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Abstract

This paper describes the influence of morphologically altered cellulose fibers on the acoustic and mechanical properties of cel-

lulose–cement composites. Three fiber morphologies were considered (macro-nodules, discrete fibers, and petite nodules). The main

parameters studied include the normal incident acoustic absorption coefficient ðaÞ, specific damping capacity ðwÞ, loss tangent

ðtan dÞ, storage modulus ðE0Þ, and loss modulus ðE00 ¼ E0 tan dÞ. The acoustic absorption coefficient was found to increase with an

increase in fiber volume for all three fiber types investigated, though ‘‘macro-nodule’’ fibers were found to be the most effective.

Stiffness–loss relationships are reported for these composites and the behavior of cellulose–cement composites with soft cellulose

fiber inclusions was found to be similar to a Voigt (series) composite model. Low volumes of fibers had a minimal effect on the loss

tangent; however the stiffness was considerably reduced. Predictive equations for loss modulus as a function of fiber volume at

different moisture conditions were developed. These relations compare well with the experimental values as well as the idealized

Voigt composite behavior. This suggests that there is an optimum fiber volume, which maximizes the loss modulus for saturated

composites while the loss modulus is practically independent of fiber volume for dry composites.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Fibers are used in cementitious matrices primarily to

modify the tensile and flexural strengths, toughness,

impact resistance, and fracture energy [1]. Cellulose–
cement composites are mainly used for two reasons: (i)

they are light at high volumes of fibers, and (ii) they can

be manufactured with cost–performance ratios compa-

rable to other building materials [2]. Wood–cement

composites generally fall into two categories: wood

particle–cement composites and wood fiber reinforced

cement composites. Wood particle composites are pri-

marily of architectural value whereas wood fiber rein-
forced composites can be used as structural materials [3].

Several studies have examined the effectiveness of both

virgin and recycled cellulose fibers as well wood chip-

pings and shavings in cementitious systems [4,5]. Cel-

lulose fiber–cement composites have found applications
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in production of thin and flat corrugated cement sheets,

noise barriers for highways, and residential wallboards.

Several studies have reported the influence of cellulose

fibers on the fresh and hardened properties of cementi-

tious materials [5–9]. The use of fiber reinforcement has
been reported to increase the flexural strength in dry

condition and decrease it in wet condition [2], while the

compressive strength is frequently reported to decrease

with increase in fiber content [3,10,11].

Though it has been mentioned by some researchers

that natural fiber–cement composites can be used for

noise control purposes [10], only limited data exists on

their acoustic characteristics. As far as acoustic studies
on fibers and flakes are concerned, Wassilieff [12] has

elaborated on sound absorption of compressed wood

fibers and flakes by considering them as agglomeration

of slit shaped channels, which allow sound waves to pass

through.

As is evident from the foregoing discussion on pre-

vious research using cellulose–cement composites, there

has been considerable study on the physical and
mechanical properties of this material, which has
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been looked upon mainly as a material with higher

toughness. While the shape and volume fraction of dif-

ferent fibers are frequently investigated with respect to

their impact on fresh composite properties and me-
chanical behavior [1,13,14], this paper explores the op-

tion of using morphologically altered cellulose fibers to

develop cementitious composites with enhanced acoustic

and damping characteristics.
2. Research significance

The research work presented in this paper has been

initiated on the premise that the pore network of ce-

ment-based materials can be tailored to absorb sound

and dissipate structure-borne vibrations. The purpose of

this paper is to discuss the influence of the volume and
morphology of cellulose fibers on the sound absorption

and vibration damping characteristics of cellulose–

cement composites. Specifically, this paper compares the

acoustic effectiveness and damping features of mor-

phologically altered cellulose fiber–cement composites.

