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Mechanical properties of cement foams in shear
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Existing models indicate that the mechanical properties of brittle foams in shear depend on
relative density, cell size, cell geometry and the modulus of rupture of solid cell walls. A
series of mechanical testing on alumina cement foams with various relative densities were
conducted to measure their shear modulus, shear strength and fracture toughness.
Experimental data are compared to the existing theoretical models. Results suggest that
the existing models for closed-cell foams are applicable to describe the mechanical
properties of alumina cement foams in shear. Also, the microstructure coefficients included
in the theoretical expressions for mechanical properties of alumina cement foams have
been determined. © 2001 Kluwer Academic Publishers

1. Introduction (mode 1), shearing (mode Il) or mixed-mode fracture.
Sandwich structures with metal or plywood facesHence,the brittle fracture for cementfoams under mode
and cementitious foam cores have been commerciallyy or mode Il loading needs to be fully investigated to
available for a number of years in construction. Thedetermine the possibility and direction of crack propa-
separation of two faces by a lightweight foam coregation in sandwich structures.
significantly increases the bending and buckling The literature on the mechanical properties of ce-
resistance of sandwich structures with little increasement foams is limited. Short and Kinniburgh [1] re-
in weight. Both the stiffness and loading capacity of ported some testing results on Young's modulus and
sandwich structures, however, become lower as theompressive strength of cement foams. They found
relative density of foam cores decreases. When botthat the mechanical properties of cement foams de-
lightweight and high loading capacity are sought increase as the relative density decreases. Tonyan and
a design of sandwich structures, faces are typicallyGibson [2] presented the microstructural characteriza-
much thinner, stiffer and stronger than cores. As dion and elastic properties of Portland cement foams
result, faces primarily carry bending moment exertedwith a relative density ranging from 0.1 to 0.45.
on sandwich structures while cores are mainly loaded.arge coalesced voids were observed from image
by shear force. Therefore, the structural integrity ofanalysis and attributed to the coalescence of indi-
sandwich structures, especially used for load-bearingidual cells into larger voids within foamed cement
components, is strongly affected by the mechanicamatrix. The measured elastic moduli and compres-
properties of lightweight foam cores in shear. sive strengths of Portland cement foams were ana-
Cement foams are preferably used as core materlyzed by using a combination of a cell-wall-bending
als for sandwich structures in building construction be-model and some empirical equations for porous solids.
cause they have low thermal conductivity, good fireHowever, no attempt has been made to study the
resistance and high melting temperature compared tmechanical properties of Portland cement foams in
polymeric foams. However, lightweight cement foamsshear. Huang and Huang [3] gave some experimen-
with high porosity possess relatively lower stiffness andtal results on compressive fatigue of alumina cement
strength. The bending rigidity and loading capacity offoams. It was found that the number of cycles to fail-
sandwich structures are thus controlled by the mechanidre for alumina cement foams increases with increas-
cal properties of cement foams. Since lightweight coresng relative density but with decreasing cyclic stress
are normally subjected to in-plane shear stresses, thange.
shear modulus and strength of cement foams play anim- Inthis paper, microstructure characterization and me-
portant role in determining the rigidity, loading capac- chanical testing on alumina cement foams are first con-
ity and corresponding failure mode of sandwich struc-ducted. Resulting measurements of cell length, shear
tures. At the same time, pre-existing cracks or flawsmodulus, shear strength, mode | and mode Il fracture
in brittle cement foams resulting from manufacturing toughness for alumina cement foams with various rel-
or machining might cause catastrophic failure of sandative densities will be compared to existing theoretical
wich structures. Presumably, the crack surface withirmodels. Consequently, the complete theoretical expres-
cement foams may not be exactly perpendicular to theions describing the mechanical properties of alumina
imposed in-plane shear stresses, leading to a tensiement foams in shear are obtained.
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2. Existing models Similarly, Huang and Lin [8] utilized the near-tip
Gibson and Ashby [4] proposed a cubic cell modelsingular in-plane shear stresses to calculate the criti-
to analyze the linear elastic properties of closed-celcal bending moment exerted on the first unbroken cell
foams. They suggested that mechanical property for avall ahead of the macrocrack tip. The mode Il fracture
closed-cell foam is the sum of three contributions: cell-toughness was obtained from the maximum applied in-
edge bending, cell-face stretching and cell-fluid com-lane shear stresses at which the first unbroken cell
pression. For closed-cell cement foams, the contribuwall will fracture. The theoretical expression for mode
tion of cell-fluid compression can be neglected becaus# fracture toughness of brittle closed-cell foams can be
the cell fluid is air instead of liquid. Thus, the theoreti- written in a similar form:

