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Abstract: Carbon nanotubes have excellent mechanical properties that malke them ideal reinforcing materials,
lab Researches observed crack bridging, bonding and fiber pullout in CNT/cement composites, these results
paved the way to analytical and numerical studies based on continuum mechanics, molecular dynamics and the
Finite element method. This study is the introduction to multiple modeling approaches and analysis using the
finite element method, our first step is to understand the effect of the addition of SWNT in a concrete matrix

and its benefits, the next steps will be analyzing the fracture behavior of the composite, which will be discussed
i future studies. The FEM 15 used to estimate the longitudinal elastic modulus of the composite, large-scale
models were developed, simulating SWNTs using pipe elements in ABAQUS. With a deflection simulation test
i FEM, Results from finite element simulations were compared to the analytical results (rule of mixtures) and

validated.
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INTRODUCTION

Since, the discovery of carbon nanotubes (CNTs) by
Iyjima (1991) researchers focused on their excellent
properties, exceptional stiffness, high
strength-weight ratios and toughness, these outstanding
properties set forth the potential of CNTs as ultimate
reinforcing materials, for the development of
nanocomposites.

One of the methods used to simulate CNT behavior
is Molecular dynamics (MD), these simulations are used
for small-scale models and this approach at the molecular

mechanical

level requires very powerful computers to solve
large-scale problems and therefore not accessible for
everyone.

On the other hand Continuum mechanics 13 a more
accessible approach and can be used for large-scale
models, modeling and simulations of nanocomposites can
be achieved using a desktop personal computer and the
computational approaches can play a significant role
in characterizing CNT-based composites.

We are going to use the strength of material theory,
in this case the Rule of mixture and the finite element

method (FEM) and analyze the results.

The main objective of this study 15 to develop
continuum models using FEM to validate and state the
fact that FEM has the potential to deliver good estimates
1n characterizing nano and micro scale composites, in our
case SWNT/concrete composites using the commercial
finite element software ABAQUS CAE, this approach has
achieved very good estimates for overall elastic modulus
of the composite and validates the rule of mixture results.

EXPERTMENTAL RESULTS AND APPLICATIONS

Lab researches Makar et al. (2005) on carbon
nanotubes concrete composite show classical remforeing
behavior, with examples of crack bridging and fiber
pullout being easily identified, as well as a strong bond
between the concrete and the SWNTs (Fig. 1).

These early researches show very promising results
and prove that these new materials are opening the door
to new possibilities and will allow existing structural
designs to be produced with reduced material volumes
and entirely new structural designs and concepts.

Big steps and breakthrough discoveries are being
made daily in carbon nanotubes production, wich
became more affordable and quality SWNT are more
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Fig. 1. Whultiple SWHT tridging a micro crack in concrete
sattiples
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Fig 2: Multiple 3WHT ali gned it producti on sheet

available, especially long 3WHT and o oducti on process
taking the road of mainstreatn industy we can thention
the recert wotk from WNatweomp Teclnologies, Ine
CAnotenotas, 20087 that shows a tremendous diseovery,
a production of a 3-foot by 6-foot sheets of pure carbon
natotube material, where the SWHT are dipned
cottitious ad 1 millimeter-long (Fig ).

Thiz discovery alone opens a big door to futue
advaticed structaral commposites, this is a proof that
cteatitg aipned SWHT with an industrial process is
posaible, these CHNT tfextll sheets codd be easily
ineorporated into adwvanced conerete materials as they
offer a king of reguarity in carbon nanohibes never
achieved hefore, the next step will be aligned BWHT in
composites wich is still only theoretical and at the stage
of computer simulationg g moocorfident it will ke
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achieved wery soonn due to the anouwd of resowces
mobdized wotrl dwide irto cathon nanohibes researches in
the present time.

MATERIAL PROPERTIES

Simgle walled carhon nanotubes (SWNT)Y: CHT: are
clagsified as single-walled carbon nanotubes (3WHT) and
multi-wralled catbon nanotubes (MWHT) (Fig 3.

We ate focusing owr study on SWHT, a hollow
structare formed by covalently bonded carbon atom 2 and
can be represented as a thin graphene sheet rolled into a
cylindrical shape.

