Computational Sciences and Engineering 2(1) (2022) 111-123

Ge

T Computational Sciences and Engineering Seemes

Engineering

University of Guilan journal homepage: https://cse.guilan.ac.ir/

Estimation of elastic modulus and Poisson’s ratio of concrete containing
graphene nanosheets: A focus on nano-filler agglomeration and hydration time

R. Pouyanmehr ¢ M. K. Hassanzadeh-Aghdam ®*, R. Ansari

2 Faculty of Mechanical Engineering, University of Guilan, Rasht, Iran
® Department of Engineering Science, Faculty of Technology and Engineering, East of Guilan, University of Guilan,
Rudsar-Vajargah, Iran

ARTICLE INFO ABSTRACT

Article history: In the current study, the influences of adding graphene nanosheets
Received 24 May 2022 (GNSs) on the elastic characteristics of concrete are examined using the
Received in revised form 01 July 2022 . . .

Accepted 02 July 2022 Morl—Tanaka mllcromechanlcal model: By.the use of the base concrete
Available online 02 July 2022 hydration equation, the role of hydration time in the Young’s modulus

and Poisson ratio of GNS-filled concrete is analyzed. Also, the formation

ng]"c"gt‘is of GNS agglomeration as one of the most major microstructural features
Graphene nanosheet of composite materials containing nano-sized particles is considered in
Elastic property the micromechanical simulation. Significant contribution of the
Hydration hydration time to the elastic properties of GNS-reinforced concrete is
Agglomeration. confirmed. Generally, the addition of GNSs can help to enhance the

concrete elastic modulus and decrease the Poisson’s ratio. The results
show that well-dispersed GNSs lead to the enhancement of mechanical
performance of the concrete, whereas GNS agglomeration causes
significant reduction of elastic modulus.

1. Introduction

Concrete is one of the most broadly utilized construction materials in civil engineering all over the
world. Concrete is appropriate for the structural purposes since its compressive strength is extremely
high. But, ductility, tensile strength and flexural strength of concrete are low which can be known
as the main drawbacks of concrete [1,2]. Also, microscale cracks as the chief hidden defects in
concrete structures can lead to brittle fractures, shorten the service life, and inferior the durability
[3,4]. Numerous efforts have been conducted to prevent the generation of cracks by adding micro-

fillers such as glass, carbon, steel or polypropylene fibers into concrete [5-7].
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Advancements in nanotechnology lead to a variety of nanoscale particles such as carbon nanotubes
(CNTSs) and graphene nanosheets (GNSs) to be considered as the reinforcements to improve defects
of concrete [8-10] and cement matrix composites [11,12]. Graphene consists of a layer of graphite,
two dimensional comprising the sp?-hybridized carbon atoms [13]. It displays exceptional Young’s
modulus, great fracture strength, extraordinary thermal conductivity and useful functionalities [14-
16]. Several attempts exist in the literature about the mechanical properties of graphene-reinforced
concrete. For example, Wu et al. [17] accomplished an experimental study on the compressive
strength, flexural strength, and tensile strength of concrete containing GNSs at different weight
fractions from 0 to 0.08% and the water/cement ratio of 0.5. It was reported when the amount of
GNSs amplified from 0.02% to 0.08%, the compressive strength of 28-day specimen enhanced from
46.47 MPa to 55.22 MPa, demonstrating an improvement from 12.84% to 34.08% in comparison
with the base concrete specimen. Also, the flexural strength of 28-day GNS-reinforced concrete
specimen augmented in a range from 2.77% to 15.60% [17]. Lu and Ouyang [18] examined the
influence of GNS additives (0-0.03% by weight of cement) on the mechanical properties of cement
mortar and ultra-high strength concrete (UHSC). As compared with unreinforced concrete, adding
0.01 wt.% of GNSs caused a 7.82% enhancement in compressive strength of concrete after 28 days
of curing. In another study, Dimov et al. [19] produced an innovative multifunctional concrete
reinforced by graphene nanoparticles displaying an extraordinary range of improved properties in
comparison with base concrete. An enhancement of up to 146% in the compressive strength and
79.5% in the flexural strength was reported. Also, the thermal efficiency with 88% enhancement in
heat capacity of the reinforced concrete was informed [19]. Shamsaei et al. [20] provided an
inclusive overview on developments in the production, properties and applications of GNSs in
improving the strength and durability of concrete. To date, the majority of investigations has focused
on the compressive strength and flexural strength of GNS-reinforced concrete. Limited information
has been reported on the elastic characteristics of GNS-reinforced concrete. The Young’s modulus
and Poisson ratio of concrete containing nano-sized particles are fundamental coefficients needed
in structural study for the calculation of the stress and strain values. It is very important as the design
becomes on the basis of the elasticity framework. Therefore, it is obvious that further research in
this area is necessary.

