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Abstract

A micromechanics-based durability model was developed to predict the flexural mechanical properties of thin sheet cementitious com-
posites reinforced with refined and unrefined cellulose fibers when the composite was tested dry, wet, and accelerated (carbonation) aged.
The model is based on fracture mechanics and directly links the changes in material structure resulting from environmental deterioration
processes to composite flexural mechanical properties. The model was used as atool to estimate quantitatively cellulose fiber-matrix interfa-
cial microparameters that were too difficult to measure experimentally. Reasonable agreement was found between model predictions and ex-
perimentally determined trends in composite flexural mechanical properties and mode of cellulose fiber failure (pullout or rupture) as afunc-
tion of environment. This supports the validity of the proposed micromechanical modeling parameters. © 1999 Elsevier Science Ltd. All
rights reserved.
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Asbestos fibers were used extensively by the fiber cement
industry as thin sheet cement composite reinforcement until
studies showed exposure to ashestos caused lung cancer, as-
bestosis, and mesothelioma in humans [1]. Use of asbestos
was discontinued, sparking extensive research into alternative
fiber systems. Requirements placed upon the aternative fiber
were high mechanical properties, high processability, and
long-term durability in an alkali-rich cementitious environ-
ment. Cellulose fibers fulfilled the first two requirements.
Celulose fibers are intrinsically strong, and refinement (or
mechanical beating) of the cellulose fibers greatly improves
their processability, necessary if the composite isto be manu-
factured successfully using the Hatschek production method
[2-4]. However, when cellulose fiber-reinforced cement
composites were exposed to an outdoors environment, com-
posite performance and mechanical properties changed, im-
plying poor durability [5]. Microstructural study of the com-
posite using scanning electron microscopy revealed that the
cellulose fiber structure and the fibermatrix contact areawere
affected by changing environment [6-8].

This paper focuses on identifying changes in the material
structure of dry refined and unrefined cellul ose fiber compos-
ites after exposure to water and accelerated aged (carbon-
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ation) environments and linking these changes to composite
mechanical properties via a micromechanics-based durabil-
ity model. The composite material structure is subdivided
into three areas: fiber, matrix, and fiber-matrix interfacial
transition zone. Micromechanical parameters are used to de-
scribe the material structure: fiber parameters for strength,
stiffness, length and diameter, matrix parameters for stiff-
ness, fracture toughness, and initial flaw size and fiber-
matrix interaction parameters for interfacial frictional and
chemical bond and snubbing coefficient. A flexural micro-
mechanics-based model uses these input parametersto pre-
dict composite mechanical properties [9]. Quantifying the
effect of changing environment on the micromechanical pa-
rameters will allow the model to be used for composite dura-
bility prediction. This forward prediction is possible if the
micromechanical parameters can be measured experimen-
tally. However, the cellulose fiber-matrix interfacial parame-
ters cannot be measured directly because the fiber is too
small. The single fiber pullout technique cannot be used.
Therefore, the model will serve asatool to estimate the bond
of the cellulose fiber to the cement matrix and the effect of
environment on this bond.

The fracture mechanics-based micromechanical model
used to predict composite mechanical properties will be de-
scribed. Special emphasis is placed on theoretically devel-
oping the composite's fiber bridging stress vs. crack open-
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ing (o,-8) relation recognized as the fiber composite's
constitutive law [9-11]. Then, the micromechanical model-
ing parameters will be defined and the effect of environ-
ment on fiber related parameters and on fiber-matrix inter-
action parameters will be determined. Verification of the
cellulose fiber composite’ s micromechanical properties used
for modeling is obtained:

1. If the modeled flexural mechanical properties have
the same magnitude and follow the same trends as the
experimentally obtained flexural mechanical proper-
tiesin dry, wet, and aged environments, and

2. If the model correctly predicts the mode of cellulose
fiber failure, pullout, or rupture.

1. Flexural modeling: durability of cellulose cement

Cellulose fiber-reinforced thin sheet cement composites
fail by cracking when loaded in flexure. A redigtic descrip-
tion of composite failure is provided by fracture mechanics
using aforce equilibrium and deformation compatibility anal-
ysis[9]. Under load, an edge crack forms on the tension side
of the thin sheet (Fig. 1). The effect of fibers bridging across
the crack plane will be described using the fiber bridging
stress vs. crack opening (o,,-9) relationship. Durahility of cel-
lulose compositesis assessed theoretically by recognizing the
influence changing environment (dry, wet, or aged) has on fi-
ber, matrix, and interfacia properties, or as awhole, the ;-8
relation. These changes influence the composite’'s flexura
mechanical properties and their load-deflection behavior.