The 3WHTz can be sealed at both ends, or open, the
focus iz on the large aspect ratio of the cylinder (ie,
length to diameter ratio as large as 104-1057 which in
general cdled aslongfecontinaous 3WHT s,

AWHTs typically have a diameter of 1 rum with
thickness of 032 mm (Mi ef af, 2007), which iz the
thickness of the graphens sheet

Young's modalus from experimental and thearetical
tesults show that they cann reach up to 1 Tera Pasca
(Falwvetat of al., 1999,

Poisson’s ratio is betweenn 0,19 and 0.22 (Jindal and
Tindal, 20057 and depends of the chirality of the carbon
atoms forming the graphene sheet and do not depend on
the tube diateter.

They have atensile stretigth of 63 GPa. Low density
for a solid of 1.3-14 g cm™ (Colline of &, 20000, its
specific strength of up to 42,000 kM m kg™ izthe best of
knowt materials, Under excessive tensile stran SWHT
undergo plastic deformation that beging at strains of
approerim ately 5% and can iner ease the moavimowm strain the
tube under goes before fracture by releasing strain ener oy,

CHTs are not nealy as strong under compression.
Like ater tubnd ar structure, they tend to wndergo buckling
when placed under compressive, torsional o bending
gress,

Concrete: Concrete 15 a construction material that
cotid ste of cemerd (oo ordy Portland cement) and other
cemertitions materials, aggregate (sand and water) and
chemical admixtures.

Abnmdance of its ingredients raw materials and a
telative ease of production made it the most used
mat-made material on the platet.

Conctete has reldively high compressive strength
but significantly lower tensile strength (about 10%
of the compressive strength) Az a resdt, withowt
reinforcements conerete would almost always fail from
tensile stresses, even whenloadedin compresaion
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Fig 3: Gingle walled, multi waled cabon nanohibes
represertati ons

Concrete elem ents subjected to tensile stresses must
be reirfiorced with materials that are stronger in tens on,
the additicn of steel or fiber reinforcement. The
reinforcement can be by bars (rebad), mesh or fibers
which provide the required tensile strength to concrete
producing renforced concrete.

The modudus of elasticity of concrete is a fanction of
the modulus of elasticity of the aggregates and the
cetterit matrix atwd their relative proportions. The modulus
of elasticity of concrete is relatively lnear at low stress
lewvels gt becomes increasingly nonlinear as smatrix
ctacking develops. The elastic modulus of the hardened
paste may be in the arder of 10-30 GFPa and aggregates
ahout 45-85 GPa. The concrete composite is then in the
range of 27-50 GPa.

All concrete stmctires will crack to some extert,
thicro cracks become more larger with time, ofie way to
bridge and reirforece micto cracks in conerete iz the
addition of cathon nanctubes, as detmonstrated in Lah
reseatches, CHT fibers bridge the micro frachures and
prevent the.

MODELING APPROACH

Amnalytical app roach

Rule of mixture theory for composites: The rule of
mixtire iz an analytical moethod based on the strength of
thaterials theory, it is used in this research to fredict the
composite material properties, The effective longibadina
Voung's mooddus of the CHT-teinforced cotmposite and
to walidate the mumerical residts obtaned using the FELL

Honwrevver, thisz theoty is not acourate when evaluating
the interfacial stress but is found to be efficient and
accurate in predicting the effective material constarts
(Young's modudus, Poisson’s ratic) in the axial and
tratiswerse direction.

We ate goingto foous ow first study on a single long
SWH TS conerete interaction and wotiple aigned 3WHT 2
sitnulating the nanocomp sheets (Anorrmons, 2008 a
wolutte elemernt 18 considered as a hexahedral conerets
matrix with the 3WHT tube in the middle of the matrix, the
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Fig & a) 8WHNT/concrete volume elemert longtadina
sectiory, W) SWHT/fconecrete wvolume element
transverse section
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Fig 5:3WHT in salid matrix

inside of the tube is considered hollow, Figo 4 and a
petfect bond between 3WHT and concrete is assumed
as observed Lab researches (Mlakar ef al, 20057, the
SWHT is considered straight and both materials are
igotropic, this cotfigiration was obgerved in lab
reseatches (Fig ).