The micromechanical models can predict the effective properties of cement-based materials from
their constituent material properties, amount, reinforcement geometry and interaction between the
phases [21-23]. For example, Garcia-Macias et al. [24] offered a micromechanical model to estimate
the effective electrical conductivity of CNT-reinforced cement composites. The non-straight shape
and non-uniform dispersion of the nano-inclusions were considered. Also, for verifying the

correctness of the micromechanical method, some coupons of cement pastes, mortars and concretes



R. Pouyanmebhr, et al. / Computational Sciences and Engineering 2(1) (2022) 111-123 113
with various amount of CNTs were fabricated and experienced. The experimental measurements
were used for the comparisons. It was observed that the micromechanical predictions agreed well
with the experiments [24]. In another study, Jang et al. [25] micromechanically evaluated the effects
of CNT volume fraction and moisture on the effective electrical conductivity of CNT-reinforced
cementitious composites using the Maxwell-Garnett model, the generalized self-consistent model,
and the differential scheme. All models could provide good predictions compared to the
experimental measurements [25]. By the effective medium micromechanics model, Hassanzadeh-
Aghdam et al. [26] determined the thermal conductivities of CNT-reinforced cementitious
composites. The predicted values of thermal properties were in very good agreement with
experimental data [26]. Also, Wang et al. [27] predicted the elastic modulus of CNT-reinforced
cement-based composites with a combination of self-consistent and Mori-Tanaka schemes. They
verified the accuracy and efficiency of the micromechanical approach by comparisons with
experiments and finite element method [27]. Moreover, Hassanzadeh-Aghdam et al. [28]
investigated the influence of adding CNTs on the thermal conductivity of short steel fiber-reinforced
concrete by a multi-scale micromechanical approach. The results revealed that the micromechanical
predictions and experimental data have high consistency [28].

The aim of this work is to estimate the Young’s modulus and Poisson’s ratio of concrete containing
GNSs by means of a micromechanical model. The influences of formation of GNS agglomeration
frequently encountered in real engineering situations, and hydration time in the elastic properties of
GNS-reinforced concrete are analyzed. The paper is organized as follows. The basic
micromechanical equations of the Mori-Tanaka model are formulated in Section 2. In Section 3, the
numerical results for the Young’s modulus and Poisson’s ratio of GNS-reinforced concrete are
presented. Also, some comparisons with experiment are provided in this section. Finally, the main

outcomes are summarized in Section 4.

2. Micromechanical approach
The elastic characteristics of the GNS-reinforced concrete are calculated by means of the Mori-
Tanaka method which is a well-organized micromechanics-based method [29,30]. From the
viewpoint of a composite material, the GNSs as reinforcements are dispersed within the concrete as
matrix. Three types of GNS distribution in the concrete in which GNSs are: (1) aligned, (2)
uniformly dispersed and (3) agglomerated are considered. The GNP agglomeration significantly
reduces the stiffening influence of nano-graphene particles [31,32].

1.1.Aligned GNSs
Based on the Mori-Tanaka model [15,33], the final form of the stiffness tensor of the GNS-

reinforced concrete CV¢ subjected to the aligned GNS state is given by
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cN¢ = (j"mCm + ifrcr : AT> : <fm I +ifr Ar)1

where f,,, and f,. are the volume fractions of the concrete and the GNP, respectively, and N indicates

1)

the number of reinforcements which may have different characteristics. Also, I denotes fourth-order

identity tensor, and C, and C,, denote fourth-rank stiffness tensor of the nano-graphene

reinforcement and concrete matrix, respectively. A, specifies the strain-concentration tensor
1.2.Randomly oriented GNSs

The ending form of CN¢ subjected to the random distribution of nano-graphene particles is specified

as [15]

CcNC = (fmcm + Zfr(cr : Ar(e; (P))) : (fm I+ Zﬁ“ (AT(HI @)))

Moreover, derivation of the bulk modulus and shear modulus of the concrete containing randomly

- (2)

oriented GNSs on the basis of the Hill's coefficients of reinforcement and matrix is [15]

kNC — km + f;'(ST - 3kmar)’ (3)
3(fm + frar)
NC _— L, + ﬁ”(nr B Z.umﬁr)’
2(fm + frBr)
in which
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T 15n, 2p,
3k, (n,. + 2L.) + 4(k,n, — 12)
6r = )
3n,

2

17+ 2pl
Ny =E<kr+6mr+8/xm—r—'umr>,

nT
where subscript m and r represent the matrix and reinforcement, respectively.
1.3.Agglomeration of GNSs

