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Abstract: This paper presents a two-way linked multiscale method that is integrated with nanomechanical tests and a cohesive zone fracture
model to investigate highly heterogeneous cementitious materials such as alkali-activated geopolymer. To this end, geopolymer paste, which
is known to have multiphase heterogeneous media, was fabricated and tested to identify (1) local-scale microstructures and nanomechanical
properties of individual components within the paste, and (2) global-scale fracture through a three-point bending beam test. Local–global
results were then integrated with the two-way linked finite-element modeling. Global and local scales were systemically represented in the
model with a homogeneous bending beam structure where the elements of the potential crack zone are linked to a heterogeneous geopolymer
microstructure representative volume element (RVE) in the two-way coupled multiscale modeling framework. This integrated experimental–
computational multiscale approach can provide the material properties, such as micrometer-length-scale cohesive zone fracture properties,
which are considered core properties but not usually feasible to identify using conventional test methods. Test-modeling results imply that
the two-way linked multiscale method integrated with nanomechanical tests can be used as a method for characterization and design of
various multiphase media, including materials used for critical civil infrastructure. DOI: 10.1061/(ASCE)EM.1943-7889.0001518.
© 2018 American Society of Civil Engineers.
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Introduction

The study of material performance and behavior is usually per-
formed solely on a single-length scale at which the material can
be approximated as a homogeneous medium. However, the materi-
al’s overall response is most likely influenced by multiple-length
scale mechanisms acting upon the microstructural heterogeneity
existing in the material. Therefore, through adequate understanding
of the smaller-length scale, the complex behavior of a hetero-
geneous material can be estimated in a more accurate and physi-
cally representative manner. Smaller-scale investigations include a
mixture microstructure where the different phases are distinguish-
able and the properties of individual phases are interrelated.
Smaller-scale properties of different phases can then be homog-
enized to estimate the overall effective properties of larger-scale
bodies through the micromechanics concept (Hill 1972; Hashin
1983; Broughton et al. 1999; Allen 2001). In combination with
numerical approaches, the linking between length scales can be

achieved more efficiently, particularly for objects with complex
geometries and microstructural characteristics. Many studies have
challenged such complex issues through different modeling ap-
proaches, including the two-way coupled multiscale computational
modeling method (Souza et al. 2008; Souza and Allen 2010;
Kim et al. 2013; You et al. 2017).

In the field of civil infrastructural materials, various cementi-
tious binding materials such as portland cement paste and geopol-
ymer paste are known to have multiphase microstructures in several
length scales. Owing to the recent advancement in microscale and
nanoscale experimental technology, these materials have been stud-
ied extensively in order to investigate and characterize their multi-
scale properties. The microstructural characteristics of multiphase
portland cement concrete and geopolymer concrete paste have
been determined using various tests, such as imaging analyses by
scanning electron microscopy (SEM) (Bleszynski and Thomas
1998; Mouret et al. 1999; Winnefeld et al. 2010), chemical map-
ping by energy dispersive spectroscopy (EDS), physical phase
mapping by atomic force microscopy (AFM) (Trtik et al. 2012),
or a combination of these techniques with additional supportive
tests (Bakharev 2005; Lecomte et al. 2006; Škvára et al. 2006;
Winnefeld et al. 2010; Somna et al. 2011; Shi et al. 2012; Das
et al. 2015; Allison et al. 2015; Khedmati et al. 2018). Some studies
have used the nanoindentation method to characterize the elastic
and viscoelastic properties of fly ash–based geopolymer paste
(Sakulich and Li 2011; Mondal et al. 2008; Němeček 2009;
Němeček et al. 2009, 2011; Menčík et al. 2011; Pelisser et al.
2013; Da Silva et al. 2014; Allison et al. 2015; Das et al. 2015).
The overall homogenized elastic moduli of concrete paste were
approximated by using the homogenization method (Hain and
Wriggers 2008; Šmilauer et al. 2011; Das et al. 2015). Qian et al.
(2011) simulated the three-dimensional (3D) fracture of cement
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paste at microscale using a lattice model. Nguyen et al. (2012) and
others have extended this approach and studied the failure of
hardened cement paste using a numerical multiscale framework
based on microscale component properties (Nguyen et al. 2012;
Karamnejad et al. 2013; Karamnejad and Sluys 2014). Although
these attempts have provided opportunities to analyze the fracture
behavior of heterogeneous materials more accurately based on the
smaller-scale properties, they also have consequential challenges,
such as difficulties/limitations in identification of microscale frac-
ture properties, because typical test methods are certainly limited
to identify these properties directly.