1.1. Theoretical concepts of micromechanical modeling

An imposed initial crack (a pre-existing crack-like flaw)
propagates from the tensile side of the plate under uniform
bending moment to the compression side of the plate (Fig. 1).
Thissingle crack analysisis described by the coupled govern-
ing Egs. (1) and (2). Crack extension occurs when the stress
intensity factor at the crack tip, Ky, equalsthe fracture tough-
ness of the cementitious matrix, K,.,:

KtipEKa+Kb: Km (1)

where Ky, is a function of external applied moment m,
crack length a, plate geometry, and the fiber bridging stress
vs. crack opening relation. It is the sum of K, stress inten-
sity factor due to applied loading, and K, negative stressin-
tensity factor due to fiber bridging stress (Appendix A).

Fig. 1. Model schematic of thin sheet in bending.

Eq. (2) is based on Castigliano’ s theorem that relates equi-
librium load (o, due to flexural loading) to the crack opening
profile 3(x).
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where G() is a weight function that represents a unit force
contribution to crack tip stressintensity factor (Appendix A),
3(x) isthe crack opening profile, oy (x") is bending stressin-
duced by external loading M, and o,(8(x")) is bridging stress
vs. crack opening relationship with x measured from the ten-
sile side of the beam. E and w are composite el astic modulus
and beam depth, respectively.

The coupled Egs. (1) and (2) must be solved numerically
[20Q]. For each imposed incremental crack length a, the equi-
librium load M is calculated to yield composite mechanical
properties. Limit of proportionality (LOP), or composite first
crack strength, is the composite flexural stress carried when
theinitial flaw propagates. Modulus of rupture (MOR) is de-
fined as the composite’s maximum flexural stress.

For a composite with randomly distributed discontinuous
fibers of volume fraction Vi, Li et a. [12] showed that the
composite a,,- relation in Eq. (3) can be predicted by aver-
aging over the contributions of only those individual fibers
crossing the crack plane:

Lf
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wherelL;, d;, and f are fiber length, fiber diameter, and snub-
bing coefficient, respectively, and p(z) and p(8) are centroi-
dal and angular probability density functions. P(3) is the
single fiber load-displacement relation for aligned fibers.

For uniform two-dimensional fiber distribution, p(6) =
2/t and p(z) = 2/L;. Effects of environmental deterioration
processes enter through the mechanistic part of the o,,-8 re-
lation, P(8) €°, calculated using fiber, matrix, and fiber-ma-
trix interaction micromechanical parameters. The fiber
bridging stress vs. crack opening (o,-3) relationship is input
to Egs. (1) and (2).

Another (but consistent) model is used to predict compos-
ite flexura toughness from athree-point bending load-deflec-
tion smulation. Composite flexural toughness (IMOR) is the
area under the load-deflection curve up to MOR. IMOR pre-
diction is necessary for durability modeling because deterio-
ration processes can significantly affect composite toughness
[4,13]. When the bridging fibers are replaced by an equiva
lent bridging stress distribution at each equilibrium state of
the plate or thin sheet, the composite can be treated as alin-
ear elastic body. The only loads are the bending load and the
fiber-induced applied traction to the face of the crack. The
supports act as displacement constraints. The principle of su-
perposition applies, so the load-point deflection A can be ob-
tained asin Eq. (4) (Fig. 2):
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Fig. 2. Superposition scheme for |oad-point deflection calculation.

A= Ano crack + Acrack (4)

where A, gax 1S Uncracked plate deflection and A iS
cracked plate deflection (Appendix B). Load, crack length,
and fiber bridging stress can be obtained at each equilibrium
step from the micromechanical model. The load-deflection
curve can then be generated.