W caty calowlate the Volume fraction (W &) of 3WHT
asfollow (Fig )

_ Volutne of SWHT
Total wolutne of the cotnposite material

F

- TI.'(I"I _rii ]'

1
*ogal —ml) @
Whete:
Ve @ Volume fraction (V) of SWHT.
Fe External racius of 3WHT.
Fi Internal radius of 3WHT.
& Hight of the volure element.

Based o the above formula we can easily caodate
the Dimensions of the wolume element used for a given
Vg in our study we are going to use different ¥ olume
fracions of 2WAHT, (1, 1.5, 2, 2.5 and 3%) of 3WHNT asit
approaches the percertage wused in Lab researches
SWH Ts typically have a diameter of | ton with a thickness
of .32 tun (Tiima, 1991; Salvetat of o, 1999, F ormudal-1
hecomes:
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Fig. 6: Volume element transverse section

V= (0.82° —0.5%)
(8 —70.5%)

- Jorss 1 1377
V.

For multiple SWNT in the volume element we can
introduce “n” as the number of SWNT, formulas 1 and 3
become:

(2)

Therefore,

3)

ot 1)

v “4)

s

2 2
(a” —nmg’)

a-\/n[0_7gs+l-3ﬂ]
VS

there are certain assumptions to be made before
developing the rule of mixtures expressiomn:

And

)

SWNTs are uniform, straight and continuous.
Perfect bonding between SWNT and the concrete
matrix.
Longitudinal load produces equal strain in SWNT
and concrete.
The longitudinal deformation resulting from the load
are the same in the composite, SWNT and the
concrete:

Ciatd ~ Caomt ™ Coonore (6)

The load applied is in the longitudinal direction i.e.,
the SWNT direction, 1s shared between SWNT and matrix:

F,=F; +F. @)
Where:
F, . Total Load in Z direction
F,andF, : SWNT load and concrete load

507

The stresses depend on the cross-sectional area of

the CNT and matrix
o,A=0A +0A, (8)

Where:
0, 0.and o, The stress of SWNT, Concrete and
composite.
The cross-sectional areas of the CNT,
matrix and composite.

A_A and A

By applying the Hooke’s Law:

E, e A=EeeA +EgA, (9)
Where:
EZ,Esand Ec : Young’s modulus of the composite,
SWNT and concrete.
Composite strain, SWNT strain and
concrete strain.
Composite sectior, SWNT section and
corncrete section.

ez, s and ec

A Asand Ac

Poisson’s contraction has been ignored and the
strain 1n the SWNT, matrix and composite are the same
Eq. (4),

E,A=EA,+EA,

To get the Young modulus of the composite:

p- |2 g |2 (10)
Z E A C A
AS AC
Al LA
Equals to Vs and (1-Vs)
Therefore,
E,=EV,+E_(1-V) (11)

With the linear Eq. (11) we can calculate the young
modulus of the composite, for different values of Vs,
the results are in Table 1, with Es 15 1000 Gpa and Ec 1s
27 Gpa.

Finite element approach

Single SWNT model: We used the commercial fimte
elements software ABAQUS (www.simulia.com) to
characterize the volume element for a long SWNT
reinforced concrete composite, the SWNT is defined as a
hollow solid eylinder (Fig. 7) (Sohlberg, 1998) inserted in
a matrix from one end to the other (Fig. B), in the
longitudinal direction. Solid elements have been employed



J. Bng. Applied Sei, 3 (6): 504-515, 2006

Tabk 1: Womng's module e aalts froonnale of mime method

Tabk 2: Wolnne elanerts divens ions

Ve E: Gpa E: Gpa Fz Gpa
0.0l 1000 a7 EL
n.ols 1000 ' 415005
0.0z 1000 a7 4640
n.025 1000 ' 51325
0.0z 1000 a7 Jg.19

i.n] .
Fig T a) 8WHT moleoular Dynamics reqresentation, k)
C ontirmaam solid model

gz "

Fig &: 3WWHT/cotcr ete composite wolume elethent

for both the concrete matnx and 3WHT atnd a perfect
bond between the SWHNHT and concrete is assumed
(Gorindjes and Sackman, 1999

Mapped meshing using Hexahedral elements has
beenn used as it offers good results compared to the
tetrahedral elements (Liv and Quelk, 20037 (Fig &).