The results presented in this paper would be of interest
Fig. 1. Morphology of three types of cellulose fib
to engineers involved in designing quieter wall panels,

structural components and pavements.
3. Experimental program

3.1. Materials and mixture proportions

3.1.1. Fiber types

The three types of cellulose fibers used in this study

are shown in Fig. 1. The first type consisted of fiber

agglomerates (nodules), ranging from 1 to 8 mm in size,

formed by a flaking process that did not separate the

fibers during manufacture. For the scope of this paper,

they will be termed macro-nodules. The second type

consisted of typical cellulose fibers, 2–3 mm long and

20–60 lm in diameter and is referred to as discrete fibers.
The third type consisted of a mixture of small fiber

nodules and normal short fibers, and will be referred to

as petite nodules. All the fibers were bleached soft wood

fibers. The latter two types of fibers, discrete fibers and

petite nodules, to a certain degree, could be dispersed

fairly easily into individual units in water whereas

macro-nodules were not easily dispersible. The fiber
ers used in this study (scale shown in cm).



N. Neithalath et al. / Cement & Concrete Composites 26 (2004) 359–370 361
nodules or clumps are porous since they are formed by

the agglomeration of individual fibers.

3.1.2. Composition of mortar mixtures

A cement–sand mortar, with 50% of sand by volume

of the matrix phase has been used throughout this study.

The cement used was an ASTM Type I. Fiber volume
chosen for the three selected fibers varied with the type

of fiber. For macro-nodule fibers, 1.5%, 3.0%, 4.5%,

6.0% and 7.5% of the matrix volume was replaced by

fibers whereas for discrete fibers and petite nodules,

1.5%, 3.0% and 4.5% replacement was chosen. Two

different series of fiber volumes were selected based on

two criteria: (i) macro-nodules, by virtue of their particle

size and porosity, were assumed to provide the kind of
porosity that could be beneficial for sound absorption

and (ii) at higher volumes, discrete fibers and petite

nodules tend to clump together in the matrix and the

water content required to achieve desired consistency

increases drastically. In contrast, macro-nodules being

more ‘‘aggregate-like’’ retain their physical form during

mixing and require less water to reach the desired con-

sistency.
For all fibers, the water demand increased with the

addition of fibers to the mixture. Since the addition of

water reducer was not effective in maintaining constant

water–cement ratio (w/c) for all mixtures, the w/c was

adjusted to maintain fresh mix workability at a rea-

sonably practical level, represented by flow values de-

termined in accordance with ASTM C 1437 [15]. Table 1

gives the details of the fresh properties of the mixtures.

3.2. Mixing procedures

The mixing procedure adopted in this study was

varied depending on the type of fibers that were used.

For mixtures with macro-nodules, cement and sand was

first mixed at low speed for 1 min and then the fibers

were added, while mixing. Approximately three quarters
Table 1

Ingredients and flow characteristics of the mixtures

Fiber type Fiber volume (%) Water–cement ratio Water r

(% by w

– 0.0 0.47 0.0

Macro-nodules 1.5 0.50 1.0

3.0 0.52 1.0

4.5 0.57 1.5

6.0 0.65 2.0

7.5 0.69 2.5

Discrete fibers 1.5 0.50 1.0

3.0 0.52 1.0

4.5 0.56 1.5

Petite nodules 1.5 0.50 1.0

3.0 0.52 1.0

4.5 0.57 1.5
of the water needed was added and all ingredients were

mixed at medium speed for 2 min. The remaining water

was then added with water reducer and mixed until a

uniform mixture was obtained (typically at 1 min). Care
was taken to ensure that the mixer did not run at higher

than required speeds or for longer than required dura-

tions so that the fiber nodules are not broken down in

the mixer. For mixtures with high volumes of fiber (6.0%

and 7.5%), an accelerator was added since it was noticed

that there was considerable set retardation otherwise.

Discrete fibers and petite nodules were initially mixed

with about three quarters of the mixing water for 1 min
while the mixer was running at low speed. This enabled

the fibers to be dispersed. Cement and sand were then

added and mixed at medium speed for 2 min, stopped

for 1 min, followed by the addition of remaining water

and water reducer till a uniform mixture was obtained.