1.2. Micromechanical modeling parameters

Using the micromechanics-based model, composite flex-
ural performance is described by 11 micromechanica prop-
erties of the fiber-matrix system [9]. These fiber, matrix,
and fiber-matrix interaction properties govern how the fi-
bers bridge the crack. Therefore, they play a critical rolein
controlling the flexural response of the plate. Specimen ge-
ometry (thickness, span, and width) are also input parame-
ters. The micromechanical modeling parameters are defined
asfollows:

Fiber parameters:
Ls, fiber length (mm)
d;, fiber diameter (um)
E;, fiber stiffness (GPa)
oy, fiber strength (MPa)
V;, fiber volume fraction (%).

Matrix parameters:
E,,, matrix stiffness (GPa)
K, matrix fracture toughness (MPa+vm)
c, initial flaw size (um).

Fiber-matrix interaction parameters:
To, interfacial frictional bond (MPa)
G, interfacial chemical debond energy (Jm?)
f, fiber snubbing coefficient.

Specimen geometry parameters:
S, flexura specimen span (mm)
b, flexural specimen thickness (mm)
w, flexural specimen width (mm).

2. Experimental testing of cellulose cement

Cellulose fiber-reinforced thin sheet cement composites
(V; = 10%) were produced in the laboratory using a filter-
press technique (200 X 78 X 6 mm?®). Water-to-cement ra-
tio was 0.25. Cellulose fibers had a two-dimensional ran-

dom orientation within the composite. Both refined (150
CSF) and unrefined (700 CSF) kraft pulped Pinus radiata
cellulose fibers were used. Composites (28 days air cured)
were tested in three-point bending with a span of 146 mm at
20 mm/min under dry and wet conditions. Wet conditions
were defined asimmersion of the compositeinwater 24to 36 h
before testing. In addition, accelerated aged specimens were
tested air-dry to examine the aging effect of 30 carbonation
cycles. Carbonation cycles have been shown to simulate ac-
curately the effects of long-term natural weathering on cellu-
lose composites [5]. One 24 h carbonation cycleisasfollows:

8 h submerged in water at 20°C
1 hintheovenat 80°C
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Fig. 3. (A) Experimentally tested refined cellulose composites. (B) Mod-
eled refined cellulose composites.



204 P.J. Kimet al./Cement and Concrete Research 29 (1999) 201-208

- . §
o — ]
S - 3
> A :
7 e TN
E — Dry \
% ---Wet | 3
D A D S I fs Aged E

‘2””3” 4 .5

A Deflection (mm)

PR e—

£ 30p - f

2 25p ]

§ 20 ; ..".'.E k\\

E 10} /— —Dry |

= 374 ---Wet |

= S ki — dH

o 0 5 ge
0 1 2 3 4 5

B Deflection (mm)

Fig. 4. (A) Experimentally tested unrefined cellulose composites. (B) Mod-
eled unrefined cellulose composites.

5hintheoven at 20°C in a saturated CO,
environment

9hintheoven at 80°C

1 h cooling down from 80°C to 20°C [5].

Experimental flexural load-deflection curves for the compos-
ites are shown in Figs. 3A and 4A for the refined and the un-
refined cellulose composites, respectively. The model predic-
tions (Figs. 3B and 4B) will be discussed in a later section.
Environmental trendsin composite mechanical properties can
be summarized: LOP,geq > LOPyy > LOP,g, MORyey =
MORy, > MOR,¢, ad IMOR ey < IMORyy < IMOR, 4.
Likewise, mode of cellulose fiber failure changed with envi-
ronmental conditions: dominant rupture for aged, combination
of pullout/rupture for dry, and pullout for wet. The dry and
wet composites failed by multiple cracking, whereas the aged
composites failed with one crack. These trends hold regardless
of whether the cellulose fibers were refined or unrefined.

3. Deter mination of micromechanical
modeling parameters

Cellulose fiber and matrix microparameters were extracted
from literature, but the cellulose fiber-matrix interfacial pa

rameters are not available. They have not been determined ex-
perimentaly due to the unavailability of long Pinus radiata
celulose fibers for single fiber pullout testing. Therefore, the
model can serve asavauabletool for their estimation. The es-
timated interfacial modeling parameters (7, Gy, and f) arein-
fluential in predicting the environmentally dependent compos-
ite flexural mechanica properties (LOP, MOR, and IMOR).
Likewise, they determine the mode of cellulose fiber failure,
rupture, or pullout.