We created 5 findte elemerts models of the composite
beatn s with the corresponding volum e fraction of 3WHT
(V&) used ity the e of mixture cal culdati ons.

W the formula (1-2) to cal olate the conerete section
dith ensions, the length () of the wolume eletert is
assuned two times the dimension a, the resdts are in
Table 2, the dimension of the 3WH T are constant in all
S models

Boundaty condiion are applied such as one face of
the beam is encastred in the three direction and the other
iz free to move in all direchons, a distributed load is
applied on the top of the free edge on the model such as
it sresultant iz equal to 0.1 M (Fig. &

O goal is to simulate a deflecti on test and knowing
the deflection (f) of the cantilever heam we caneasily
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e 4 Firh lram
0.01 11.55 23.10
0.015 045 15350
0.02 819 la =g
0.025 7.54 14 53
0.03 6.71 1342
Tabk 3: Wolnne elaneats dirers iores for ol SWH Trwodels

e i FH b rim lrirh
0.01 2 a7 24
0.015 54 a7 15.2
0.02 4 a7 12
0.025 ) a7 oG
0.03 2.7 67 8.1

Fig 0 8WHT/conct ete el et ent

cotmposite  woluwne
deflection method bounday conditi ons

calewlate the effective elastic modlus on the composite
uaing the following formoda, the material is asswmed
idertical andisotropic since the wolwne fracion of 3WHT
isvery small and the section of the material is the section
of the composite withowt the hollow area inside the
ST,

_ FxL
3 |

E (1)

Resultant force acting on the tip of the beam .

Length of the hean (spam).
Idodulus of elastcity.
Ateam arert of inertia,

The area momert of inertia of the camposite section
catibe calculated as follow:

TR
fi4

EI.+

12

Section witha single SWVNT (19
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3 +
=%-ﬂ% section with n murher of W Ts
(14

Mubiple SWNTs model: The same approach has heen
uged for creating the multiple 2WHT s wolume eements,
uaing the Eg. 5 we can determine the section ares of the
composite i this case (axh), since there iz a 1T mm
distatice betrreenthe iz of each aligned 3WHT (Fig 100
to simulate the nanocomp SWHT sheets, the wolame
elem et caty not have eca hight andwidth

We created models with 4 3WHT passing through
the concrete matrix, (n = 4), we kept the width of the
volwne element (B constart for all 5 models because of
the position aspect of the aligned ZWHT and to keep
the roamber of 4 3WHT s in the moodel, b iz taken equal to
67 ram, three time 17 nm and 2 ron from each edze, we get

the foallowing dimensions for the models in Takle 3, the
length of the module is three times it’s hight, same
boundary conditi ons usedin the single 3WHT models are
are applied.

DISCUSSION

& mesh cotrvergence study was petformed for both
methods models and calewlations were carried out baged
oty the FEM reanlts, the displacement T2 (¥ Divection and
the Voung' s modulus of each models was caleulated
Fig. 1120, single 3WHT FEM results, multiple 3WHTs
FEM results, we noticed that the FEM remlts in hoth
singdle and mudt SWHT s canfigarations up to Vs = 2% are
pretty close to the rule of mixtare remdts but for 2.5 and
3% of volume fractionthereis a significant increase in the
yourg modolus of the composite conpared to the nde of
mixture.

Table 4 shows the resdts and comparison plot
between both FEL results and the analytical rmumbers.

Tahle 4: Coanparicon o remabs for single md nobipk SWHT: reivforc ed
coruTete commposie

Fig 10:

Fig. 11: FEM U2 displacemerts resultzin the volume element single SWHT fconcrete composite Va=1%

Im

Multiple 3WIH T sfconcrete composite volume 2.5

element

R E:  Ex(Cpurmale Ez(Gpa) FEM Ez(Cpa)FEM

(%1 (Opa)  (Ops) of mimhme  single SWHT  pmbiple SWHTs

1 w00 a7 36.73 37.17 36.74

1.5 w00 a7 41.595 42.93 40.53

2 w00 a7 46 46 4598 46.85
o0 a7 51325 53.39 52.54

3 1000 a7 56,10 638 61.34
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ODB: Tob-20eflectad  Absgoa'Sianderd Version £.7-1
St Apc 12 160750 Paciillc deylipht thoe {Mxxioc) 2008