For each mixture, cylindrical specimens were cast for

acoustic absorption (95 mm diameter, 100 mm long) and

compressive strength (75 mm diameter, 150 mm long),
and prismatic specimens for specific damping capacity

and flexural strength (250 mm� 75 mm� 25 mm) de-

termination. All the specimens were consolidated using

external vibration and were kept damp inside the molds

for 24 h, after which they were moist cured (at >98%

RH, 23 �C) until the test age. Slices (75 mm� 25

mm� 25mm) were cut from the prismatic specimens for

porosity determination.

3.3. Experimental methods

3.3.1. Porosity determination

Porosity was determined on 75 mm� 75 mm� 25

mm prisms of composite specimens obtained as men-

tioned in the previous section. The method of vacuum
saturation as described in RILEM CPC 11.3 [16] has

been followed in the determination of porosity. The

prisms were dried in an oven at 105� 5 �C until no

change in measured weight was noticed. The specimens
educer

eight of cement)

Accelerator

(% by weight of cement)

Flow �5 (%)

0 70

0 65

0 55

0 55

1 50

1 45

0 70

0 65

0 55

0 70

0 60

0 55
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were then kept dry in a vacuum chamber for 3 h before

water was introduced to the chamber, under vacuum.

The vacuum was maintained for 6 more hours after

which time the specimens were left in water for 18 h. The
saturated surface dried weight was then determined. For

the fiber-reinforced specimens, the water absorbed by

the fibers was accounted for in the vacuum saturated

weight so as to obtain the effective porosity. Porosity of

a plain (control) mortar was also determined. These

porosities were used to calculate the normalized porosity

as reported in Section 4.1.1.

3.3.2. Measurement of absorption coefficient by imped-

ance tube

To evaluate the acoustical characteristics of cellulose–

cement composites, the normal incident absorption co-

efficient ðaÞ was determined for different fiber volumes

for all three types of fibers. The absorption coefficient is

a measure of how well a material can absorb sound.

When a sound wave strikes a material, a portion of the
sound energy is reflected back while a portion is ab-

sorbed by the material. The absorption coefficient is the

ratio of the absorbed energy to the total incident energy.

The impedance tube was used to determine the ab-

sorption coefficient using the experimental set up shown

in Fig. 2. The measurement is based on the two-micro-

phone transfer function test method, making simulta-

neous measurements at all frequencies of interest, as
described in ASTM E-1050 [17]. The sample is placed at

one end of the cylindrical tube with a rigid backing. The

specimen is tested with a plane acoustic wave propa-

gating along the axis of the tube. The absorption coef-

ficient is calculated as

a ¼ 1� jRj2 ð1Þ
where the reflection coefficient ðRÞ is computed for fre-

quencies ranging from 100 to 1600 Hz using the fol-

lowing equation:

R ¼ ejkd1 � ejkd2P
e�jkd2P � e�jkd1

ð2Þ
Fig. 2. Impedance tube set up for determining absorption coefficient.
d1 and d2 are the distances from the specimen surface to

the first and second microphones respectively (Fig. 2), j

is
ffiffiffiffiffiffiffi
�1

p
, k is the wave number (ratio of angular fre-

quency to the wave speed in the medium), and P is the
ratio of acoustic pressures.
3.3.3. Dynamic elastic modulus

The dynamic modulus of elasticity of composite

specimens was calculated from the resonant frequency

following the procedure described in ASTM C 1259-01

[18], using Grindosonice equipment. The specimens

were supported at their flexural nodal points (0.224L
from supports) and excited to obtain the fundamental

flexural resonant frequency.
3.3.4. Specific damping capacity

The specific damping capacity ðwÞ was determined

using Grindosonice equipment according to the de-

caying sin wave method.

w ¼ Ai � Anþi

Ai
� 100% ð3Þ

where Ai is the amplitude of the ith period and Anþi, that

of ðnþ iÞth period.
4. Analysis and discussion of the results

4.1. Porosity

For sound absorbing materials, porosity ð/Þ is one of
the primary factors that govern its acoustic behavior.