3.1. Cellulose fiber parameters

Celluloseisahollow natural organic hydrophilic wood fi-
ber composed of fibrils concentrically layered around a com-
posite tube. When loaded in tension, the cellulose fiber's
cross-sectional area reduces [14]. Fiber properties, structure,
and mechanical reinforcing ability are highly variable, de-
pending on wood fiber source and method of pulping [15].
Micromechanical modeling parameters were chosen to rep-
resent the average property value of dry refined kraft pul ped
Pinus radiata cellulose fibers (Table 1). They are based on
measured values (L; and d) and literature review (o, and E;)
[4,16]. Highly refined cellulose fibers (150 CSF) have
lengths varying from 0.1 to 7 mm with a mean of 2.5 mm.
Likewise, fiber diameter varies significantly with an average
value of 30 wm. Tensiletesting of the cellulose fiber in awet
environment shows a loss of fiber stiffness, whereas fiber
strength does not change when compared to dry, but the fi-
bers do experience greater extension [16]. After aging, cellu-
lose fibers petrify and fail in a brittle manner; fiber stiffness
and strength have been speculated to increase [6]. For mod-
eling simplicity, fiber strength was kept constant regardless
of environment. Unrefined cellulose fibers (700 CSF) have
improved mechanical properties (Table 1). Refinement
causes fiber length to decrease, fiber strength to decrease be-
cause of external fibrillation, and fiber stiffness to decrease
because of interna fibrillation that makes the fiber more
conformable [2].

3.2. Cellulose fiber-matrix interaction parameters

The cellulose fiber-matrix interfacial bond, reflected in
the changed mode of cellulose fiber failure at the composite

Tablel
Refined and unrefined cellul ose micromechanical modeling parameters for
dry, wet, and aged environments

Refined Unrefined

Dry Wet Aged Dry Wet Aged
L¢(mm) 25 25 25 4 4 4
d (pm) 30 30 30 30 30 30
E; (GPa) 30 10 40 35 12 47
o1 (MPa) 550 550 550 650 650 650
To(MPa) 0.8 0.8 3.0 0.6 0.6 23
Gy(Im?) 3.0 1.0 35 3.0 1.0 35
f 0.8 0.5 0.8 0.7 0.4 0.7
E.(GPa) 15.4 135 18.0 14.9 12.2 20.3

Boldface indicates estimated values.
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fracture surface, varies with environment (dry, wet, and
aged). The bond of the cellulose fiber to the cement matrix
isfrictional and chemical in nature, quantified by frictional
bond (t,) and chemical debonding energy (Gg) [3,9]. An ap-
proximation of the dry refined cellulose fiber's frictional
bond (7, = 0.8 MPa) was made by Mai [17] using theoreti-
cal composite modeling. A moderate value of (G4 = 3 Jm?)
was assumed. Chemical debond energy is defined as the
critical interfacial debonding energy required to advance
unit area of the debonding zone. Dry cellulose fibers lock
into the rigid cement matrix by alarge number of hydrogen
bonds via hydroxyl bridging sites [3]. For comparison, typi-
cal toughness of cement pastes varies from 2 to 10 Jm?. The
snubbing coefficient, which represents the effect of a fiber
pulled at an angle over afriction pulley, has not been deter-
mined for cellulose fibers. It was found to vary from 0.7 to
0.9 for polypropylene and nylon fibers, respectively [18].
The variblef was assumed to be 0.8 for dry refined cellulose
fibers. Even though polypropylene and cellulose fibers are
not chemically similar, it is assumed that, mechanically,
their snubbing coefficient will be comparable and of the
same order of magnitude.

The cellulose fiber’s frictional bond was assumed to re-
main constant regardless of dry or wet conditions. The basis
for this assumption is experimenta. Single fiber pullout test
data obtained using polypropylene and PVA fibers showed
negligible changes in their 7, values for dry and wet condi-
tions [19]. The effect of environment on the interfacial bond
properties of polypropylene and PVA fibersis used as guid-
ance for similar bond property changes between the cellulose
fiber and cement matrix. Under wet conditions, it is specu-
lated that insertion of water molecules between the cellulose
fibers and the matrix breaks their fibermatrix hydrogen bonds
[3]. Loss of chemical bond would support observed cellulose
fiber pullout under wet conditions compared with combina-
tion pullout and rupture under dry conditions. G4 of 1 Jm?
was chosen. Snubbing coefficient of the wet cellulose fibers
was lowered to 0.5 because fiber stiffness drops when wet.

