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Fatigue of cement foams in axial compression
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The theoretical expression for fatigue of cement foams in axial compression is derived
using dimensional argument analysis. Bending model and Basquin law for describing the
fatigue of individual cell struts are employed in calculating the number of cycles to failure
of cement foams. It is found that the fatigue of cement foams in axial compression depends
on cyclic stress range, relative density and the fatigue parameters of solid material from
which they are made. A series of tests are conducted on the compressive fatigue of
alumina cement foams for various relative densities and cyclic stress ranges. Experimental
results are compared to theoretical modeling; the agreement is good. C© 2000 Kluwer
Academic Publishers

1. Introduction
Cast-in-place cement foams with low thermal conduc-
tivity and good workability have been used widely in
many applications such as thermal insulators for roof-
deck systems and lining fills for tunnels. Pre-cast ce-
ment foams are typically used in sandwich structures
because they are fire-resistant and inexpensive com-
pared to polymeric foams. For example, prefabricated
housing wall panels with a cement foam core and gyp-
sum faces have been used for a number of years in
construction. Lightweight cement foams used as load-
bearing components or noise protectors in high-rising
buildings and bridges, in general, are subjected to a
fatigue loading due to fluctuations in stress (such as
wind or earthquake), temperature, or moisture content.
The fatigue of cement foams after some cycles of load-
ing might lead to a catastrophic failure of the structures.
The structural integrity, essential to the designer, is thus
mainly controlled by the fatigue life of cement foams.
Therefore, the fatigue of cement foams should be in-
vestigated in detail to provide ways of enhancing the
safety of engineering structures.

Studies of the fatigue of foamed materials are limited
in literatures. Noble and Lilley [1] obtained the fatigue
macrocrack propagation rates for rigid polyurethane
foams at room temperature under a constant cyclic
loading. The fatigue of rigid polyurethane foams was
described well by a modified form of Paris law. Yau
and Mayer [2] studied the fatigue resistance of glass-
reinforced rigid polycarbonate foams. Fatigue striation
formed in the solid cell struts on fracture surface was
observed, suggesting that the fatigue of solid cell struts
is the main mechanism for the fatigue of foamed mate-
rials. Tsai and Ansell [3] measured the flexural fatigue
properties of various woods, foam-like materials, and
found that cell strut kinking is the main mechanism for
flexural fatigue of their wood specimens. Bonfield and
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Ansell [4] presented the fatigue properties of laminated
wood. There was no specimen size effect on the fatigue
life for their wood laminates under compression and
shear.

Huang and Lin [5] derived the theoretical expressions
of high cycle fatigue, low cycle fatigue and macro-
crack propagation rate for low relative-density foams
with a critical macrocrack by using a cell-strut-bending
model proposed by Gibson and Ashby [6]. Theoreti-
cal results suggested that the fatigue of low relative-
density foams depends on relative density, cyclic stress
intensity range and the fatigue parameters of solid
materials from which they are made. By introducing
preformed air bubbles into cement slurry and then mix-
ing, Tonyan and Gibson [7] produced cement foams
with relative densities in the range 0.1–0.45. The mea-
sured elastic moduli and compressive strengths of ce-
ment foams were analyzed by using both the cell-strut-
bending model for foams and empirical equations for
porous solids. Burman and Zenkert [8, 9] performed
fatigue tests in four-point bending on sandwich beams
with or without sub-surface core damage. Standard S-N
diagrams and a Weibull type function were used to de-
scribe their fatigue test results on sandwich beams with
two different polymeric foam cores, PVC and PMI.

In most cases, cement foams used in engineering
structures, for instance tunnels and buildings, are sub-
jected to a compressive stress state. The fatigue be-
havior of cement foams in axial compression becomes
important when they are subjected to a cyclic mechan-
ical or thermal loading. In the paper, the theoretical
expression of compressive fatigue for cement foams
without any critical macrocrack is first derived using di-
mensional argument analysis. Normally, the maximum
cyclic compressive stresses imposed on cement foams
are lower than their ultimate compressive strength. It
is thus assumed that the fatigue of solid cement paste
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follows Basquin law. Fatigue failure of cement foams
occurs when individual cell struts within them rup-
ture after some cycles of loading, giving the fatigue
life of cement foams. As initial phase of study, cement
foams under cyclic compressive stress ranges with zero
stress ratios will be modelled and experimentally veri-
fied here.