The attenuation of sound is believed to be effected by the

porosity incorporated into the system by the addition of

porous fiber nodules or clumps. Porosity also plays a

significant role in determining the mechanical properties
of the composite.
4.1.1. Influence of fiber volume and morphology on

porosity

A plot of normalized porosity ð/composite=/mortarÞ
versus fiber volume for composites with all the three

fiber types is shown in Fig. 3. It can be observed from

this figure that the increase in porosity is highest for
specimens with macro-nodules and lowest for those with

discrete fibers. The relationship is linear (R2 values of

0.93, 0.99 and 0.87 for macro-nodules, petite nodules

and discrete fibers respectively), with porosity increasing

with fiber volume. The relationship between the porosity

of the composite at any fiber volume and the porosity of

the mortar can be given by
/composite ¼ /mortarð1þ A VfÞ ð4Þ



 

 

Fig. 3. Influence of fiber volume and morphology on composite

porosity.
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where the value of the constant A can be considered as

an indicator of the contribution of the fiber phase to the

total porosity of the composite. In the present study, the

constant A assumes values of 0.041, 0.036 and 0.023 for

composites with macro-nodules, petite nodules and

discrete fibers respectively.
The increase in porosity with increasing fiber volume

in mixtures containing macro-nodules and petite nod-

ules can be explained by the fact that in addition to

being porous themselves, these nodules are composed of

porous fibers that can absorb water. For specimens with

discrete fibers, the increased porosity may be due to the
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Fig. 4. (a) Acoustic absorption spectra of composites with macro-nodules

morphologies.
tendency of fibers to clump together while mixing, en-

trapping water-filled spaces, which consequently turn

into voids. Increased fiber volume enhances the poten-

tial for fiber clumping.
4.2. Acoustic absorption coefficient

4.2.1. Influence of fiber volume and morphology on

absorption coefficient

Cylindrical specimens (95 mm diameter and 75 mm

long, cut from 100 mm long specimens) were tested in an

air dry state to obtain the absorption spectra (plot of

absorption coefficients at different frequencies) for

composites with varying volumes of fiber. The spectra

for composites with macro-nodules as inclusions are

given in Fig. 4(a). For the 75 mm long specimens, the
absorption peak occurs at a frequency of approximately

500 Hz. It can be seen that an increase in fiber content

increases the maximum absorption coefficient. For a

sample with no fiber, maximum a is approximately 0.05

and it steadily increases to approximately 0.40 for the

composite with 7.5% volume of macro-nodules. The

macro-nodules appear to provide porous channels inside

the specimen where the incident sound energy can enter
and attenuate. With an increase in fiber volume, it is

expected that there is an increase in the number of

connected porous channels, leading to an increase in

sound absorption. Discrete fibers and petite nodules are

less effective in acoustic absorption, showing only

about 50% of the improvement shown by the composites

with macro-nodules (Fig. 4(b)). This observation justi-

fies the premise that fiber morphology has a significant
influence on the acoustic absorption behavior of the

composite.
400 00 1200 1600
Frequency (Hz)

0

0. 2

0. 4

0. 6

Ab
so

rp
tio

n 
co

ef
fic

ie
nt

 (α
) Macro Nodules

Discrete Fibers
Petite Nodules

8
)

; (b) comparison of absorption spectra at 4.5% volume for different
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4.2.2. Influence of porosity on absorption coefficient

Acoustic absorption is closely related to porosity [19–

21]. Though it is understood that the porosity accessible

to the sound waves is provided by the fiber clumps, it

can be safely assumed that the total composite porosity

as a function of fiber volume is some indicator of ac-

cessible porosity. The variation of maximum acoustic

absorption coefficient in relation to the normalized po-
rosity of the composites is shown in Fig. 5, which indi-

cates an increase in maximum absorption coefficient

with porosity. It can also be noted that all the three fiber

types demonstrate similar response.
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4.3. Dynamic modulus of elasticity