After accelerated aging, cellulose fibers petrify and have
a solid cross-section. PVA, a solid fiber having a different
chemical composition from that of the cellulose fiber, bonds
frictionally and chemically with cement. The PVA-cement
frictional bond increased significantly (~300%) after car-
bonation aging [19], so 3.0 MPa was deemed suitable for
cellulose fibers. Aging causes the interfacial matrix to den-
sify and to increase contact with the reinforcing fibers [8].
The PVA chemical bond increased slightly after accelerated
aging. Thiswas reflected in the choice of the aged cellulose
fiber's chemical bond, 3.5 Jm?. The dry snubbing coeffi-
cient of 0.8 was retained for aged conditions.

For unrefined cellulose fibers, interfacial frictional bond
and snubbing coefficient were lowered compared to refined
to account for less cellulose fiber fibrillation [20]; T, de-
creased to 0.6 MPaand f decreased to 0.7. The chemical bond
remained the same. It was assumed that changing environ-
ment would cause the same percent changes in interfacial

properties for unrefined as for refined cellulose fibers. The
values chosen in modeling for the floating parameters of T,
Gy, and f are not tuned to match the cellulose fiber composite
experimental data precisely. Instead, these vaues are in-
tended to predict the trend in flexural mechanical properties
of cellulose cement with changing environment. The actua
values of these parameters for refined and unrefined cellulose
fibers may differ from these estimated values.

Fracture toughness of a cementitious matrix having asim-
ilar water-to-cement ratio as that of the experimentally tested
compositeswas used; K, = 0.2 MPavm[21]. Theinitial un-
bridged flaw size, ¢, was chosen to be 60 pwm based on scan-
ning electron microscopic examination of thin sheet compos-
ites. K,, and ¢ were assumed constant, unaffected by
changing environment. These simplifying matrix assump-
tions were made to aid in identifying the effects of changing
environment on cellulose fibers and cellulose fiber-matrix in-
terfacia properties only. Fiber volume fraction (V;), speci-
men size (S X w X b) and composite stiffhess (E,,) used in
modeling were chosen to match experimental values.

Using these micromechanica modeling parameters, the
o,-0 relation for the refined and the unrefined cellulose fiber
composites under dry, wet, and aged conditions can be gener-
ated (Figs. 5A and 5B). The high bridging stress at very small
crack opening (<0.002 mm) for dry and aged conditions in-
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Fig. 5. (A) 0,-d Relation for refined cellulose. (B) o},-8 Relation for unre-
fined cellulose.
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dicates high LOP compared with the low bridging stress of
the wet composite (as seen in Figs. 3 and 4). The sharp de-
crease in bridging stress for the aged composites at large
crack opening (0.03 mm) implies extreme fiber rupture. The
slope of this transition (from small to large crack opening)
decreases from aged to dry to wet. Similar trends are found
for the unrefined cellulose fiber composites (Fig. 5B).
Higher bridging stress for unrefined cellul ose fibers can be at-
tributed to improved fiber properties (Table 1).

4. Model verification

Comparison of experimental and modeled flexural stress-
deflection curves for refined and unrefined cellulose fiber
composites is provided in Figs. 3A, 3B, 4A, and 4B. The
model correctly predicts the trends in composite properties
(LOP and MOR) with changing environment, yet there is a
discrepancy when predicting composite toughness (IMOR)
for dry and wet conditions (Fig. 6). This is attributed to the
one crack to failure assumption of the model. If the modeled
toughness were multiplied by the number of multiple cracks
formed under dry and wet conditions, model predictions
would be more accurate. However, the one crack to failure
model does show the trend of increasing composite toughness
with the transition from aged to dry to wet. The improved fi-
ber properties of unrefined cellulose contributed to increased
composite toughness. These reasonably good toughness
agreements impart further confidence to model predictions.