2. Modeling
Fig. 1a shows cement foam cylinder subjected to a re-
mote uniform cyclic compressive stress range,1σ ∗.
The induced cyclic force,1F , exerted on individual
cell struts with a cell strut length,̀, and a cell strut
thickness,t , is shown in Fig. 1b. The minimum re-
mote compressive stressσ ∗min= 0, the maximum remote
compressive stressσ ∗max=−1σ ∗, the remote stress ra-
tio R= σ ∗min/σ ∗max= 0 and the remote stress amplitude
σ ∗a =1σ ∗/2 of the cement foam cylinder during each
cycle of loading are illustrated in Fig. 2. Since cell-strut
bending dominates the deformation of foamed materi-
als, the cell-strut bending model of individual cell struts
in cooperation with dimensional arguments analysis
will be employed to derive the theoretical expression
of compressive fatigue for cement foams.

The remote cyclic stress range imposed on the ce-
ment foam cylinder is related to the induced cyclic force

Figure 1 (a) Cement foam cylinder subjected to a remote uniform cyclic
compressive stress range,1σ ∗. (b) The induced cyclic force range,1F ,
exerted on individual cell struts with a cell strut length,`, and a cell strut
thickness,t .

Figure 2 The minimum remote compressive stressσ ∗min= 0, the maxi-
mum remote compressive stressσ ∗max=1σ ∗, the stress ratioR= 0 and
the stress amplitudeσ ∗a =1σ ∗/2 during each cycle of loading.

exerted on individual solid cell-struts by using dimen-
sional argument:

1F ∝ 1σ ∗`2 (1)

The corresponding cyclic bending moment,1M , ex-
erted on any cross-section of individual cell struts is
proportional to the product of1F and`. Thus, the in-
duced cyclic stress range,1σs, acting at any point of
individual cell struts can be computed from the elemen-
tary mechanics of materials and dimensional argument
analysis:

1σs ∝ 1M

t3
∝ `1F

t3
∝ 1σ ∗

(
`

t

)3

(2)

The cross-section of individual cell struts is assumed to
be square with an area oft2.

The maximum remote compressive stress imposed
on cement foams during each cycle of loading, in gen-
eral, are lower than their ultimate compressive strengths
in many engineering applications. As a result, the max-
imum induced cyclic stresses acting at individual cell
struts are less than their modulus of rupture. Assum-
ing that the fatigue of solid cement cell-struts can be
described well by Basquin law:

1σs
(
Nf
)a = C1 (3)

Where Nf is the number of cycles to failure,C1 and
a are the fatigue parameters of the solid from which
cement foams are made.

Fatigue failure of cement foams occurs after some
cycles of loading due to the fatigue failure of one set
of solid cell-struts loaded cyclically up to their fatigue
life. That is, the number of cycles to failure for cement
foams,N∗f , is equal to that for solid cement cell-struts,
Nf . Hence, from Equations 2 and 3 the theoretical ex-
pression of the number of cycles to failure for cement
foams can be found to be:

N∗f = Nf ∝
(

1

1σs

)1/a

∝
[

1

1σ ∗

(
t

`

)3
]1/a

(4)

The relative density of cement foamsρ∗/ρs (the density
of cement foams,ρ∗, divided by the density of solid ce-
ments,ρs) is proportional to the ratio oft and`. Hence,
the compressive fatigue of cement foams can be writ-
ten as:

1σ ∗
(
N∗f
)a = g0

(
ρ∗

ρs

)α
(5)

Here g0 and α, the microstructure coefficients, de-
pend on the cell geometry of cement foams and should
be determined experimentally. Noted that the theo-
retical expression of compressive fatigue for cement
foams (Equation 5) has a similar form as that for the
solid cement from which they are made (Equation 3);
both equations have the same exponential constant,
namelya.
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Equation 5 has the limit that the number of cycles to
failure N∗f must equal to 1 when the maximum remote
compressive stress exceeds the ultimate compressive
strength of cement foams. As a result of that, Equation 5
is further reduced to an equation describing the relation
between the ultimate compressive strength of cement
foams and their relative density:

σ ∗u = g0

(
ρ∗

ρs

)α
(6)

Substituting Equation 6 into 5, the theoretical expres-
sion of compressive fatigue for cement foams can be ex-
pressed in terms of their ultimate compressive strength:

1σ ∗

σ ∗u

(
N∗f
)a = 1 (7)

The analytical result indicates that once the compres-
sive fatigue of any particular relative-density cement
foams is known, the fatigue life of other relative-density
cement foams can be estimated from Equation 7.