The dynamic modulus of elasticity is a function of
frequency, and in composite materials, it depends on

constituent properties and morphology of the individual

phases [19]. The variation of normalized dynamic

modulus ðEcomposite=EmortarÞ with fiber volume for com-

posites containing macro-nodules for two ages of curing

and moisture condition is shown in Fig. 6. This figure

depicts a gradual reduction in dynamic modulus with

increase in fiber content. Moisture condition ‘‘wet’’ im-
plies that the testing was done immediately after re-

moving the specimen from 98% RH and ‘‘dry’’ indicates

that the testing was done after conditioning the speci-

mens at 105 �C for 24 h after the desired moist curing

duration and then allowing it to return to ambient

conditions.

The dynamic elastic modulus of the composite at any

fiber volume can be related to that of the mortar as
Ecomposite ¼ Emortarð1� BVfÞ ð5Þ

The constant B is invariant for ‘‘wet’’ composites, irre-

spective of the curing duration. B for ‘‘dry’’ composites

is found to be less than that of the wet composites,

indicating that wet composites exhibit higher loss in

modulus with increasing fiber volume.

A comparison of reduction in dynamic modulus of all

the fibrous systems is shown in Fig. 7; the reduction in
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modulus is highest for composites reinforced with

macro-nodules, followed by those with petite nodules

and then by discrete fibers. An increase in composite

porosity with the addition of fibers can be attributed to
this behavior––higher loss in modulus exhibited by the

system with higher porosity.
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4.4. Elastic damping in cellulose–cement composites

Damping defines the energy dissipation properties of

a material. Viscoelastic materials can be used for dam-

ping mechanical vibrations and dissipating sound waves

[22,23]. Damping in concrete is believed to be associated

with the presence of water and air voids, microcracks,

and acoustical impedance mismatch at the boundaries of

different component phases. Damping is sensitive not
only to the morphology of individual phases in a mul-

tiphase system but also to their spatial relations and

individual displacements.
Fig. 9. Comparison of specific damping capacities of composites with

different fiber types (7 day wet condition).

4.4.1. Influence of fiber volume and morphology on

specific damping capacity

For specimens with macro-nodules, Fig. 8 shows the

relationship between fiber content and specific damping

capacity for two different ages of curing and three dif-

ferent moisture conditions (wet, dry, and rewetted).

There is a marked increase in damping capacity with an

increase in fiber content, especially for wet specimens.
This may be attributed to the fact that an increase in

volume of macro-nodules increases the stiffness mis-

match, resulting in higher energy dissipation in the

material than it would have for a sample without fibers.
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Fig. 8. Relationship between fiber volume and specific damping

capacity (composites with macro-nodules).
This is also consistent with observations from a study on

damping mechanisms in hardened pastes, mortar and

concrete which indicated that the damping capacity is

related to the percentage of water-filled pores in the
system [24], with increased moisture leading to a higher

degree of damping. Higher volumes of macro-nodules

effectively increase the amount of water-filled pores in

the system, thereby resulting in high damping capacity

values. For the same curing conditions, it can be ob-

served that the damping capacity decreases with age,

probably due to reduction in porosity and pore water

content as a result of cement hydration. The reduction,
though, is not very large in this case.

The specific damping capacity was found to be de-

pendent on the fiber morphology also, as seen from Fig.

