression. That’s why, several studies of this kind are in permanent
development, for different types of concrete.

Zhao et al. (2017), investigated the compressive stress-strain curve of concrete made with coarse
recycled concrete aggregate, after exposure to temperatures of between 20 and 800°C. A stress-strain
model was developed for predicting the compressive stress-strain relationship of coarse recycled
concrete after exposure.

Strukar et al. (2018), worked experimentally with rubberized concrete for improving stress-strain
constitutive models. This is relevant because of the understanding of this kind of concrete behaviour.
They evaluated the existing concrete models and proposed a new one, specifically adapted to this
material’s behaviour.

Liu et al. (2019), studied stress-strain relationship of plain and fibre-reinforced LWAC. Through
an experimental campaign and its analysis, they could achieve a general stress-strain model adapted
to plain LWAC and fibre-reinforced LWAC, by comparing and modifying the existing concrete
models.

Similarly, Pimanmas and Saleem (2019), made a review of the existing concrete stress-strain
models and evaluated their accuracy for modelling of polyethylene terephthalate fibre-reinforced
polymer-confined concrete. They found that some characteristics could be well represented by the
existing models, but some others don’t. So, they proposed a new simple stress-strain model for this
particular type of concrete.

Zeng et al. (2020), also studied confined concrete by application of polyethylene terephthalate
fibre-reinforced polymer, which is made from recycled PET products and exhibits large rupture
strain. They proposed a new stress-strain model by means of an experimental investigation on the
stress-strain behaviour of polyethylene terephthalate fibre-reinforced polymer, confined normal,
high, and ultra-high-strength concrete cylinders.

Yang et al. (2023) calculated the equations of the loading and unloading strain and established
the equation of the stress-strain curve under a repetitive load of recycled aggregate concrete. This
work was done to study the compressive mechanical properties and stress-strain relationships for
this material. In this line of work, Liu et al. (2023) studied the stress-strain curve of recycled coarse
aggregate concrete under uniaxial compression. They observed that the slope of the descending
section of the stress-strain curve fluctuated after the addition of recycled coarse aggregate.
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In order to evaluate the influence on concrete compressive behaviour of the incorporation of
carbon nanotubes and steel fibres, Zhu et al. (2024), investigated the stress-strain curves of the
composed material. A theoretical model for the uniaxial compressive constitutive relationship of
concrete reinforced with carbon nanotubes and steel fibre was developed and important conclusions
were drowned.

Recently, Li et al. (2024) investigated the axial stress-strain relationship of confined textile
reinforced concrete to evaluate numerically the effectiveness of its use in repairing and strengthening
concrete structures. They proposed a new closed-form algebraic expression for describing the
confinement behaviour of textile-reinforced concrete by modifying Sargin’s stress-strain
relationship, which was introduced in Eq. (5).

As was shown, several mathematical models describe the compressive behaviour for different
types of concretes, but no specific one for FCC has been developed, although some promising efforts
that are continued here (Retamal and Rougier 2021).

In this work, a mathematical model of stress-strain curve for FCC is proposed by modifying that
of CEB-FIB. Simple compression tests on FCC specimens of different mixes were conducted in
order to observe the compression behaviour curve until failure. After them, stress-strain curves for
FCC of different strengths were obtained. Then, by a statistical analysis of the experimentally
obtained curves, mathematical expressions for determining the model’s input variables were
developed. Finally, the curves obtained by applying the proposed model were compared with the
experimental ones, showing a high degree of correlation between them. This way, a mathematical
model for representing the stress-strain curve for FCC was achieved.

2. Materials and methods

To develop a mathematical model of a stress-strain curve applicable to FCC, the ones reviewed
in the previous section were analysed. It can be seen that some of them were developed for use in
LWC, which is the type of concrete that FCC belongs to. Also, its compressive behaviour
corresponds to this classification (ACI 2014a, Nguyen et al. 2017, Lim and Ozbakkaloglu 2014,
Retamal and Rougier 2024). The CEB-FIB model is one of them, developed for its use in NC and
LWC (CEB-FIB 2010). Furthermore, its input variables could be obtained from experimental load-
displacement curves, applying statistical analysis. That is, the elastic modulus (F) and its strain to
the maximum stress or strain to the peak (g9). Mathematical expressions for determining its input
variables could be deducted from experimental campaigns, applying adjustment curves to the
obtained results.

To obtain the experimental stress-strain curves, an experimental campaign was carried out. FCC
cylindrical specimens of 150 mm (diameter)*300 mm (height) were made and cured as in the field,
according to ASTM C-31 (ASTM 2022a) Standard.