cal expression for shear modulus of closed-cell cement

foams,G*, is: Kiic ( P*)3/2 " p*
o ——=Cl¢o—| +C,(1-9¢)— (4
e 4 ¢ps 4( <f>)'0S (4)
G* ,0* 2 , o
G—s =C1 (‘pg) +Ci(1- d’)g 1) HereC, andCj are another microstructure coefficients

and can be determined empirically.

where¢ is the volume fraction of solid contained in ~ The existing models suggest that the mechanical
the cell edges, (+ ¢) is the remaining fraction of solid Properties of brittle closed-cell foams in shear depend
contained in the cell faces, ai@k is the shear modu- 0N relative density, cell size, cell geometry and the ma-
lus of solid cell walls. The relative density*/ps, isthe  terial properties of solid cell wall$¥s andoys). A series
density of foamsp*, divided by the density of solid ma- Of mechanical tests are needed to determine the corre-
terial from which they are madgs. The microstructure  sponding microstructure coefficients in the theoretical
coefficientsC; andC/ were found to be 1.0 [4] while €xpressions and to verify the validity of the existing
Demsetz and Gibson [5] found th@ is 1.44 for rigid ~ models for alumina cement foams with different rela-
polyurethane foams. tive densities.
When brittle cement foams are under in-plane shear
stresses, the induced bending moment exerted on indi-
vidual solid cell wall become dominant as compared to3- Experimental methods
the induced axial and shear forces if the relative den3.1. Processing and preparation
sity is relatively low. As a result, brittle rupture failure of specimens
of solid cell walls is more likely to occur. The maxi- The required constituents for producing cement foam
mum applied in-plane shear stresses at which the exépecimens are alumina cement (Asano, Japan), water,
treme fiber tensile stress of individual solid cell wall superplasticizer and preformed air bubbles. The chem-
reaches their modulus of rupturgs, can be calculated ical composition of alumina cement is listed in Table I.
by using dimensional argument analysis as suggestefl foaming agent (provided by Elastizell, U.S.A.) di-
by Gibson and Ashby for foamed materials [4]. Whenluted with water in a 1: 30 solution was pressurized in
the cell-wall modulus of rupture is assumed to be cona tank to generate preformed air bubbles. Alumina ce-
stant, the theoretical expression for shear strength dhent slurry with a water/cement ratio of 0.6 and with a
brittle closed-cell foams;*, can be expressed as: superplasticizer/cement ratio of 0.005 was made first.
The relative densities of alumina cement foams were
T* o\, p* controlled by the method of adding different amounts
ots = CZ(‘PE) +C(1- ‘mg @) of preformed air bubbles into alumina cement slurry;
the density of the solid alumina cement is 1780 K¢/m
HereC, andC; are another microstructure coefficients. In the study, five different design relative densities of
The values o€, =0.2 andC; = 1.0 are obtained from alumina cementfoams were considered: 0.18,0.22, 0.3,
the cubic cell model [4]. Triantafillou and Gibson [6] 0.4 and 0.5.
measured the shear strengths of rigid polyurethane A mechanical processing method of mixing pre-
foams and found that, is 0.31. formed air bubbles with alumina cement slurry was
Using the singular tensile stress field near macroultilized to produce alumina cement foam specimens.
crack tip of a continuum model, Maiét al. [7] were  After complete mixing of alumina cement slurry and
able to derive the theoretical expression for mode | fracpreformed air bubbles, the wet cement foam was cast
ture toughness of open-cell foams as a function of celinto steel molds. 24 hours later, the alumina cement
size ¢, relative density and the cell-wall modulus of foam specimens were removed from steel molds and
rupture. The mode | fracture toughness of closed-cell
foams,K ¢, is affected by both cell-edge bending and
cell-face stretching. The argument parallels that use
for shear modulus and shear strength, giving:

ABLE | Thechemical composition of alumina cement used for pro-
ucing foam specimens

Composition Weight Fraction (%)
Kic ( P*)3/2 p* -
—C__cy¢) +Cia-9= @ 5o 50
oV Tl Ps 3 Ps Al203 53.0
Fe;O3 0.8

CaO 38.2

Again, C3 andC3 are microstructure coefficients and -’ 53

C3 was experimentally determined to be 0.65 [7].
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cured in water at a temperature of°25 After 7 days

of hardening, the alumina cement foam specimens wer:
trimmed on both ends and then air dried for an addi-
tional 2 days. The volume and weight of each alumina
cement foam specimen were recorded to calculate it:
actual relative density.

2cm

3.2. Microstructural characterization

The wet alumina cement foams were poured along the

gravitational direction into cubic steel molds with a ™

dimension of 50 mmx 50 mmx 50 mm. In order to 6.35cm

characterize the cell length distribution in three prin- @)

cipal directions for each cubic specimen, two mutu- P

ally perpendicular sections were cut and observed. Th

two sections of each specimen were trimmed first, an

then scanned and analyzed by the image analysis SO'sample -

ware Adobe Photoshop on a personal computer. Th IS

contrast-enhanced, darkened and enlarged digital in

ages of the scanned sections were utilized to characte

ize the cell length distributions in three principal direc- v

tions. The cell lengths along three principal directions,

{1, £2 and{3, for alumina cement foam specimens were T
P

measured and their number fractions obtained from th
scanned cut-sections were counted over 500 cells ar
recorded. (b)

. Figure 1 The specimen dimension and loading configuration for the
3.3. Mechanical tests direct shear test.

Awave-velocity measurement apparatus (Sonic Viewer

170, Japan) was used to determine the dynamic shee*

modulus for alumina cement foam specimens with dif-

ferent relative densities. Transducers were mounted ol P

both ends of each alumina cement foam cylinder with

a diameter of 75 mm and a height of 150 mm. The ve- / l)/

locity of impulse waves through the tested cylinder can

be recorded and converted to the dynamic shear modt

lus of each alumina cement foam specimen. Dynamic ﬂ$
a

shear moduli of 3 specimens were measured and ave
aged for each relative density of alumina cement foams
The dynamic shear modulus of solid alumina cement P Y
was also measured. S

Cyllndrllc:al specimens with a diameter of 63.5 mm Figure 2 The specimen geometry and loading configuration of a three-
and a height of 20 mm were produced to measure thgint pend test for measuring the mode | fracture toughness of alumina
shear strength of alumina cement foams using a direGement foams.
shear tester (ELE, U.K.). The required specimen di-
mension and loading configuration for the direct shear
test are illustrated in Fig. 1. During each direct shear Beam specimens of 40 mm50 mmx 210 mm were
testing, a constant compressive normal force should bproduced for testing mode | fracture toughness. A cen-
imposed to ensure a shear failure of alumina cemeriral saw-cut notch was made for each beam specimen
foam specimens. Three different compressive hormadbaded in three point bending. Ten notched specimens
forces of 45.6, 65 and 105 N were used for each relawere tested at each relative density. Fig. 2 shows the
tive density of alumina cement foams. Direct shear testspecimen geometry and loading configuration of the
were performed at a constant horizontal displacementhree-point bend test. The crosshead of an Instron ma-
rate of 0.5 mm/min up to shear failure, at which a peakchine moved at a constant speed of 0.5 mm/min. The
shear force is obtained. The peak shear forces of 3 spedbad and deflection were recorded on a computer up to
mens for each compressive normal force were measurdtie point at which fracture occurred. The mode | frac-
and averaged. Then, the measured peak shear forces tore toughness for each specimen was calculated from
specimens under three different compressive normahe applied load at failure.
forces were extrapolated to get the peak shear force for Short beam shear specimens of 50 mB0 mmx
specimens under no compressive normal forces. Th&£00 mm were made and used to measure the mode Il
shear strength of alumina cement foams was calculatefiacture toughness of alumina cement foams. Two saw-
from the extrapolated peak shear force divided by theicut notches with a depth of 25 mm were made for each
horizontal cross-sectional area. short beam shear specimen. Fig. 3 shows the specimen
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Figure 4 The measured cell lengthsand their distributions for alumina
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Table Il. From Figs 46, it can be said that the cell struc-
Figure 3 The specimen geometry and loading configuration of a shorttyre within alumina cement foams is approximately ax-
beam shear test for measuring the mode Il fracture toughness of alumir%yr.nmetriC due to the effect of gravitational Ioading of
cement foams. . . . .

