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Stress-Strain Characteristics of Foamed Concrete
Subjected to Large Deformation under Uniaxial
and Triaxial Compressive Loading

Xianjun Tan, Ph.D."; Weizhong Chen, Ph.D.%; Hongyuan Liu, Ph.D.3;
and Andrew Hin Cheong Chan, Ph.D.*

Abstract: Large compressive deformation associated with ideal plasticity-like stress plateaus is an extremely important performance char-
acteristic of foamed concrete. However, there have been few investigations concerning the stress-strain characteristics of foamed concrete
subjected to axial strain larger than 10% under uniaxial and triaxial compressive loading. In the current study, foamed concrete samples at
three densities (250, 450, and 650 kg/m?) were prepared and a series of tests were carried out. Axial stress-strain (o -) curves were obtained,
and peak stress (compressive strength), elastic modulus, peak strain, and the postpeak stress-strain relationship were analyzed. The exper-
imental results showed that the stress-strain characteristics for foamed concrete at all three densities are similar and each can be ideally
simplified into four stages. The compressive strength of foamed concrete increases with density and confining pressure, whereas elastic
modulus has a positive correlation only with densities regardless of confining pressure. Additionally, no significant correlation was detected
between peak strain and density, but peak strain increases with confining pressure. A linear relationship between residual compressive
strength and strain was found for almost all test cases. Based on the experimental results, theoretical models for the prediction of peak
stress, elastic modulus, and the postpeak stress-strain relationship were derived incorporating the effects of density and confining pressure.
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Introduction

Compared with conventional cement paste or concrete, foamed
concrete, with its unique porous structure, has many advantages,
such as its ability to sustain large deformation and its light weight,
low cost, and good insulation. For these reasons, it is being used
more and more widely in construction engineering and building
for a number of different purposes (Narayanan and Ramamurthy
2000), including use as a raw material for precast lightweight
blocks, cavity filling, thermal/fire and acoustic insulation, and road
subgrade/widening (Ramamurthy et al. 2009; Amran et al. 2015).
Furthermore, foamed concrete’s large compressive deformation as-
sociated with the ideal plasticity-like stress plateau is a strong ad-
vantage that makes it perfect as a damping layer or energy absorber
for densities between 400 and 1,600 kg/m? (Jones and Zheng
2013; Ahmad et al. 2009; Wang et al. 2012; Tan et al. 2017a).
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Foamed concrete has also been used as an aircraft-arresting system
with densities between 275 and 337 kg/m? (Zhang et al. 2013). In
most of these applications, the strength and deformation character-
istics of foamed concrete play an important role. Therefore, it is
necessary to study the stress-strain relationship of foamed concrete
under various loading conditions.

To date, many investigations have been carried out to character-
ize the mechanical properties of foamed concrete under compres-
sive loading (Narayanan and Ramamurthy 2000; Ramamurthy et al.
2009; Amran et al. 2015). The following sections discuss the main
advantages of this material.

Compressive Strength

Amran et al. (2015) reported at least four factors that influence the

compressive strength of foamed concrete.

* Pore characteristics, such as porosity (or density) and pore size,
have a direct relationship with foamed concrete compressive
strength. Several models of this relationship have been devel-
oped (Kearsley and Wainwright 2002; Ro8ler and Odler 1985;
Hoff 1972; Chen et al. 2013; Lian et al. 2011).

* Constituent materials and mix proportions significantly influ-
ence foamed concrete compressive strength. Cement is essential
(Kearsley and Wainwright 2001; Alexanderson 1979), supple-
mented by many different additives, such as fly ash (Kearsley
and Wainwright 2001; Tan et al. 2014), bottom ash (Kim
and Lee 2011; Qiao et al. 2008), fiber (Chen et al. 2012;
Soleimanzadeh and Mydin 2013), sand (Jones and McCarthy
2005; Pan et al. 2007), silica fume (Chen et al. 2012; Pan et al.
2007), soil (Ma and Chen 2015), and oil palm shell (Yap et al.
2013; Shafigh et al. 2011). The water/cement (w/c) ratio is an-
other important factor. An appropriate w/c ratio can increase
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the compressive strength of foamed concrete (Kearsley and
Wainwright 2002; Tan et al. 2014; Jones and McCarthy 2005).