To overcome these limitations, an alternative approach is nec-
essary to account for microscale fracture of mixture components
without the need for small-scale fracture testing, which is mostly
not experimentally feasible. The approach should still be based
on scientific rigor. To this end, this study attempts to address the
challenges with a hypothesis postulating that an integrated
experimental–computational multiscale modeling method can
identify the microscale fracture properties of heterogeneous media,
including cementitious pastes. To test the hypothesis, multiscale
tests (local-scale tests for component properties and global-scale
tests of mixture behavior) and the two-way coupled computational
modeling were conducted and integrated.

Study Objectives and Methodology

In this study, a multiscale experimental–computational framework
is used to account for the microscale fracture of mixture compo-
nents without the need for small-scale fracture testing. Our model-
ing approach was applied to a widely used infrastructure material,
namely geopolymer binding paste, as an example case. The
geopolymer paste is known to have a highly heterogeneous nature
in the small-scale microstructure owing to the interaction of many
different ingredients. The primary objectives of this study are as
follows:
• Develop a two-way coupled finite-element multiscale model

for simulating the failure of geopolymer paste by allowing
development of microcracks in the paste microstructure.

• Identify microstructural characteristics and mechanical proper-
ties of individual phases in the microstructure through multi-
scale experiments.

• Apply the computational two-way linked multiscale modeling
to the geopolymer paste to identify and calibrate unknown
fracture properties at the micrometer length scale.
To meet these objectives, a three-point bending beam test was

conducted as a global-scale fracture test of geopolymer paste spec-
imens, and the microstructural characteristics and nanomechanical
properties of the individual phases in the geopolymer paste were
directly determined using a series of microstructure imaging and
nanoindentation tests as local-scale measurements. Test results
from the two length scales (i.e., global and local) were then inte-
grated with the two-way linked multiscale computational modeling
and simulations in order to identify the unknown fracture properties
within the geopolymer paste. This modeling approach is expected
to provide new insight and to help in understanding the contribution
of material microstructure and individual phase properties on the
overall mechanical behavior of heterogeneous binding materials,
such as cementitious pastes, targeted in this study.

Two-Way Linked Multiscale Model

In this study, two-way linked multiscale modeling is implemented
to simulate fracture-associated behavior of a heterogeneous

medium, i.e., geopolymer paste. A detailed review and formulation
for two-way linked multiscale modeling are given in the literature
(Allen 2001; Souza 2009; Kim et al. 2013), and therefore, only
a brief introduction to this method is presented here. This method
is entirely based on the postulate of statistical homogeneity of a
composite. A general mathematical definition of statistically homo-
geneous media is presented in the literature (Beran and Pytte 1968),
but for the current purpose, it means that the overall effective
properties of a mixture are equal to the volume average of those
properties over a finite representative volume element (RVE) of that
mixture, provided that the size of the RVE is sufficiently large
(Hashin 1983; Allen 2001). Therefore, merely the material proper-
ties and the fracture-associated properties of each individual con-
stituent at local scale need to be known. This solution, however, is
valid only if the two length scales are widely separated (Hill 1972).

By using this approach, a composite material can be simulated in
two separate length scales: global scale and local scale (RVE scale
of the global body). The effective (average) constitutive behavior of
the composite used at the global scale is defined as the relation
between the averages of field variables, i.e., stress and strain, over
the local-scale volume. Those can be determined by solving an
initial boundary value problem (IBVP) for the RVE while it is sub-
jected to a homogeneous boundary condition (in traction Ti or dis-
placement ui), which is linked to the stress or strain tensor at the
corresponding location on the global scale. The boundary condition
applied to the RVE must be homogeneous in order to expect statisti-
cally homogeneous field variables. For elastic bodies, either Eq. (1)
or (2) can be used to obtain the homogeneous boundary condition
(Hashin 1983). Also, it should be mentioned that, in this method,
any stiffness reduction due to damage accumulated at the local scale
is reflected in the effective tangent constitutive behavior of the
global body. Therefore, in case of progressive damage or micro-
structural changes in the local scale, this framework should be for-
mulated in a two-way linked and incremental form, in which at each
step (1) the effective properties at the global scale are updated ac-
cording to the damage state at the corresponding local RVE and
(2) the boundary condition of RVE is updated according to mechani-
cal response at the global scale (Souza 2009)

TiðSÞ ¼ σ0
jinj ð1Þ

uiðSÞ ¼ ε0jixj ð2Þ

where σ0
ij and ε0ij = constant stress and constant strain, respectively.