Composite Portland Cement CPC 50 was used, with a specific density equal to 2.954,
experimentally determined according to ASTM C188 (ASTM 2017); fine river sand, with a specific
density in a saturated dry surface condition equal to 2.65, obtained according to ASTM C128 (ASTM
2015). To prepare the pre-formed foam, a commercial brand synthetic type of foaming agent was
used, available in the local market. The mixtures used are shown in Table 1, and their design was
conducted employing the compression strength prediction model for FCC developed by Retamal
and Rougier.

Used mixes are shown in Table 1, and their design was conducted employing the strength



360 Facundo A. Retamal and Viviana C. Rougier

Table 1 Mix designs used for the experimental campaign

Mix design Cement [kg/m?] Water [kg/m?] Sand [kg/m?] Foam [kg/m?]
FCC-1 320.00 735.00 160.00 32.00
FCC-2 297.00 119.00 596.00 30.00
FCC-3 645.00 375.00 258.00 12.30
FCC-4 738.00 435.00 295.00 8.13
FCC-5 492.00 275.00 738.00 19.70
FCC-6 752.00 443.00 300.00 7.50
FCC-7 759.00 448.00 304.00 7.20
FCC-8 766.00 453.00 306.00 6.90
FCC-9 583.00 340.00 583.00 9.72
FCC-10 584.00 341.00 584.00 9.63
FCC-11 439.00 237.00 660.00 27.00

FCC-12 448.00 206.00 1030.00 18.00
FCC-13 684.00 406.00 684.00 4.17
FCC-14 561.00 331.00 867.00 5.61
FCC-15 565.00 333.00 903.00 5.36
FCC-16 566.00 335.00 906.00 5.24
FCC-17 702.00 347.00 843.00 3.86
FCC-18 870.00 345.00 435.00 2.60
FCC-19 1050.00 350.00 500.00 5.25
FCC-20 945.00 300.00 445.00 2.84
FCC-21 1116.00 378.00 536.00 1.67
FCC-22 1073.00 360.00 515.00 4.30

Fig. 1 Simple compression test (Test setup)

prediction model for FCC developed by Retamal and Rougier (2023).

Simple compression tests were carried out according to ASTM C39 (ASTM 2021) Standard, but
curing time was extended to 56 days because the development of FCC mechanical strength requires
more time compared to NC (Jones and McCarthy 2005). A compressometer was placed on each
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Fig. 2 Simple compression test (Test specimen)

Table 2 Experimentally obtained results of compressive strength (f¢), elastic modulus (E) and specific strain
corresponding to the maximum stress reached (&), for each FCC mix design

Mix design £, [MPa] E [GPa] €0 [¥10%]
FCC-1 1.20 15.32 0.80
FCC-2 1.60 6.58 4.00
FCC-3 2.17 12.56 2.29
FCC-4 432 16.48 3.33
FCC-5 433 20.95 2.30
FCC-6 4.89 13.95 4.58
FCC-7 5.07 14.48 8.75
FCC-8 5.29 12.77 436
FCC-9 5.50 6.08 7.45
FCC-10 5.56 23.66 2.79
FCC-11 6.43 10.56 7.84
FCC-12 12.64 19.96 10.00
FCC-13 12.76 24.38 4.99
FCC-14 14.35 18.72 11.76
FCC-15 14.90 18.94 10.56
FCC-16 15.12 17.40 13.69
FCC-17 22.00 18.07 11.65
FCC-18 39.61 27.11 27.43
FCC-19 40.90 27.13 26.68
FCC-20 44.96 29.03 26.97
FCC-21 46.94 29.25 28.05
FCC-22 47.34 28.65 27.63

specimen, with 3 potentiometers to measure the deformation and a load cell to obtain the applied
force values. An HBM QuantumX MX840B unit was used, connected to a computer with
CatmanEasy software, for continuous data measurement. The test configuration of a specimen is
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Fig. 3 Example of experimentally obtained stress-strain curves of mixes FCC-2, FCC-11, FCC-13 and FCC-
17

Table 3 Comparison of models for elastic modulus (£) determination (Example of procedure with 3 mix
design)

E [GPa] FCC-2 FCC-11 FCC-13

4300y1'5\/f_c’ (ACI 2014a) 1.62 4.98 9.90
420(f2)**® (Jones and McCarthy 2005) 0.68 3.79 8.38
990(f£)%¢7 (Jones and McCarthy 2005) 1.30 3.45 5.42
ngE (CEB-FIB 2010) 2.73 7.50 14.98
4700,/f (ACI 2014b) 5.75 11.94 16.71
6326y1'5\/f_c’ (Byun et al. 1998) 2.39 7.32 14.56
9100(f£)%33 (Rowe et al. 1987) 10.40 16.83 21.02
5700y1'5\/f_c’ (Kamara et al. 2008) 6.97 14.48 20.27
Present work (experimental results) 6.58 10.56 24.38

shown in Figs. 1 and 2.