* Preparation method, age, size, and shape affect the compressive
strength of foamed concrete (Tian et al. 2016; Kearsley and
Wainwright 2002; Sim et al. 2013).

* Environmental factors, including high temperature and freezing-
thawing, affect the compressive strength of foamed concrete
(Mydin and Wang 2012; Othuman and Wang 2011; Sayadi et al.
2016; Tikalsky et al. 2014; Tan et al. 2013).

Elastic Modulus

Generally speaking, the elastic modulus (E) of foamed concrete is
closely related to its compressive strength, so factors influencing
one usually also affect the other. For example, foamed concrete
with fly ash as a fine aggregate has been reported to exhibit a lower
Young’s modulus than that with sand (Jones 2001). Jones and
McCarthy (2005) reported that the elastic moduli of the majority
of their foamed concrete samples were significantly lower than
those of their normal-weight concrete (NWC) and lightweight ag-
gregate concrete (LWC) samples given equal compressive strength.
The elastic moduli increased almost linearly with density. Tan et al.
(2017b) indicated that an exponential function could be used to
express the relationship of elastic modulus and density of foamed
concrete, and introduced a model to reflect how damage to the elas-
tic modulus varies with temperature. Similarly, Mydin (2012) ob-
tained the elastic modulus—porosity relationship of foamed
concrete at ambient temperatures, and concluded that Li and
Purkiss’s (2005) model can be used to predict the compressive
modulus of elasticity at elevated temperatures.

Deformation Characteristics

Much research has focused on the stress-strain relationship for
unconfined and confined NWC and LWC in compression, and vari-
ous constitutive models have been put forward (Persson 2001;
Nematzadeh et al. 2016; Wu et al. 2017; Jiang et al. 2017; Gabet
et al. 2008; Attard and Setunge 1996; Wee et al. 1996; Lim and
Ozbakkaloglu 2014; Zhou et al. 2016). However, relatively few
studies on foamed concrete have been conducted. Mydin and Wang
(2012) reported the effects of elavated temperature on the compres-
sive stress-strain relationship of foamed concrete. They found that
the strain corresponding to the peak strength increases with higher
temperature and that the stress-strain curves are linear for stress up
to 75% of peak strength for both NWC and LWC at all tempera-
tures. Guo et al. (2015) conducted theoretical and experimental
studies on the nonlinear mechanical properties of foamed concrete
under uniaxial compression over the temperature range of —50 to
70°C and the strain rate range of 0.001-118/s. They developed an
empirical model to describe this nonlinear deformation behavior.
Ahmad Zaidi and Li (2009) studied the penetration resistance of
lightweight foamed concrete subjected to impact by hard projec-
tiles. They presented complete stress-strain curves in compression
and determined several relevant parameters to describe the com-
pressive strength and energy absorption of the foamed concrete.
Overall, numerous aspects of the mechanical properties of
foamed concrete under compressive loading, especially for com-
pressive strength, have been investigated. However, most of these
properties were obtained under uniaxial compressive loading.
Limited study has been devoted to triaxial compressive loading,
although many applications are multiaxial, including the use of
foamed concrete as a damping layer for large-deformation tunnels
or roadways (Wang et al. 2012; Tan et al. 2017a). Furthermore, few
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studies have been carried out to obtain the stress-strain character-
istics of foamed concrete subjected to strain greater than 10%,
although this information would be beneficial for a number of
broader applications.

The aim of the research reported in this paper was to establish
the stress-strain characteristics of foamed concrete subjected to
large deformation under uniaxial and triaxial compressive loading.
For this purpose, foamed concrete specimens at three densities
(250, 450, and 650 kg/m?) were prepared and tested on a servo-
controlled testing machine. Axial stress-strain (o; — €) curves for
specimens at the different densities under uniaxial and triaxial load-
ing conditions were obtained. Peak stress (compressive strength),
elastic modulus, peak strain, and the postpeak stress-strain relation-
ship were analyzed. Based on analysis results, theoretical models to
predict peak stress, elastic modulus, and the postpeak stress-strain
relationship were derived that include the effect of density and con-
fining pressure.