solid cell walls. The aspect ratios for the axisymmetric

closed-cells within alumina cement foams are calcu-

geometry and loading configuration of the short beani2ted and listed in Table II.

shear test. Ten specimens were tested at each relative

density. The crosshead moved at a constant speed @f2. Mechanical tests

0.5 mm/min. Again, the mode Il fracture toughness forthe dynamic shear modulus of solid alumina cement
each specimen was calculated from the applied load 8§ 4.72 GPa. The measured dynamic shear moduli of

failure. alumina cement foams with different relative densities
as shown in Fig. 7 can be described by the following

4. Results and discussion equation:

4.1. Microstructural characterization 5

The measured cell lengttts, ¢, ¢3 and their distri- S o 64(’0—*> 40 2oP” (5)

butions for alumina cement foams with various rela- Gq ' Os T ps

tive densities are presented in Figs 4-6, respectively; . .

¢3 is along the gravitational direction while; and Equation 5 represents the theoretical model for
¢, are normal to the gravitational direction. Note thatC1=1.0, C{ =1.1 and$ =0.8 in Equation 1; that is,
no large coalesced voids as reported by Tonyan and

Gibson [2] in their Portland cement foams have beermABLE Il Mean cell lengths in three principal directions and aspect
observed in alumina cement foams. Since the Scannéatios for alumina cement foams with different relative densities
sections of alumina cement foam specimens provide
the two-dimensional cell lengths, a correction factor

Relative density4*/ ps)

is needed to estimate the true three-dimensional cell 05 0.4 0.3 022 018
lengths. The measureq two-dimensional cell Iength@le—an cell lengths:

frpm the scanned sections are .converted to the three- £ (um) 268.8 2694 2724  279.7  304.7
dimensional cell lengths by multiplying a factor of4 £ (um) 2652 266.8 270.3 2749  307.9
as suggested by DeHoff and Rhines [9] for spherical ¢z (um) 2283 2351  240.0 2497 2672
particles with a uniform size. The resulting mean ceIIAS(ZEe/%t ratios: 0849 0873 0881 0892 0877

; - L . t3/01 , . . . .

lengths in the three principal directions for alumina ce i 0987 0990 0993 0983 1010

ment foams with different relative densities are listed in
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cement foams with various relative densities.
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Figure 6 The measured cell lengthisand their distributions for alumina
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cement foams with various relative densities.
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Figure 7 The dynamic shear moduli and shear strengths of alumina ce-
ment foams with different relative densities.

Experimental results on the shear strengths of alu-
mina cement foams are also shown in Fig. 7. Only spec-
imens with lower relative densities (0.18, 0.22 and 0.3)
were tested due to the limitation of shearing capacity of
2KN allowable for the direct shear tester. The relation
between shear strength and relative density for alumina
cement foams is obtained as follows:

T* o* 3/2 o*
— = 0.14<—) +0.12— (6)
Ofs Ps Ps

From the above equatiorC,=0.2, C;=0.6 and

¢ =0.8 are found for the theoretical model of Equa-
tion 2. The microstructure coefficien€) =0.6 is
smaller than 1.0 as suggested by Gibson and Ashby
for crushing strength of closed-cell foams [4].

The crack depth for notched beam specimens under
three point bending (Fig. 2) is 20 mm, giving the ratio
of the crack depth to the cell length greater than 10 as
recommended by Huang and Gibson [10] to eliminate
the short crack effect on foamed materials. The mode |
fracture toughness of notched alumina cement foam
specimens loaded in three point bending can be calcu-
lated from the applied concentrated force at failire,
using the equation proposed by Srawley [11]:

. PS a
KIC = BW?3/2 f (W) (7)

WhereS, B, W anda are the span, width and depth of
notched specimens and the notch depth, respectively,
as illustrated in Fig. 2; the dimensions of notched beam
specimens ar&V=4 cm, B=5 cm,a=2 cm and
S=16 cm. The functionf (a/W) is given by the fol-
lowing equation:

05 a a a a
are close to the theoretical value of 1.0 as suggested hy(W) (L.99—w L—w) [2'15_3'93(W)+2'7(W)2]} (8)
Gibson and Ashby for closed-cell foams [4].