9, which shows its variation with fiber content at the age

of 7 days, in the wet condition. For low fiber volumes,

there is no appreciable difference in damping capacity

between the three kinds of fibers investigated. Discrete

fibers and petite nodules do not seem to be very different
as far as damping capacities of their composites are

concerned, whereas composites with macro-nodules

show higher damping than the others. Macro-nodules

were found to be effective in increasing the damping

capacity of the composite, when added at higher fiber

volumes.
4.4.2. Influence of moisture condition on specific damping

capacity

The damping capacity of all specimens showed a large

degree of sensitivity to moisture content. The values

were reduced to one-fifth of the measured saturated
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values for composites reinforced with 7.5% macro-nod-

ules when the specimens were dried at 105 �C. The loss

of moisture and development of microcracking may

have opposing effects on damping [24]. The presence
of microcracks increases damping whereas the loss

of moisture decreases damping. When the specimens

are dried at 105 �C, there are chances of formation of

microcracks, but it appears that the increase in damping

capacity due to microcracking is much smaller than the

decrease due to water loss. As a result, dry specimens

possess a smaller damping capacity than wet ones. The

variation in damping capacity with fiber volume is also
smaller for dried specimens. This brings out another in-

teresting observation. Though the acoustical mismatch

may seem to be the driving force for increased damping

of composites with higher fiber volumes, the influence of

presence of large amounts of water in these mixes cannot

be neglected. It appears that both, the vibration of water

molecules in the pores and the presence of porous fibers,

dissipate significant amount of energy.
On rewetting of the 14 day old specimens, it can be

seen that, for composites with macro-nodules, the

damping capacity increases again. The increase this time

is very significant and the value is higher than that ob-

served for 7 day moist cured mixes, especially at low

fiber contents. This could be due to the synergistic effects

of both microcracking as well as the presence of water

molecules. At higher fiber contents, this value ap-
proaches the damping capacity observed for 7 day and

14 day wet composites.

4.4.3. Stiffness–loss relationships for cellulose–cement

composites

The loss tangent (the tangent of the phase angle

between stress and strain in sinusoidal loading) is an-

other useful measure of material damping characteris-

tics. It is also defined as the ratio of the imaginary and

the real parts of the complex dynamic modulus E� (E� ¼
E0 þ iE00; storage modulus E0 ¼ E cos d, and loss modulus

E00 ¼ E sin d, so that loss tangent tan d ¼ E00=E0). Using
the measured specific damping capacity w, the visco-

elastic loss tangent can be obtained as tan d ¼ w=2p,
which is proportional to the energy loss per cycle within

the framework of linear viscoelasticity [25]. Most ma-

terials used in structural applications have very low loss

tangents (�0.01). In general, materials with high loss

tangents tend to be more compliant, therefore these are

generally not of structural interest. A stiff material with
low to moderate loss tangents would be of use in struc-

tural damping of noise and vibration.

Stiffness–loss plot of jE�j or E0 versus tan d (it is ob-

vious that for composites with low damping, jE�j and E0

values are very nearly the same) for composites with

fiber volume ranging from 0% to 7.5% of macro-nodules

is shown in Fig. 10. Increasing fiber volume results in

reduced stiffness and increased loss tangent for the moist
cured mixes. But when these parameters are plotted for

the dried composites, it is seen that the increase in loss is

not commensurate with the reduction in stiffness, the

reason for which has been explained in the previous

section. Stiffness–loss relationship seems to be depen-
dent on the moisture condition of the specimens only

and not necessarily on the curing duration as can be

inferred from the similarity in curves for both 7 and 14

day cured specimens. The trend shows that the storage

modulus is inversely related to the loss tangent (E0 ¼
0:2499 tan d�1:10 and 0:2388 tan d�1:10 for 7 and 14 day

moist cured specimens tested wet, and E0 ¼ 0:1019�
tan d�0:96 for oven dried specimens respectively). The
constant that relates loss tangent and storage modulus

can be thought of as an indicator of the moisture con-

dition of the specimens.

4.4.4. Influence of moisture condition on the loss tangent

A plot of fiber volume of macro-nodules versus loss
tangent for saturated as well as dry composites is given

in Fig. 11. It can be seen that for oven-dried composites,

the increase in fiber content does not lead to a sub-

stantial increase in loss tangent as compared to satu-

rated composites. The ratio of loss tangents in the

saturated to the oven dry condition increases with in-

crease in fiber volume. This reiterates the significance of

both enhanced porosity and moisture content in in-
creasing damping.