Global Scale

At the global scale, the mechanical IBVP is defined by a set of
governing equations [conservation of linear momentum in the
absence of body forces and inertial effects, Eq. (3); conservation
of angular momentum, Eq. (4); strain-displacement relations with-
out large deformation, Eq. (5); constitutive equations, Eq. (6)],
boundary conditions, and initial conditions

σG
ji;j ¼ 0 in VG ð3Þ

σG
ji ¼ σG

ij in VG ð4Þ

εGij ¼
1

2
ðuGi;j þ uGj;iÞ in VG ð5Þ

σG
ijðxGm; tÞ ¼ Ω̄τ¼t

τ¼−∞fεGklðxGm; τÞg in VG ð6Þ

where σij, εij, and ui = Cauchy stress tensor, infinitesimal strain
tensor, and displacement vector, respectively, at a certain location

© ASCE 04018095-2 J. Eng. Mech.
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xGi on the global scale at a certain time t. Ω̄τ¼t
τ¼−∞ represents the

constitutive behavior at the location of xGm on the global scale.

Local Scale

As mentioned earlier, the global scale’s effective constitutive prop-
erties are derived from the behavior of the local-scale RVE. The
effective properties can be calculated from the state variables (stress
and strain) derived from solving the RVE’s IBVP under homog-
enous displacement boundary condition. For each RVE, the homo-
geneous displacement boundary condition is linked to the strain
tensor at the corresponding location on the global scale. Similar
to the global scale, the IBVP at the local scale is defined by the
following governing equations

σL
ji;j ¼ 0 in VL ð7Þ

σL
ji ¼ σL

ij in VL ð8Þ

εLij ¼
1

2
ðuLi;j þ uLj;iÞ in VL ð9Þ

σL
ijðtÞ ¼ Ω̄τ¼t

τ¼−∞fεLklðτÞg in VL ð10Þ

where all variables used here are the same as those used in the
global scale, except the superscript L represents the local scale.

At both the local and global scales, the material is assumed to be
isotropic linear elastic, for which the stress–strain relationship is
given as

σij ¼
Eν

ð1þ νÞð1 − 2νÞ δijεkk þ
E

1þ ν
εij in V ð11Þ

where E and ν = Young’s modulus and Poisson’s ratio; and δij =
Kronecker delta.

In this study, evolving damage is taken into account by allowing
for microcrack growth at the local-scale RVE. Crack initiation and
propagation are modeled by the linear decay cohesive zone model
(Fig. 1). Among many other cohesive zone models, this study
adopted the linear decay model because it can successfully simulate
brittle fracture while only two cohesive zone properties are neces-
sary to model the fracture behavior (Zhou et al. 2005; Qiao and
Chen 2008). In a linear decay model the fracture energy for each
mode of fracture is defined by

Gi ¼
tci δ

c
i

2
ð12Þ

where tci and δci = critical traction and critical opening displace-
ment, respectively. The subscript indicates the local coordinate
system along with the crack opening (i = normal opening or
tangential opening).

Homogenization

As described earlier, the two-way linked multiscale modeling used
here is basically a recursive scheme, in which the global-scale strain
tensor is related to the local-scale displacement boundary condi-
tion, and the stiffness tangent tensor in the global scale is linked
to the effective stiffness tensor from solving the IBVP for the
RVE. The effective stiffness tensor is defined as the relationship
between the homogenized stress and strain field over the RVE

σ̄L
ij ¼ C�

ijklε̄
L
kl ð13Þ

ε̄Lij ¼ S�ijklσ̄
L
kl ð14Þ

Because the mixture is assumed to be statistically homogeneous,
the volume averaging method is applicable to homogenize the field
variables over RVE

εGij ¼ ε̄Lij ¼
1

VL

Z
VL

εLijdV ð15Þ

σG
ij ¼ σ̄L

ij ¼
1

VL

Z
VL

σL
ijdV ð16Þ

where σ̄L
ij and ε̄Lij = volume average of the stress and strain tensor

over the RVE, respectively.
By using the divergence theorem, Eqs. (15) and (16) can be

rewritten as follows:

εGij ¼ E
−L
ij þ e

−L
ij

E
−L
ij ¼

1

VL

Z
∂VL

E

1

2
ðuLi nLj þ uLj n

L
i ÞdS ð17Þ

e
−L
ij ¼

1

VL

Z
∂VL

I

1

2
ðuLi nLj þ uLj n

L
i ÞdS

σG
ij ¼ σ

−L
ij ¼

1

VL

Z
∂VL

E

σL
ijn

L
k x

L
j dV ð18Þ

where ĒL
ij and ē

L
ij = volume averaged strain over the external (∂VL

E)
and internal (∂VL

I ) boundaries in RVE, respectively. The nLi is the
outward unit normal vector to the external and internal boundaries.
External boundaries are the RVE’s outer boundaries. Internal boun-
daries are free surface due to new opening within the RVE as
cohesive elements were created and separated.