3. Experimental methods
3.1. Materials
A chemical processing method can produce cement
foams; for example, aluminum powders are mixed with
cement slurry to obtain an aerated cement paste within
which hydrogen gas bubbles distribute randomly and
uniformly. At the same time, a mechanical processing
method by mixing preformed air bubbles with cement
slurry can also be utilized to produce cement foams.
All cement foam specimens tested in the study were
made by the mechanical processing method; the mix-
ing process and constituent proportion for producing
cement foam specimens followed those as suggested
by Tonyan and Gibson [7]. The materials used for pro-
ducing cement foam specimens were alumina cement
(Denka cement, Japan), water, superplasticizer and pre-
formed air bubbles. The preformed air bubbles were
made by pressurizing an aqueous solution of a foam-
ing agent (manufactured by Elastizell Corporation of
America, Ann Arbor, Michigan, U.S.A.) diluted with
water in a foam generating tank. Cement foams with
a water/cement ratio of 0.6 and adequate amounts of
superplasticizer were made to ensure a good worka-
bility for placing them into cylindrical steel moulds.
The dosage of superplasticizer (0.5% of total cement
weight) is the same as that recommended [7] to reduce
the water/cement ratio of the mix while maintaining a
stable foam.

The design relative densities of cement foam spec-
imens considered here were 0.15, 0.25 and 0.35; one
solid cement specimen was also made. Changing the
amount of preformed air bubbles poured into cement
slurry controlled the density of cement foam speci-
mens. The required amount of individual constituents
for producing cement foam specimens with different
densities was calculated and weighted before mixing.
After complete mixing of cement paste and preformed
air bubbles, cement foams were placed into cylindri-

cal steel moulds with an inner diameter of 75 mm and
a height of 150 mm. One day later, the cement foam
specimens were removed from cylindrical steel moulds
and cured at ambient room temperature in water. Af-
ter 28 days of hardening, the cement foam specimens
were trimmed on their both ends and then air dried for
additional 7 days. Some cement foam specimens with
imperfections such as visible cracks and flaws were ob-
served and thus discarded. The actual density of each
cement foam specimen was measured before mechan-
ical testing.

3.2. Compression tests
For each design density of cement foams, 30 speci-
mens were used for measuring the elastic modulus and
ultimate compressive strength in uniaxial static com-
pression tests at a constant strain rate of 0.001 min−1.
The loading frequency for wind and earthquake nor-
mally ranges from several to 25 Hz. Uniaxial dynamic
compression tests on cement foam specimens were con-
ducted under various remote cyclic stress ranges at a
constant frequency of 20 Hz when both the consump-
tion of testing time and the applicability of experimental
results were of concern. The specimen numbers were
25, 32 and 45 for the design relative densities are 0.15,
0.25 and 0.35, respectively. In dynamic compression
tests, the maximum remote compressive stress was less
than the ultimate compressive strength of cement foams
while the minimum remote compressive stress was ze-
roing during each cyclic loading as shown in Fig. 2.
The number of cycles for each specimen is counted un-
til failure occurs at which the remote cyclic compres-
sive stress range can not be sustained. The maximum
number of cycles allowable in dynamic compression
tests was set to be 106; if specimens after 106 cycles of
loading still kept intact, the dynamic compression test
was stopped then. Both the static and dynamic com-
pression tests were conducted in a materials testing
machine (Instron Model 8511) with a 20 KN loading
capacity.

4. Results and discussion
The average measured relative densities,ρ∗/ρs, are
0.141 with a standard deviation of 0.004, 0.266 with
a standard deviation of 0.013 and 0.378 with a standard
deviation of 0.007 for cement foam specimens with the
design relative density of 0.15, 0.25 and 0.35, respec-
tively. The measured density of solid cement specimen
is ρs= 1600 kg/m3. Air bubbles within cement foams
are deformed under a loading of heavier cement paste
as the design relative-density is increased, causing indi-
vidual cells to collapse and coalesce before a complete
hardening. As a result, the measured relative density is
higher than the design relative density for cement foams
with the design relative-density of 0.25 and 0.35.