4.4.5. Rule of mixtures approach to stiffness–loss rela-

tionship

Since Voigt�s (series) and Reuss� (parallel) rule of

mixtures represent upper and lower bound for elastic
constants of composites, the experimental values of
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dynamic elastic modulus and loss tangent are compared

with those predicted by Voigt�s and Reuss� rules. The
dynamic Young�s moduli E can be converted into

complex moduli by the relation E� ¼ Eeid.
Considering the elastic modulus of the mortar phase

as Em and that of fiber phase as Ef and their represen-
tative volume fractions as Vm and Vf , the composite

elastic modulus using Voigt�s rule can be calculated as

E�
c ¼ E�

mVm þ E�
f Vf ð6Þ

and by Reuss� rule:

1

E�
c

¼ Vm
E�
m

þ Vf
E�
f

ð7Þ

The loss tangents for Voigt and Reuss composites can be

expressed by separating the real and imaginary parts of

E�
c [23]

tan dVoigt
c ¼

Vm tan dm þ Vf
E0
f

E0
m
tan df

Vm þ E0
f

E0
m
Vf

ð8Þ
tan dReuss
c ¼

ðtan dm þ tan dfÞ Vm þ Vf
E0
m

E0
f

� �
� ð1� tan dm tan dfÞ Vm tan df þ Vf tan dm

E0
m

E0
f

� �

ð1� tan dm tan dfÞ Vm þ Vf
E0
m

E0
f

� �
þ ðtan dm þ tan dfÞ Vm tan df þ Vf tan dm

E0
m

E0
f

� � ð9Þ
tan dm is the loss tangent for the matrix, tan df is the

loss tangent for the fiber inclusion, which is assumed

as 0.9 (for a soft, lossy phase), E0
m ¼ Em cos dm and
E0
f ¼ Ef cos df . Ef , based on tensile test of cellulose fibers

was obtained as 2 GPa [26].

The stiffness–loss relationships for the composites

with macro-nodules based on elastic moduli and loss

tangents calculated using both Voigt�s and Reuss� rules
for 7-day moist cured composites are compared to the

actual test data in Fig. 12. A small volume of fiber is

seen to result in a large increase in loss for the Reuss

structure whereas it results in a large reduction in stiff-

ness with little loss for the Voigt structure. The com-

posite with soft cellulose fiber inclusions is found to

behave very similarly to the Voigt composite in that a

small volume of soft material has a minimal effect on
loss tangent, but reduces the stiffness to a large extent.

The behavior of 14-day moist cured composites is also

found to be similar.

4.4.6. Loss modulus and its prediction

The product of E0 and tan d is the loss modulus E00,

which is frequently considered as an index of damping

characteristics of materials [25,27]. The loss modulus
combines the storage modulus and damping capacity,

thereby best reflecting the energy dissipation capability

of the material.
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For a given material composition, E0 and tan d of a

composite depends on the fiber volume as well as the

moisture condition of the specimen. Under a constant

moisture condition, say, saturated or oven dry state, the

storage modulus and loss tangent can be represented by
just one parameter––the fiber volume. The plots of fiber

volume against E0 and tan d are shown in Fig. 13(a) and

(b) respectively for composites with macro-nodules wet

cured for 7 days, 14 days and oven dried. A fairly linear

relationship can be observed between the fiber volume

and storage modulus whereas the relationship between

fiber volume and loss tangent can be more adequately

expressed in terms of an exponential function. From
the relationships between fiber volume and dynamic

parameters, relationships between Vf and E0 tan d can

be easily determined. They are given as follows:

E0 tan d ð7-dayÞ ¼ ð0:3437� 0:032 VfÞe0:1423 Vf ð10Þ

E0 tan d ð14-dayÞ ¼ ð0:3527� 0:032 VfÞe0:1301 Vf ð11Þ

E0 tan d ðoven dryÞ ¼ ð0:085� 0:0057 VfÞe0:0811 Vf ð12Þ

Eqs. (10) and (11) show that for saturated condition, the

coefficients are similar, however they change for the

oven-dried condition. These equations help to confirm

the observation that the moisture condition of the

specimens has a significant influence on the stiffness–loss

relationship.