The load application was carried out with a Shimadzu Universal Testing Machine, with a capacity
of 1000 kN.

The experimentally obtained load-deflection curves were processed to obtain the stress strain
curves and, this way, study the behaviour of the FCC at simple compression.

3. Results and discussion

The experimentally obtained results are summarized in Table 2, where: compressive strength
(f¢), elastic modulus (E), and specific strain corresponding to the maximum stress reached (&), for
each dosage of FCC are displayed. There, it can be seen the different mechanical characteristics of
the used mixes. Load-displacement curves obtained for each sample of the material were processed
to obtain the respective stress-strain curves. Some examples of them are presented in Fig. 3.

To compare the compressive behaviour of the different FCC mixes, the obtained curves were
normalized, dividing the values of the specific deformation and the tension obtained at each point,
by their respective maximum values. This way it can be seen the similar compressive behaviour of
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Fig. 4 Normalized curves comparison example of mixes 2, 11 and 13

FCC with other lightweight concretes, as observed by Nguyen et al. (2019). That is a quasi-static
constant slope from the beginning of the application of the load until the zone before the failure is
observed. This shows the brittle behaviour of the material and the way of failure.

The values of the elastic modulus () experimentally obtained in the present work for the
different mix designs were compared with prediction models from various authors, as can be seen
on Table 3 (ACI 2014a, Byun et al. 1998, CEB-FIB 2010, ACI 2014b, Jones and McCarthy 2005,
Kamara et al. 2008, Koz lowski and Kadela 2018, McCormick 1967, Rowe et al. 1987, Tada 1986,
Van Gysel and Taerwe 1996).

It is observed that the values obtained through the evaluated expressions present a significant
dispersion, which is expected since models conceived through tests on various types of concrete
were evaluated. Even in the cases of authors who worked with FCC, they did not do so with materials
with the same characteristics as those used in this work. Therefore, the values of £ obtained
experimentally were analysed, and a prediction model of the elastic modulus was obtained for FCC
made with cement, water, pre-formed foam, and sand, of different densities and characteristic
resistances, through a potential curve of adjustment.

For each test specimen, the elastic modulus (£) was determined, according to the normative
ASTM C469 ASTM (2022b), and the obtained results are presented over the “y” axis, in Fig. 4. On
the x axis, the values for the corresponding compressive strength (f;) were placed. Then, through
statics analysis, a potential fitting curve was adjusted to this data, because it was the one with a
higher value for the correlation coefficient (R?), which was equal to 0.66, indicating a high
relationship between the proposed analytical expression and the experimental data. This observation
is in coincidence with other authors proposed equation to related this two variables (ACI 2014a,
Byun et al. 1998, CEB-FIB 2010, ACI 2014b, Jones and McCarthy 2005, Kamara et al. 2008, Koz
lowski and Kadela 2018, McCormick 1967, Rowe et al. 1987, Tada 1986, Van Gysel and Taerwe
1996).

As can be seen in Fig. 5, the expression obtained for the elastic modulus as a function of the
material’s strength is equal to

E = 9.4372f/ 0-2822 (10)

In the same way, the procedure to determine the specific deformation of the material peak was
carried out. Firstly, the expressions of different authors (Popovics 1973, CEB-FIB 1993, Sargin et
al. 1971, Tomaszewicz 1984, Carreira and Chu 1985, Wee et al. 1996) were evaluated, comparing
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Fig. 5 Potential fitting curve for experimental values of f¢ vs. E

Table 4 Specific strain at peak strength (¢,) models evaluated for FCC (Example of procedure with 3 mix
design)

& FCC-2 FCC-11 FCC-13

735(f2)%2%> (ACI 2014a) 0.00083 0.00117 0.00139
Constant (Sargin et al. 1971) 0.0024 0.0024 0.0024
700(f£)°31 (Tomaszewicz 1984) 0.00081 0.00125 0.00154
1.68 + 7.1f/ (Carreira and Chu 1985) 0.0001 0.0005 0.0009
780(f2)Y* (Wee et al. 1996) 0.00088 0.00124 0.00147
-1.3 fC,E—+8 (CEB-FIB 2010) 0.00546 0.00251 0.00179
Present work (experimental results) 0.00040 0.00078 0.00050

them with the experimental results. And example of this procedure, with 3 mix designs, is presented
in Table 4.