Experimental Details

Materials and Mix Compositions

The cement used for the foamed concrete specimens was 425 port-
land cement per Chinese Standard GB175-2007 (National Standard
of the People’s Republic of China 2007). Because many studies
have focused on the w/c ratio of foamed concrete (Amran et al.
2015), in order to highlight the influence of density on stress-strain
characteristics in this work, the w/c ratio was kept constant at
0.45. Jones and Zheng (2013) concluded that all foamed concretes
with densities of 400-1,600 kg/m? have excellent energy absorp-
tion. However, in aircraft-arresting systems the optimal density of
foamed concrete is approximately 300 kg/m? (Zhang et al. 2013).
Furthermore, when used in combination with U-shaped steel as a
support system for underground coal mine roadways subjected to
large deformations, the optimal density is approximately 500 kg/m?
(Tan et al. 2017a). For these reasons, densities of 250, 450, and
650 kg/m? were chosen for use in this study. The mix proportion,
designed according to dry density, is described next.
The amount of cement was calculated as

Pd
M, =" 1
= (1)

where, py = dry density of the foamed concrete; S, = empirical
coefficient (1.2 in this study); and M. = mass of cement.
The amount of foaming agent was calculated as

Ve K M. M
M, = peVe _ Pr {l— <7<,+7w):| (2)
a+l a+l Pe Pw

where, M, = mass of foaming agent; a = dilution ratio (20 in this
study); pr, p., and p,, = densities of foam, cement, and water, re-
spectively (33.8, 3,100, and 1,000 kg/m?, respectively); M,, =
mass of water (M, = 0.45M because the w/c was kept constant
at 0.45); and K = coefficient determined according to foam quality
[1.1 in this study (Tan et al. 2017b)].

The mix proportions are summarized in Table 1.

Sample Preparation

The production process for the foamed concrete specimens was as

follows:

1. Pretreatment and measurement—the cement was filtered by a
0.08-mm mesh sieve to remove hard blocks. The the cement
and water were then measured.
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Table 1. Mix proportions for different densities of foamed concrete

Mix Target density Cement Water Foaming agent
code (kg/m’) (kg/m*)  (kg/m’) (kg/m?)
Ml 250 208.33 93.75 1.49

M2 450 375.00 168.75 1.26

M3 650 541.67 243.75 1.03

2. Foam preparation—the foaming agent and water, in propor-
tions of 1:20, were poured into a foam generator. The foam was
formed, and its specific volume was measured using a measur-
ing glass.

3. Mixing—the measured cement and water were placed in a
blender and mixed at low speed (30—40 rpm) to form a slurry.
The chosen amounts of foam were added to the slurry, which
was then mixed for 2-3 min at high-speed (60—-120 rpm).

4. Pouring—when the cement-foam slurry was evenly mixed, it
was poured into the molds. All densities were cast in plastic
molds of of 600-mm length, 400-mm width, and 300-mm
height. The prepared blocks were removed from the molds 24 h
after casting and then seal-cured in a curing tank for 28 days.

5. Shaping—the blocks were removed and shaped to standard
cylindrical specimens (@ 50 mm x 100 mm). For each mix,
12 blocks were prepared. All of them were placed in drying
oven at 105°C for 48 h before testing to make sure they were
in the same condition for testing.

Test Procedures

The mass of each dried sample was measured at first. Twelve
specimens of similar weight were chosen for each density, and three
samples for each density were subjected to uniaxial compressive
tests followed by triaxial tests at different confining pressures.
Because there can be significant variation in the compressive
strength of foamed concrete at different densities, it was not pos-
sible to apply the same confining pressure to all samples. There-
fore, the confining pressure was derived as follows:

03 = o, (3)

where o3 = confining pressure; o, = uniaxial compressive strength
of the foamed concrete at a given density; and « = scale parameter
of the confining pressure and uniaxial compressive strength (0.25,
0.5, and 0.75 were used to represent the most common range of
lateral pressure).