In Fig. 14, the loss modulus determined experimen-
tally as well as from the equations presented above is

plotted against volume of macro-nodules. The expo-

nential predictive equations match the experimental

data especially at higher fiber volumes. The deviation

from curvilinear behavior in the lower ranges of fiber

volume may be attributed to the fact that the loss

modulus has a certain optimal value, after which a de-

crease in storage modulus more than compensates for an
increase in loss tangent, effectively resulting in a reduced

loss modulus. For the composites that are oven dried,

E0 tan d remains more or less constant with fiber volume,

i.e., a decrease in storage modulus as a result of increase

in fiber volume is compensated by increase in tan d. For
the other cases, as can be seen from the figure, there is an

optimum fiber volume at which E0 tan d is maximum,

beyond which a decreasing storage modulus dictates the
value of loss modulus. For conflicting requirements of

stiffness and damping, E0 tan d may provide a suitable

parameter that can aid in the selection of materials for

noise isolation and vibration damping purposes.
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The plot of E0 tan d versus fiber volume for compos-

ites with macro-nodules cured for 7 days is also shown

so as to compare the rule of mixtures with the experi-
mental values and those obtained from Eq. (10) (Fig.

15). It can be observed that E0 tan d values obtained

from experiments and the values predicted by Voigt�s
rule follow the similar trend. The same could not be said

of Reuss composites. This again corroborates the fact

that the composite containing soft high loss inclusions in

a stiff matrix, as is the case with cellulose fibers in ce-

mentitious matrix, behaves similarly to a Voigt com-
posite. In this case also, the loss modulus predicted by

Eq. (10) matches well with the experimental values.
5. Conclusions

This paper has presented the details of an experi-

mental investigation on the acoustic absorption and
damping properties of cellulose–cement composites. The

morphology of the fibers and the fiber volume were

substantially varied.

The following conclusions are drawn from this in-

vestigation:

1. Cellulose cement composites have the potential for

absorbing sound. The absorption coefficient increases
with an increase in fiber volume, possibly due to

the generation of increased number of interconnected

porous channels in the matrix.

2. An increase in fiber volume results in an increase in

porosity for the three fiber systems investigated. Sound
absorption is related to fiber morphology.Macro-nod-

ules (large fiber clumps) are found to be more effective

than discrete (small, well distributed) fibers.

3. Specific damping capacity increases with an increase
in fiber content, presumably due to an increased im-

pedance mismatch between the cementitious matrix

and the cellulose phases.

4. An increase in moisture content of the specimen in-

creases the damping capacity. Drying at 105 �C dras-

tically reduces the damping capacity of all specimens.

Though the microcracking caused by drying increases

the damping, the loss of water offsets this effect to
a much higher degree, resulting in reduced damping

capacity.

5. The storage modulus and loss tangent for cellulose–

cement composites are inversely proportional and

follow an exponential relationship. For dried com-

posites, this relation tends to be linear.

6. Cellulose cement composites containing a stiff, low-

loss phase (cement matrix) and a compliant, high-loss
phase (cellulose fibers) behaves similarly to a Voigt

(series) composite, which shows a large reduction in

stiffness and a low loss tangent.

7. A series of equations are developed to describe the

loss modulus of cellulose cement composites as a

function of fiber volume. These equations are found

to match well with experimental values as well as

those idealized to Voigt composites.
8. For water-saturated composites, there appears to be

an optimal fiber volume at which E0 tan d is maxi-

mized, beyond which a decreasing storage modulus

dictates the value of loss modulus. E0 tan d practically

remains constant for oven-dried composites irrespec-

tive of fiber volume.
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