To demonstrate fiber failure on the composite fracture
surface through modeling for the refined and the unrefined
cellulose fibers, an infinitely high fiber strength was as-
sumed (Figs. 7A and 7B). This is compared with the case
where fiber ruptures when a unique, deterministic fiber
strength isreached. If fiber strength were infinitely high, the
fiber would not rupture but would pullout. For the dry re-
fined cellulose composite, these comparisons suggest that
there is a combination of pullout and rupture while there is
only pullout of the wet cellulose fibers (Fig. 7A). Under
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Fig. 6. Comparison of toughness trends for experimental and modeled

refined and unrefined dry, wet, and aged composites.
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Fig. 7. (A) Demonstration of modeled dry and wet cellulose fiber failure.
(B) Demonstration of modeled aged refined cellulose fiber failure.

aged conditions, this comparison indicates extreme fiber
rupture (Fig. 7B). These trends are in accordance with ex-
perimental observations.

5. Conclusions

Thefollowing conclusions can be drawn from the current
study:

1. The micromechanics-based model is capable of pre-
dicting broad trends in refined and unrefined cellulose
cement’sflexural strength and toughness (LOP, MOR,
and IMOR) as a function of dry, wet, and accelerated
(carbonation) aged environmental conditions.

2. For modeling purposes, changes in cellulose fiber
properties and cellulose fiber-matrix interaction pa-
rameters with environment were estimated as follows
for prediction of refined and unrefined cellulose ce-
ment’s flexural composite performance:

Fiber stiffness: E; ggeq > Efary > Efwet

Fl ber Stl‘ength Oy aged ~ Oyy dry ~ Oy wet

Interfacial frictional bond: 7, ageq > To dry ™ Towet
Interfacial chemical bond: Gy yges > G ary > Gyt
Snubbing coefficient: fageq ~ fory > fiuer
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3. Lossof cellulose cement toughness with aging is attrib-
uted to increased interfacial bonding of the cellulose fi-
ber to the cement matrix, which causes increased fiber
rupture.

4. Because experimental measurements of the interfacial
properties of cellulose fibers to the cement matrix as a
function of environment are not available, they must
be back calculated from experimental composite flex-
ural mechanical data using durability models. Thisin-
version processis not expected to produce a unique set
of interface parametric values. However, the durability
models are capable of predicting performance of the
cellulose composites as a function of environment and
identifying the cellulose fiber-matrix interface as the
component of the composite’s material structure most
affected by changing environment.
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Appendix A

Crack tip stress intensity factor is attributed to applied
stress and to fiber bridging stress. It is described as Ky, =
K, + K,, where K, = stress intensity factor due to applied
loading and K,, = stress intensity factor due to fiber bridg-
ing stress. Furthermore, as given in Eq. (5):

a

K, = ZIG(x,a,W)oa(x)dx (5)
0

where a = crack length, w = plate depth,

0.(x) = Ooffy —3

o, = applied external stress at the tensile face, and x is mea-
sured from the tension face of the beam [23]. o, isrelated to
the external bending moment through

- ™
bw®

where M = applied external bending moment and b =
beam width.

G isaweight function that represents a unit force contri-
bution to crack tip stress intensity factor, asfollows:

1 h(x/aa/w)
Jma (1-x%/a%)"?

with h; givenin[23]. Similarly,

G(x,a,w) =

a

Ky, = —ZIG(x,a,w)ob(é(x))dx

where o,(3) = fiber bridging stress vs. crack opening rela
tion and 8(x) = crack opening profile. Because the crack
opening profile is not known a priori, this requires solution
of theintegral Eq. (2).

Appendix B
A orack €8N be found by classic beam theory

0 _PS O
0 4epwWH

where E = composite modulus and A, Ccan be obtained by
integration of Eq. (6):

a

Acrack = WI(om(X) - Ob(x)) f (X)dX (6)

where w = plate width, a = crack length, o,,(xX) = applied
loading stress, o,(x) = fiber bridging stress, x is measured
from tensile side of plate and f(x) = weight function corre-
sponding to load-point displacement produced by a pair of
unit concentrated forces at arbitrary location x along the
crack line. f(x) can be derived from Eq. (7) [22,23]:

o0 = SE=eER -0 18- ]

172

5
where
@ _nab g K:H! [ﬂ:l
FEH] Dl— [558 1957de+3682EHj
_ ;s ;)
34'94EB] +12'77EBJ’
V2
A:?;—z
and
Eﬂ] & Eﬂ] Eﬁ] 7
EbD 0.76 — 228EH]+378EH] 204Eljj (7)
0.66 2
(1-a/b)
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