All compressive tests were carried out on a multifunction rock
mechanics test (RMT) machine with a strain rate of 0.05/s. A sche-
matic of the device is shown in Fig. 1. The RMT machine has a
unique multifunction design and control technology that permits
tests for different stress paths, such as uniaxial and triaxial com-
pression, tension, shear, and fatigue. Its maximum load capacity is
1 MN and its maximum confining pressure is 50 MPa (Tan et al.
2013).

Results and Analysis

The axial stress-strain (o;-¢) curves for the three densities of
foamed concrete specimens under uniaxial and triaxial conditions
are shown in Figs. 2—4. It is observed that the stress-strain charac-
teristics for all three densities are similar. They are ideally simpli-
fied as shown in Fig. 5 and explained as follows:
* oa; (i=1,2,3,4) = elastic deformation stage;
* a;b; = plastic deformation stage; and b; = peak stress (usually
known as compressive strength);
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Fig. 1. Schematic of multifunction rock mechanics test machine.

* b;c; = post-peak strain softening stage; and ¢; = beginning point
of residual deformation; and

* ¢;d; = residual deformation stage; and d; = end point of stable
residual deformation.

With the help of Fig. 5, much information can be obtained from
Figs. 24, such as peak stress (or compressive strength), elastic
modulus, peak strain, and the postpeak stress-strain relationship.
The following sections provide detailed analysis of the variations
in these characteristics.

Peak Stress

Variations in peak stress (or compressive strength) with density and
confining pressure, as determined by the scale parameter c, are pro-
vided in Fig. 6. As expected, the compressive strength of foamed
concrete increases with density and confining pressure. Linear re-
gression was used to derive an equation for describing the quanti-
tative relationships between peak strength and the ratio of confining
pressure.

Opeak = ky x a+ o, (4)

where 0., = peak stress or compressive strength (i.e., stress of
point b; in Fig. 5); and k; = increasing slope of peak stress with
ratio of confining pressure. Both k; and o, are influenced by den-
sity as summarized in Table 2. From Table 2, the relationships
among a, b, and density can be obtained. They are as follows:

ky = 0.00001% — 0.0045p + 0.693(R? = 1)
o, = 0.095¢"0054(R2 = (.99) (5)

where p = density of the foamed concrete.
Therefore, substituting Eq. (5) into Eq. (4) yields the peak stress
in different densities and confining pressures.

Tpeak = (0.00001p% — 0.0045p + 0.693) - v + 0.095¢°%05% ()

Elastic Modulus

Elastic modulus was taken as the tangent modulus at 50% of com-
pressive strength. The experimental results for the variation in the
elastic modulus of foamed concrete at different densities and con-
fining pressures are shown in Fig. 7. Because the three duplicate
tests in each series gave very consistent results, only the average
value of each phase is provided.
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Fig. 5. Stress-strain curve under different confining pressures.

Fig. 7 clearly indicates that, for a given density, confining pres-
sure has limited influence on elastic modulus, in agreement with
previous findings (Lim and Ozbakkaloglu 2014; Zhou et al. 2016;
Guo et al. 2015; Ansari and Li 1998; Binici 2005; Xiao et al. 2010).
In contrast, significant positive correlation between density and
elastic modulus is shown. The average elastic moduli for 250-,
450- and 650—kg/m3 density are 106.21, 529.50, and 857.07 MPa,
respectively, which indicates a clear monotonic trend. To further
analyze the relationship between elastic modulus and density,
a model proposed by Tan et al. (2017b) was used, expressed as
follows:
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Eo = 133.13 x (1.0029)7 (7)

where E, = elastic modulus of the foamed concrete.