2+23) 18"

775



100 1

KN-m-3/2

Fracture Toughness

Normalized Fracture Toughness
o
-

/ e Mode I Fracture Toughness e Mode I Fracture Toughness
' © Mode II Fracture Toughness o Mode II Fracture Toughness
*o Equation (9) Equation (12)
- --Equation (21 |} [ Equation (13)
10 0.01
0.1 1 0.1 1
Relative Density Relative Density

Figure 8 The measured mode | and Il fracture toughnesses of alumindigure 9 The normalized mode | and Il fracture toughness for alumina
cement foams. cement foams with different relative densities.

The mode | fracture toughness for the notched beam

specimens of varying relative density are shown in ) o ) N
Fig. 8. The measured mode | fracture toughnesses @flumina cement foams with different relative densities
alumina cement foams can be described well by th&éan be found from Table II. Also, the modulus of rup-

equation: ture of a solid alumina cement beapt( ps = 1) under
three point bending is found to be 6.76 MPa. Since
«\ 1505 the fracture toughnesses and cell lengths for alumina
K = 23081(’0—) (9) cement foams have been measured, the microstructure
Ps

coefficientsCs, C3, C4 andCj can be obtained from
. a2 experimental results.
HereK ¢ has the unit of KN-m¥/2, When cell anisotropy is taken into account, the nor-

The mode Il fracture toughness of alumina cemenimalized mode | fracture toughness of alumina cement
foams can be calculated from the applied load at failurefopams as shown in Fig. 9 can be rewritten as:

P, in the short beam shear testing by using the equation
proposed by Watkins and Liu [12]:

K * %\ 3/2 *
5 c_ _ 0.46<p—) 10402 (12
B4 s (10) oV Tl Ps Ps

Herec, d andB are the notch depth, notch distance andlt is found thatCs =0.65, C; =2.0 and¢ =0.8 for
specimen width, respectively, as defined in Fig. 3. Thghe theoretical model of Equation 3. At the same time,
measured mode |l fracture toughness of alumina cethe normalized mode Il fracture toughness of alumina
ment foams shown in Fig. 8 fits well with the following cement foams as shown in Fig. 9 is:

equation:

1.5003 K p*\¥/? p*
p*)' e =0.28<—) +0365  (13)

Kic = 194-54<p_ (11) oV Tl Ps Ps
S

Again, Ki- has the unit of KN-m*/2. From Fig. 8,itis  From Equation 13C,=0.4,C} = 1.8 and¢ = 0.8 are
seen that the mode Il fracture toughness is consistentlfound for the theoretical model of Equation 4.
smaller than mode | fracture toughness for alumina ce- From Fig. 9, it is noted that the measured mode |
ment foams if they have the same relative density.  and Il fracture toughness are slightly smaller than those
From Equations 3 and 4, it is known that both thecalculated from Equations of 12 and 13 as the relative
mode | and Il fracture toughnesses of alumina cemendensity of alumina cement foams is decreased. The rea-
foams depend on their relative density, cell size andson for that might be due to the difficulty of complete
cell-wall modulus of rupture. Cell anisotropy will af- mixing of cement slurry and preformed air bubbles as
fect the fracture toughness of alumina cement foams athe relative density becomes smaller, introducing some
a function of crack propagation direction, and shouldflaws and cracks within solid cell walls. In addition, the
be considered here. The pre-cut crack propagates alormgalescence of preformed air bubbles into larger cells
the gravitational direction for notched beam specimengor lower relative-density cement foams might produce
under three point bend testing while the pre-cut cracksome flaws and cracks within solid cell walls. As aresult
propagates normal to the gravitational direction forof those, the cell-wall modulus of rupture is expected
short beam shear testing. The valuegotind?; for  to be smaller, giving a lower fracture toughness.
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