O5B; Job-2deflectadt Abequa/Sandurd Vemslon 6.7-1
Fir Agr 12 16:16:37 Ewcifilc: duyllyh thme (lixdco) 2004

Fig. 13: FEM U2 displacements results in the volume element single SWNT/concrete composite Vs =2%
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Set Amx 11 16:37:09 Pacifilc deylight time (Mexioo) 2008

Btep; Binp 1

Tncnwiiant 1: Shiys tie - 1000

Primary Var: T, 112

Deformed Vor: U Dofrmation Scale factor: +1.0000-09

Fig. 14: FEM U2 displacements results in the volume element single SWNT/concrete composite Vs = 2.5%

s

CIB: Job-2defloctod; Absque/Hianderd Viion 6,7-1
Bat Agr 12 164056 PaedfTlo deryBedst time (Maxieo) 2008

3 1
ml:mm-lm

Trimecy Vir: U, U2
Daftamad Vir: T7 Defarmatinn Soale Saciner +1.000c-0%

Fig. 15: FEM U2 displacements results in the volume element single SWNT/concrete composite Vs = 3%
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Fig 16 FEM U2 digplacements results in the volume element multiple SWNTs/concrete composite Vs = 1%
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Fig 17 FEM U2 digplacements results in the volume element multiple SWNTs/concrete composite Ve =1.5%

512



J. Bng. Applied Soi, 3 (6): 504-515, 2008

O Tob-droithleflal Absges Sl Vesios § -1
B ASr 13 1EA300 Faalie diptlght i Dalicrlier) 2008

v ;B 1
Tnacansamt 17 Roap tiaos - LOOD
Fengry Ve U, 12
mﬂv&nnﬁ-ﬂmﬁhﬂm

R Job-Inatidelladt AbsgmRixmciand Vemion §.7-1
B AL 13 15117 Puctiiic daptight o DMkacinc 2

R T = e & NP

Darfimrrna Vi TT Duitarsmtion Sl thoor +1.008e-09

Fig. 153: FEM U2 displacements results in the volume element multiple ZWTs/concrete composite Vs =2.5%
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Fig 20: FEM U2 displacements results in the volume element multiple W Ts/concrete composite We=3%

CONCLUSION ANDFUTURE WORK

The results obtained in the FEM simulations
validate the use of continwmn mechanics and are in
complete agreement with the analytical caleulations up to
2% of wolume fraction of FWIT and they show a
significant enhancement of the owverall mechanical
behaviowr of the composite, the FWIT act as micro
reinforcement of the concrete matrix and enhance the
Young's modulus.

The differences between analytical and FEM results
are les than 5. 2% for 1% =Vs= 2% andless than 9.1% for
2.5% =Wg= 3%, afterthe augmentation of the Vs more than
2% the rule of mixtwre is no longer accurate and the
composite has even greater mechanical propetties in the
longitudina direction (FWITT direction) based on FEM
simulations.

The addition of 1% FWINT in a concrete matrix
increased 33% the voung’s modolus of the concrete
composite in both single BWITT and mwltiple F W Ts, we
can evetl go below the volume fraction of 1% and still
have significant voung’s modulus enhancement of the
composite.

The results prove that if we cowld incorporate
successfully long aigned EWIT in the concrete we
cowld tremendously enhance the overall mechanical
properties of the concrete composite. & solution is found
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in the shape of the MNanocomp FWIT textile sheets
(Anonymous, 2008), that are ready for industrial
production and large enough to ke used in construction
materials, this will be investigated further in future worl
and fall into the category of textile reinforced concrete and
we intend to investigate the ZWIT composite behaviour
unider fracture by creating a user element subroutine in
ABAQUE.

It can be concluded that the continuum mechanics
approach can be used as an excellent tool reducing
computational time when coupled with multi-scale
modelling for micro-scale composites, with nanotubes
aligned in uniform fashion and the results show that
FWITT addition in the concrete even at a very small and
economical wolume fractions enhance the mechanical
behaviour of the concrete and shows very promising
results and opens up the door for more studies especialy
in fracture and tensile behaviour as we intend to do in
future studies.
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