The dispersion of the nano-graphene particles in the concrete may be non-uniform. It means that
some local parts have a higher amount of nanoparticles than the average volume fraction in the
entire concrete. The concentrated GNS areas are assumed to possess spherical shapes and entitled
“agglomeration phase”, while the remaining of concrete comprises a homogenous distribution of
GNSs entitled as “effective concrete phase” [15,34]. Too, the nanoparticles are randomly oriented

in two phases. For characterizing the GNS agglomeration, two parameters are presented as follows
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agglomer

f — Vagglomer1 ( — Vi (5)

14 vy

where V denotes the concrete volume, and V, g 1omer IS the volume of agglomerated part. Moreover,

V. and V%99°™€" are the nanoparticle volume in concrete and in the agglomerated phase,

agglomer

respectively. The nanoparticle volume fractions in the agglomerated phase (f, ) and in the
effective concrete phase (£°?) are defined, respectively, by

agglomer
agglomer __ V;” _ ( (6)
fr - V— - Efr
agglomer

fecp _ Vr _ Vragglomer _ (1 _ Z)fr
" V- Vagglomer (1 - ’f)

Primary, the elastic characteristics of the agglomerated phase and the concrete phase must be

calculated. The bulk modulus and shear modulus of the agglomerated phase can be obtained as
(8, — 3kpa)a,{ (7)
kagglomer - km + 3(”; _ﬁ( +ﬂ(ar)

— + /‘;’E(T]r - Z,Umﬁr) l
Uagglomer Um 2(8; _ ﬁ»( + ﬁ*(ﬁr)

In the second step, a like process is accomplished for the prediction of the bulk modulus and shear

modulus of concrete phase, as follows
(8, —3kpa,)(1—0) l
31-¢-fA-D+ 0 -Dar)f
ﬁ‘(l - Z)(nr - Z.Um.Br) l
20-¢- Q-+ A -0B)

Finally, by consideration of the agglomerated phase as the inclusion and the effective concrete phase

(8)

kemp = Kkm +I

Hemp = Um + l

as the new matrix, the bulk modulus and shear modulus of GNS-reinforced concrete considering

agglomerations are extracted as

S; ((kagglomer/kecp) - 1) _ (9)
1+ a(l - S;) ((kagglomer/kecp) - 1)_,

f ((:uagglomer /.uecp) - 1)

k= keep |1+

U= Uecp 1+
1+ ﬁ(l - f) ((.uagglomer/.uecp) - 1)_
in which
L 3kecp _ 6(kecp + 2Hecp) (10)
3keep + Alhocp’ 5(3kecy + 4Hecp)

3. Results and discussion
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To show the correctness of the micromechanics model, a comparison is made among the
calculations and experiments available in the literature for the elastic modulus of GNS-reinforced
concrete [19]. The Young’s modulus and Poisson’s ratio of the base concrete are 32.2 GPa and 0.2,
respectively, which its Hill's parameters are determinable. Hill's coefficients of the GNS equal to
2k=1700 GPa, [=6.8 GPa, n=102000 GPa, 2m=738 GPa and 2p=204000 GPa, respectively. Also,
the water-cement ratio (W/C) is 0.57. According to Ref. [19], a uniform dispersion of the graphene
nanoparticles has been reported. The Young’s modulus determined using the micromechanical
model and experimental measurements [19] are shown in Fig. 1. The difference between the two
sets of results is small, and close agreement between the micromechanical model and experiment
[19] can be found. It is clear that the presence of the graphene nanoparticles affects the mechanical
properties of concrete system. The elastic modulus is enhanced as the amount of graphene

nanoparticle increases.
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Fig. 1. Comparison of the elastic modulus of GNS-reinforced concrete predicted by the proposed

micromechanical model and experimental data [19]

The numerical magnitudes of the Young’s modulus and Poisson’s ratio of GNS-reinforced concrete
are obtained. In the present study, the hydration time is investigated using the base concrete
hydration equation. As discussed in Ref. [35], the concrete hydration equation has the general
following form

K=K, +bt? (11)
where K denotes the hydration criterion examined, and K, and b are constant parameters. Also, t
stands for the hydration time stated in days, and p is the hydration number, which is a constant for

a concrete system. Based on the hydration equation, the elastic modulus and Poisson’s ratio of
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concrete (Portland cement I, Cement 340 kg/m3, W/C= 0.5, Grading B32 consistent with DIN 1025)
as a function of time can be given, respectively, by [35]
E; = 51.1983 — 31.1522 x t ~03%, (12)
ve = 0.3515 — 0.2726 x t 79394