4.1. Static compression test
In uniaxial static compression tests, two typical stress-
strain curves for cement foam specimens were observed
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Figure 3 Two typical stress-strain curves for cement foam specimens
in uniaxial static compression test (a) compressive crushing failure
(b) shearing failure.

and illustrated in Fig. 3. Two different failure modes
for cement foam specimens were also seen and shown
in Fig. 4. A compressive crushing failure correspond-
ing to the stress-strain curve in Fig. 3a occurs for ce-
ment foam specimens with the average relative density
of 0.141 while a shearing failure corresponding to the
stress-strain curve in Fig. 3b for those with the average
relative density of 0.378. For cement foams with the av-
erage relative density of 0.266, both failure modes are
found. Noted that brittle crushing of cell-struts is more
likely to occur for lower relative-density cement foams
with thinner cell-struts. When the applied stress reaches
the first peak stress (labeled A in Fig. 3a), consecutive
collapse of cell-struts progresses at a roughly constant
stress, leading to the stress-strain curve as presented in
Fig. 3a. For cement foams with higher relative densi-
ties, the cell struts become thicker enough to suppress
the compressive crushing failure, exhibiting a shear-
ing failure as expected for porous solids. Therefore, it
can be said that the failure mode of cement foams will
change from compressive crushing to shearing if their
relative densities are larger than roughly 0.25.

The elastic modulus is measured from the slope of
initial linear region of the stress-strain curve for each
specimen while the ultimate compressive strength is
calculated from the first peak load applied to the speci-
men as labeled A in Fig. 3. The measured elastic moduli
of cement foams are plotted against their relative densi-
ties in Fig. 5. The relation between elastic modulus and

relative density can be describe well by the following
equation:

E∗ = 21

(
ρ∗

ρs

)3.2

(8)

HereE∗ has a unit of GPa. The exponential constant is
found to be 3.2 instead of 2 as suggested by Gibson and
Ashby [6] for low relative-density foamed materials.

Experimental results on the ultimate compressive
strengths of cement foams with different relative den-
sities are shown in Fig. 6. It is seen that the ultimate
compressive strength of cement foams increases with
their relative density and can be described well by the
following equation:

σ ∗u = 120

(
ρ∗

ρs

)3.6

(9)

Here σ ∗u has a unit of MPa. The microstructure co-
efficient g0= 120 MPa is determined from the above
equation. The exponential constant for relative-density
dependenceα= 3.6, is within the range of 1.5 for low
relative-density foams proposed by Gibson and Ashby
[6] and 4.0 for porous solids suggested by Roy and
Gouda [10].

4.2. Dynamic compression test
Experimental results on the numbers of cycles to failure
for cement foam specimens with the average relative
density of 0.141, 0.266 and 0.378 subjected to various
cyclic compressive stress ranges are plotted in Figs 7–9,
respectively. For specimens after 106 cycles of loading
are still intact, their numbers of cycles to failure are
set to be 106 as presented in the Figures. It is noted
that the numbers of cycles to failure for cement foams
with the average relative density of 0.141 scatter more
widely. The reason might be due to the difficulty in
controlling the microstructural uniformity when more
preformed air bubbles are mixed with cement slurry for
lower relative-density cement foams. Some specimens
with a non-uniform microstructure might fail after few
cycles of loading, resulting in a local collapse of thin-
ner cell-struts and a shorter fatigue life as expected.
From Fig. 7, however, it still can be seen that the num-
bers of cycles to failure increase with decreasing cyclic
compressive stress ranges.

From Equation 5, it is clear that the numbers of cy-
cles to failure for cement foams will be affected by
their relative density and the cyclic compressive stress
ranges. When the relative densities of cement foams are
taken into account, the normalized cyclic compressive
stress range,1σ ∗/(ρ∗/ρs)3.6, are plotted against their
corresponding numbers of cycles to failure for cement
foams with various relative densities and are shown in
Fig. 10. The relation between the number of cycles to
failure and the normalized cyclic compressive stress
range is found to be:[

1σ ∗

(ρ∗/ρ)3.6

]
N∗ 0.034

f = 118 (10)
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Figure 4 Two failure modes were observed in uniaxial static compression tests for cement foam specimens (a) compressive crushing failure (b) shearing
failure.

Here1σ ∗ is in a unit of MPa. The number of cycles
to failure for cement foams increases with decreasing
normalized cyclic compressive stress range.