In a similar way to what happened in the case of the elastic modulus, the values obtained by the
considered models differ from those obtained experimentally. In the case of the peak strain (&),
there are no specific models for its prediction developed for FCC. Therefore, the expressions
considered correspond to different types of concrete, none of them, FCC. The experimental data was
analysed, which is represented in Fig. 6.

The values for the specific strain at the point of maximum compressive strength (&) were also
determined from the experimentally obtained data. In the Cartesian graph of Fig. 6 these values can
be seen in the y axis, together with their corresponding compressive strength (f), placed in the x
axis.

The potential fitting curve was again the one with a higher value for R?, equal to 0.95.

Showing the correlation between these values, and the proposed mathematical expression, in
coincidence with the observations of other studies (Popovics 1973, Tomaszewicz 1984, Wee et al.
1996). The expression obtained is presented in Eq. (11)

g0 = 1.2370 fL0%% x 1074 (11)

In this way, the model for the determination of the specific strain corresponding to the peak stress
(go) for FCC was obtained, suitable for mix designs of various densities and resistances.



Analytical model of stress-strain curve for foamed cellular concrete in compression 365

g, [x107]

]

4 - ™ . . 1:D[X‘\O"]
2 g, = 1.2370 F **'* x10™
0

T T T
0 20 40

fc [MPa]
Fig. 6 Potential fitting curve for experimental values of f¢ vs. &,

f.[MPa]
o
o

0,2

0,0 FCC-1
Proposed Model

-0,2

T T T T T
0,00000 000002 000004 000006  0,00008
&, [mm/mm]

Fig. 7 Evaluation of the proposed model (Against mix FCC-1)

As discussed, to generate the mathematical model of the FCC stress-strain curve, the CEB-FIB
Model Code 2010 mathematical expression was adopted (CEB-FIB 2010). Modifying the equation
for the determination of the elastic modulus (E) and the maximum stress peak (&), by the ones
developed in this work. Furthermore, the secant elastic modulus (E,) could be obtained within the
elastic modulus (E) and the maximum stress peak (g). The complete analytical model for FCC is
compiled in Egs. (12) to (15)

E = 9.4372f/%%%%2 (13)
g0 = 1.2370f, %% x 107* (14)
E, =% (15)

€0

The proposed model was evaluated by comparing it with the experimentally obtained results.
This procedure is shown next in Figs. 7 to 19, where superimposed graphs of the curves determined
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Fig. 8 Evaluation of the proposed model (continuation) (Against mix FCC-2)
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Fig. 9 Evaluation of the proposed model (continuation) (Against mix FCC-3)
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Fig. 10 Evaluation of the proposed model (continuation) (Against mix FCC-4)

experimentally against those obtained through the application of the proposed model are presented.
In general, a good approximation of the curve generated by the proposed model to the
experimentally obtained is graphically observed.
The theoretical values obtained with the proposed model for the compressive strength (f/;) were
compared with the experimentally obtained ones (f;). Also, statistical analysis was conducted, as is
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shown in Table 5.
The statistical analysis of the relationship between experimentally obtained values and



368

Facundo A. Retamal and Viviana C. Rougier

14 4
6- 12
5 10 e
— 4 — 84 .
@ 1] 7
g ,- : :
2 3 e = 64
[T 4 " ; //
2+ / 4 pd
A ,/.
14 2 /
04 —— FCC-11 o4 \/ - FCC-12
Proposed Model Proposed Model
-1 T T T T T T T T T T T 1
00000 00002 00004 00006  0,0008 00000 00002 00004 00006 00008 0,0010 0,0012
&, [mm/mm] &, [mm/mm]
(a) Against mix FCC-11 (b) Against mix FCC-12
Fig. 14 Evaluation of the proposed model (continuation)
14 - 16
124 14 —
10 124 e
10 ‘/-'
=T ] T -
o o 8
2 64 S/ =3 /s g
o’ / =" 6 o
4 s 7
/ 1/
2 2 /
/ /
o 7 FCC-13 o] & ——FCC-14
Proposed Model Proposed Model
-2 T T T T T T ) -2 T T T T T T T
0,0000 00002 00004 00006 00008 00010 00012 0,0000 0,0002 00004 00006 0,0008 00010 00012
&, [mm/mm] &, [mm/mm]
(a) Against mix FCC-13 (b) Against mix FCC-14
Fig. 15 Evaluation of the proposed model (continuation)
16 4 16
14 4 14 4
124 124 p
— 10 — 10+ d
T z v
g 84 E 84 /_/
[ 6 / [ 6 . /
. /4
4] y o] Y/
rd
24 i / 24 /
Proposed Model Proposed Model
24— ’ - . 2 ; : ; -
00000 00002 00004 00006 00008 00010 00012 0,0000 0,0004 0.0008 00012
&, [mm/mm] &, [mm/mm]