Fig. 2 a and b show the Young’s modulus and Poisson’s ratio of GNS-filled concrete,
respectively, versus time. In this figure both types of GNS dispersion into the concrete: (i) uniformly
dispersed and (ii) agglomerated state are analyzed. The GNS volume fraction is assumed to be 5%.
Also, the elastic properties of the base concrete are included in Fig. 2. The results indicate that there
is strong effect of GNSs on the elastic properties of concrete. Fig. 2a displays that the addition of
GNSs into the concrete results in an improvement of Young’s modulus, since the Young’s modulus
of GNSs is greater than that of the base concrete. Furthermore, the elastic modulus of concrete
having a uniform dispersion of GNSs is greater than that of concrete with GNS agglomeration. In
fact, locally agglomerated region acts as the stress concentration area which is a defect in the GNS-
reinforced concrete. Thus, one critical factor which should be satisfied for obtaining high
mechanical performance in GNP-reinforced concrete is uniform distribution of the nano-graphene
particles into the cement-based materials. By increasing time, the elastic modulus of GNS-
reinforced concrete sharply increases, followed by an expected slight increase. Poisson’s ratio of
concrete decreases with adding the GNSs as depicted in Fig. 2b. However, the GNS agglomeration
can slightly increase the Poisson’s ratio of the reinforced concrete. It is concluded from this figure
that with the increase of time, there is an asymptotically rise for the Poisson’s ratio of GNS-

reinforced concrete.
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Fig. 2. Variation of (a) elastic modulus and (b) Poisson’s ratio of GNS-reinforced concrete as a function of time

The variation of Young’s modulus and Poisson’s ratio of GNS-filled concrete with GNS volume
fraction is shown in Fig. 3 a and b, respectively. The results are determined for two conditions: (i)
uniform dispersion and (ii) agglomerated state of GNSs. Micromechanical results of Fig. 3a have
demonstrated that increasing the volume fraction of uniformly distributed GNSs can effectively
enhance the elastic modulus of concrete, confirming GNS as an exceptional candidate for utilizing
as the nano-filler in cement matrix materials. The agglomeration of nanosheets in the concrete with
higher concentrations of GNS can be incorporated as the key effective factor in decreasing the
mechanical performance. It is clarified from Fig. 3b that Poisson’s ratio of the reinforced concrete

can be decreased with increasing GNS amount.
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Fig. 3. Variation of (a) elastic modulus and (b) Poisson’s ratio of GNS-reinforced concrete as a function of GNS

amount

Fig. 4a illustrates the relation among the elastic modulus of GNS-reinforced concrete and
agglomeration factors. The elastic modulus enhances with rising the value of ¢ and takes the
maximum value once the GNSs are homogenously distributed in the concrete (6= ¢). The relation
between the Poisson’s ratio of GNS-reinforced concrete and agglomeration parameters is depicted

in Fig. 4b. A nonlinear trend in Poisson’s ratio behavior can be observed.
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Fig. 4. Effect of agglomeration parameters on the (a) elastic modulus and (b) Poisson’s ratio of GNS-reinforced

concrete.

Fig. 5a displays the influence of nanoparticle agglomeration on GNS-filled concrete elastic
modulus with £=1 for the different GNS amounts. The effective elastic modulus is rapidly decreased
with reducing the agglomeration factor {. Once {=1, adding the GNSs into the concrete highly
improves the effective elastic modulus. The influence of agglomeration parameter on the GNS-
reinforced concrete Poisson’s ratio with é=1 for diverse GNS amounts is revealed in Fig. 5b. The

Poisson’s ratio increases with the decrease of agglomeration parameter ¢.
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Fig. 5. Effect of agglomeration with é=1 on the (a) elastic modulus and (b) Poisson’s ratio of GNS-reinforced

concrete for different GNS volume fractions.

4. Conclusions
In this work, a micromechanical model was proposed to predict the elastic modulus and Poisson’s
ratio of concrete reinforced by GNSs. The effect of hydration time in the elastic properties of GNS-
reinforced concrete was analyzed using the base concrete hydration equation. It was found that
adding the GNSs with a uniform dispersion results in a significant enhancement of mechanical
performance of the reinforced concrete. But, forming the nano-graphene agglomeration decreased
the reinforced concrete Young’s modulus. The Poisson’s ratio of the concrete reinforced by
uniformly dispersed GNSs was lower than that of the concrete containing agglomerated GNSs. The
results indicated that as the time increases, the elastic modulus of GNS-reinforced concrete sharply
increases and then, its value saturates. Also, comparative studies revealed that the calculations of

the micromechanics method were in good agreement with the experiments.
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