In practical applications, most empirical equations
describing the number of cycles to failure are expressed
in terms of the ratio of cyclic compressive stress range
and ultimate compressive strength for cementitious ma-
terials. Therefore, Equation 10 can be further written as:(

1σ ∗

σ ∗u

)
N∗ 0.034

f = 0.98 (11)

Equation 9 has been used in the above equation. The ex-
ponential constanta= 0.034 in Equation 11 for cement

foams deviates from 0.043 as presented by Bennett
et al. [11] for high-strength concrete and from 0.064
as proposed by Hsu [12] for plain concrete. The reason
for the deviation might be due to their different com-
position: pure cement paste with a higher water/cement
ratio for solid cell struts in cement foams while a combi-
nation of cement paste with a lower water/cement ratio,
fine aggregates and coarse aggregates for concrete ma-
terials. However, the constant 0.98 on the right-hand
side of Equation 11 is close to 1 as expected from the
theoretical modelling of Equation 7.

In order to obtain a complete stress-strain hysteresis
loop for cycle number up to 106, the cyclic compressive
stress range is set to be 55% of the ultimate compressive
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Figure 5 Measured elastic moduli of cement foams are plotted against
their relative densities. The elastic modulus of cement foams increases
with their relative density and the exponential constant is found to be 3.2.

Figure 6 Ultimate compressive strengths of cement foams are plotted
against their relative density. The ultimate compressive strength increases
with their relative density and the exponential constant is found to be 3.6.

Figure 7 Experimental results for the number of cycles to failure of ce-
ment foam specimens with the average relative density of 0.141 subjected
to various cyclic compressive stress ranges.

Figure 8 Experimental results for the number of cycles to failure of ce-
ment foam specimens with the average relative density of 0.266 subjected
to various cyclic compressive stress ranges.

Figure 9 Experimental results for the number of cycles to failure of ce-
ment foam specimens with the average relative density of 0.378 subjected
to various cyclic compressive stress ranges.

Figure 10 Numbers of cycles to failure for cement foam specimens
are plotted against their normalized cyclic compressive stress ranges
1σ ∗/(ρ∗/ρs)3.6.

strength for cement foams. Fig. 11 shows a typical
stress-strain hysteresis loop after various numbers of
cycles of loading. It is found that the loss coefficient at
each cycle of loading decreases as the number of cycles
is increased; the loss coefficient is defined as the ratio of
loading and unloading. For most cases, the loss coeffi-
cient is roughly 0.30 for the first cycle of loading and is
0.05 after 106 cycles of loading. The normalized elastic
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Figure 11 A typical stress-strain hysteresis loop of cement foams after various numbers of cycles of loading.

Figure 12 The normalized elastic modulus increases as the number of
cycles is increased.

modulus is the elastic modulus taken at the stress level
of 0.75 MPa after some cycles of loading, divided by
the initial elastic modulus; the normalized elastic mod-
ulus increases as the number of cycles is increased as
shown in Fig. 12. The cell struts of cement foams are
loaded and deformed into a more compact form at the
first cycle of loading, and then cement foams become
denser after each cycle of loading, giving a higher elas-
tic modulus. The elastic modulus of cement foams,E∗N ,
after N cycles of loading (less than 1000) can be esti-
mated from the initial elastic modulus,E∗1, through the
following equation:

E∗N = E∗1 N0.014 For N < 103 (12)

After 1000 cycles of loading, some cell-struts fail and
touch each other, leading to a gradual increase in elastic
modulus.

5. Conclusions
Based on the bending model of individual cell wall in
cooperation with dimensional argument analysis, the
theoretical expression of fatigue for cement foams in
axial compression with a zero stress ratio has been de-
rived. Theoretical results indicate that the number of

cycles to failure for cement foams depend on relative
density, cyclic compressive stress range and the fatigue
parameters of solid cement materials from which they
are made. The theoretical expression is compared to the
experimental results on cement foams for various rela-
tive densities and cyclic compressive stress ranges; the
agreement is good. Results suggest that the compressive
fatigue can be expressed in terms of the ratio of cyclic
compressive stress range and ultimate compressive
strength for cement foams. Thus, once the compressive
fatigue of any particular relative-density cement foams
is known, the fatigue life of other relative-density ce-
ment foams can be estimated. However, the effects of
loading frequency, stress ratio, water/cement ratio and
cell size on fatigue life of cement foams are not studied
here and need to be investigated in future research.
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