(a) Against mix FCC-15

(b) Against mix FCC-16

Fig. 16 Evaluation of the proposed model (continuation)

theoretically proposed equations, for the elastic modulus (£) and peak-specific strength (&), was
conducted using the coefficient of determination (R?). In the same way, the coefficient of
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determination (R?) between the experimental values of compression strength (f;/) and those obtained
through the proposed model (f/;) was calculated equal to 0.99. Furthermore, the correlation
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Table 5 Comparison between the experimental values of compression strength (f,) and those obtained through
the proposed model (f,7)

Mix design f! [MPa] for [GPa] Absolute error [MPa] Percentage error [%]
FCC-1 1,20 0,79 0,41 -34,17
FCC-2 1,60 1,50 0,10 -6,25
FCC-3 2,17 2,17 0,00 0,00
FCC-4 4,32 4,17 0,15 -3,47
FCC-5 4,33 3,48 0,85 -19,63
FCC-6 4,89 4,90 0,01 0,20
FCC-7 5,07 5,08 0,01 0,20
FCC-8 5,29 5,19 0,10 -1,89
FCC-9 5,50 5,48 0,02 0,31
FCC-10 5,56 4,69 0,87 -15,65
FCC-11 6,43 6,45 0,02 0,31
FCC-12 12,64 12,70 0,06 0,47
FCC-13 12,76 12,74 0,02 -0,16
FCC-14 14,35 14,32 0,03 -0,21
FCC-15 14,90 14,83 0,07 -0,47
FCC-16 15,12 15,11 0,01 -0,07
FCC-17 22,00 15,11 0,01 -0,07
FCC-18 39,61 39,55 0,06 -0,15
FCC-19 40,90 40,89 0,01 -0,02
FCC-20 44,96 44,94 0,02 -0,04
FCC-21 46,94 46,92 0,02 -0,04
FCC-22 47,34 47,24 0,10 -0,21

coefficient was determined equal to 0.99. Also, a mean absolute error of 0.15 MPa and a mean
absolute percentage error of 3.77 % were obtained. Witch shows the effectiveness of the proposed
model in representing the compressive behaviour of FCC.

The main limitation of the conducted study lies in adopting the descending portion of the
compressive behaviour curve for FCC from the CEB-FIB model. However, this segment is the least
relevant in terms of material strength properties and simulation of its behaviour, as demonstrated
through the proposed simplification for its consideration between successive editions of the Model
Code (CEB-FIB 1993, 2010). Furthermore, the study of material behaviour up to its peak strength
under specific stresses has proven to be relevant for understanding their response to external
solicitations (Cui et al. 2012). As future work, conducting studies addressing the measurement of
the entire curve is proposed.

4. Conclusions

In the present work, an analytical model of the stress-strain curve at compression for FCC was
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obtained, through an experimental campaign and the analysis of its results. The following
conclusions were obtained:
* Conducted experimental work confirmed the compression behaviour of FCC as lightweight
concrete.
« It is possible to use the curve presented in the CEB-FIB 2010 Model Code, to represent the
compressive behaviour of foamed cellular concrete. However, the values proposed in this model
for the elastic modulus (F) and the specific strain to the peak (&y) do not agree with the
experimentally obtained results.
* It was observed that the elastic modulus (£) of FCC increases with increasing compressive
strength (f;). Furthermore, the relationship between these variables behaves as a power-type
function.
« Similarly, the strain at peak (&;) increases with the compressive strength (f,) of the FCC, and
its relationship can be expressed through a power function.
* The analytical model of the CEB-FIB Model Code 2010, modified by these expressions
determined in the present work, achieves an adequate approximation to the compression
behaviour of the foamed cellular concrete experimentally determined, for the studied mix
designs.
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