According to Eq. (7), Tan et al.’s elastic moduli for densities of
250, 450, and 650 kg/m?® are 274.59, 534.45, and 874.45 MPa,
respectively. In comparing these densities with those in this study
(106.21, 529.50, and 857.07 MPa, respectively), it was found that
Eq. (7) can well predict the elastic modulus for 450 and 650 kg/m>
but not for 250 kg/m?. This may be because, as stated in Tan et al.
(2017b), the model is only suitable for foamed concrete with den-
sities ranging 300—1,000 kg/m?, which may mean that the elastic
modulus of foamed concrete with a density of less than 300 kg/m?
density must be treated differently.

As an alternative, the data from this study and those from
Tan et al. (2017b) were combined. It was found that a linear fitting
equation is more suitable for this combined data set, which can be
seen in Fig. 8. The variation in elastic modulus with density can be
expressed as

Ey = 1.9572p — 370.41 (8)

Peak Strain

The variation in average peak strain with confining pressure for
all three densities is shown in Fig. 9. It can be observed that,
for a given density, peak strain increases with confining pressure
in a trend that is identical for all densities. When « = 0, average
peak strain for 250, 450, and 650 kg/ m? is respectively 0.41, 0.32,
and 0.39%, whereas when o = 0.75, average peak strain almost
doubles, to 0.81, 0.71, and 0.84%. In addition, with increasing
confining pressure, the growth rate of peak strain slows down.
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Fig. 6. Variation in peak stress (or compressive strength) with density and confining pressure.

Table 2. Values of k; and o, for different densities

Density (kg/m?)

Parameter 250 450 650
ky 0.387 2.6484 4.1367
o, 0.368 1.2661 3.1936

Using 250-kg/m? density as an example, when o = 0.25 and 0.5,
the corresponding peak strain is 0.72 and 0.79%. This means that,
when « increases from 0 to 0.25, peak strain increases by 73.4%
but when « increases from 0.25 to 0.5, peak strain increases by only
9.8%; when peak strain increases from 0.5 to 0.75, peak strain in-
creases even more slowly, to 3.4%.

No significant correlation was detected between peak strain and
density, the reason for which is explored in the section “Discussion.”

Post-Peak Stress-Strain Relationship

As stated earlier, one of the key objectives of this research was to
investigate the post-peak stress-strain characteristics of foamed

concrete under large deformation. To this end, the post-peak
stress-strain experimental data (Figs. 2—4) were analyzed in detail.
A linear relationship between residual compressive strength and
strain for almost all test cases was uncovered. Therefore, a linear
function was employed to fit the data.

Opost — k25 + 0 (9)

where oy, = poststress (i.e., stress from Point ¢; to Point d; in
Fig. 5); k, = slope of poststress with strain; and o,, = residual stress
(i.e., stress of Point ¢; in Fig. 5). Both k, and o,, are influenced by
density and confining pressure, as summarized in Table 3.

The fitting results of the proposed model are shown in Fig. 10.
They indicate that the prediction model reflects the experimental
phenomena and trends. Furthermore, together with Table 3 and
Fig. 9, we observe that, for all three densities, the value of k, is
almost always positive except for & = 0 (i.e., uniaxial compression)
and there is a clear trend of increasing k, as « increases. This means
that, unlike NWC and LWC, foamed concrete relatively easily main-
tains sufficiently high residual compressive strength under multiax-
ial loading (Persson 2001; Nematzadeh et al. 2016; Wu et al. 2017;
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Fig. 7. Variation in elastic modulus with confining pressure for all densities.
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Fig. 9. Variation in peak strain with confining pressure for all densities.

Table 3. Variation in k, and o,, at different densities and confining

pressures
Coefficients
Model Mix code « ks Ore R?
Opost = ko€ + 0 M1 0 —0.5565 0.2098 0.73
0.25 0.7542 0.3962 0.64
0.5 1.035 0.4635 0.72
0.75 1.1147 0.4706 0.85
M2 0 —2.0858 0.5993 0.75
0.25 1.5647 1.154 0.55
0.5 2.3635 2.3175 0.90
0.75 2.6377 2.9843 0.85
M3 0 —5.2425 0.7927 0.89
0.25 2.7327 4.1635 0.63
0.5 8.2694 5.2129 0.71
0.75 10.095 5.7412 0.86

Jiang et al. 2017; Gabet et al. 2008; Attard and Setunge 1996; Wee
et al. 1996; Lim and Ozbakkaloglu 2014; Zhou et al. 2016). This
makes it suitable for as a damping or energy-absorbing material.
However, the proposed regression equations, based on three samples
for each parameter in Table 3, may not be conclusive and should be
considered only to indicate a general trend.
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Discussion

Peak Strain

According to traditional understanding, the higher the density, the

more brittle the concrete and the smaller the peak strain. However,

the experimental results in Fig. 9 do not show significant correla-
tion between peak strain and density. There are at least two prob-
able reasons for this result, which was not expected.:

e The difference in brittleness for densities of 250-600 kg/m?
was limited, and was not significant enough to be distinguished
from experimental error; and

* Because the confining pressure was designated by a scale para-
meter, «, and not by absolute values, interpretation of the results
became more difficult.

As a matter of fact, the experimental data reflected the relation-
ship between brittleness and density in another way. As shown in
Fig. 5, if the difference between b; and c; determines brittleness, it
can be observed that, with increasing density, brittleness increases,
which is shown by comparison of Figs. 2(a), 3(a), and 4(a).

Limit Strain

As mentioned before, one of the main advantages of foamed con-
crete is that it retains sufficiently high residual compressive strength
under large deformation, making it suitable as a damping or energy-
absorbing material. Limit strain is a key index to large deformation
capability. Fig. 11 shows the relationship between limit strain and
density under varying confining pressure.

From Fig. 11, it can be seen that (1) when « = 0, the limit
strain for all three densities is almost the same; and (2) when
the samples are under triaxial compression, the foamed concrete
with 450-kg/m?® density always has the highest limit strain. That
is to say, foamed concrete of approximately 450-kg/m? density is
probably most suitable for use as a damping or energy-absorbing
material if its compressive strength and other properties can satisfy
engineering requirements.

Conclusions

In order to investigate the stress-strain characteristics of foamed
concrete subjected to axial strain greater than 10% under uniaxial
and triaxial compressive loading, foamed concrete specimens at
three different densities (250, 450, and 650 kg/rn3) were tested
using a servocontrolled testing machine. Axial stress-strain (o-€)
curves were obtained, and peak stress (compressive strength), elas-
tic modulus, peak strain, and the postpeak stress-strain relationship
were analyzed. According to the analysis results, the following con-
clusions can be drawn:

* The stress-strain characteristics at all three densities are similar
and can be idealized as four stages: elastic deformation, plastic
deformation, postpeak strain softening, and residual deformation;

* Compressive strength increases as density and confining pres-
sure increase;the linear fitting equation to describe the quantita-
tive relationships among these parameters is opeq = k1 - ¢+ 0}

e For a given density, confining pressure has limited in-
fluence on elastic modulus, but there is significant positive cor-
relation between density and elastic modulus,expressed as
Ey = 1.9572p —370.41;

* No significant correlation can be detected between peak strain
and density, but peak strain increases as confining pressure in-
creases; and

* A linear relationship between residual compressive strength
and strain exists for almost all of the test cases; based on the
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Fig. 10. Comparison of results between Eq. (9) and experimental data at different densities: (a) 250 kg/m?; (b) 450 kg/m?; and (c) 650 kg/m?.

0.4 experimental results, a linear function to fit the data is given
—$=a=d a8 Opost = ko€ + 0.
-= a0=0.25 . . « PSPPI : :

As mentioned in the “Introduction,” mix design has an impor-
tant effect on the behavior of foamed concrete. Because only one
mix design was tested, it is difficult to know how general the find-
ings are and how robust the observed trends are across materials.
For these reasons, more and broader research is needed to produce
concretes with varying peak strengths independent of density.

- =05
—— a=0.75

Limit strain /%
o
N
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