It should be mentioned that the internal boundaries are due to
developing cracks (free surfaces) inside the RVE, which implies the
averaged measure of damage. Also, regarding Eq. (18), the volume
averaged stress is equal to the external boundary averaged traction
vectors only if the traction vector over the internal boundary
surfaces is zero (Souza 2009).

Materials and Laboratory Tests

Materials and Geopolymer Sample Preparation

Low-calcium Class F fly ash was used in this study as an alumi-
nosilicate source material to manufacture the geopolymer binder.
Class F fly ash is produced from the combustion of pulverized
bituminous or lignite coal, and its chemical composition is shown
in Table 1. The specific gravity of the fly ash is 2.37.

The alkaline activator solution used in this study was a combi-
nation of sodium hydroxide and sodium silicate solutions. Sodium
hydroxide solution of 12 molar concentration was prepared byFig. 1. Linear decay cohesive zone model.
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dissolving sodium hydroxide pellets with a purity of 98% in dis-
tilled water. Sodium silicate solution with 28% SiO2, 9% Na2O,
and 63% water was chosen for this study. The mass ratio of sodium
silicate to sodium hydroxide solutions was kept constant at 1.0. The
alkali solution was allowed to equilibrate for a minimum of 24 h at
room temperature prior to use.

The geopolymer paste was prepared by mechanically mixing fly
ash with alkaline solution in a mass ratio of 0.4 (alkali solution to
fly ash). A group of beam specimens with dimensions of 160 ×
40 × 40 mm (length × thickness × width) was prepared by pouring
geopolymer paste into the mold in two layers and compacting using
a rubber tamper. The specimens were cured at 60°C for 24 h in a
laboratory oven under sealed conditions (Demie et al. 2013). The
specimens were then demolded and stored in a controlled room at
20°C until the day of testing.

Global-Scale Test

A three-point bending test was conducted by placing the testing
specimens on top of two rollers with a 120-mm span, as shown
in Fig. 2. To ensure the centricity of the specimen during testing,
an additional fixture was used to guarantee alignment of the notch
with the top cross-head. The test was displacement-controlled and
was conducted at a constant rate of 0.001 mm=s. Prior to testing,
a small contact load of 5 N was applied, and then the test was ini-
tiated and the load–displacement data were recorded.

Local-Scale Test

To produce microstructural images of geopolymer paste, a SEM
was used in the high vacuum and backscattered electron (BSE)

mode. A thin coating of carbon was applied on the specimen sur-
face before SEM imaging. The carbon coating serves to dissipate
excess charge from the specimen without affecting the image con-
trast and interference with elements of interest (Lane 2004). BSE is
one of the most commonly used imaging modes in SEM with high-
energy electrons that are scattered on the sample. The contrast of
the BSE images, a function of the average atomic number of the
local area of the sample, was observed by different grey levels in
the image (Scrivener 2004). In cementitious materials, using BSE
can represent microstructural variations by separating pores and
cracks from different solid phases, which will appear in darker
and brighter areas in the image, respectively.

To determine the nanomechanical properties of the geopolymer
paste, a nanoindentor instrument with a Berkovich tip was used. In
the indentation test, a pyramid-shaped tip (i.e., the Berkovich tip)
with defined dimensions penetrates the specimen surface while the
penetration depth h and the indentation load P are measured as a
function of time. A schematic typical load versus displacement
curve as a response of materials under applied load is presented
in Fig. 3.

A quasi-static load-controlled mode was applied on the polished
geopolymer paste specimens with a constant rate of 200 μN=s
reaching a maximum load of 2,000 μN. The peak load was kept
constant for 5 s to eliminate the effects of any possible creep
(Němeček 2009). The unloading part had the same rate as the load-
ing part and lasted for 10 s. The indentation modulus or reduced
modulus (Er) can be obtained from the following equation:

Er ¼
S
2β

ffiffiffiffiffi
π
Ac

r
ð19Þ

where β = dimensionless correction factor that accounts for
the shape of the indenter tip, which is 1.081 for Berkovich tips
(Pichler and Lackner 2009); S = slope of the unloading part of
the load versus displacement curve; and Ac = projected contact
area, which can be extrapolated from the indentation depth h using
the Oliver and Pharr method (Oliver and Pharr 1992).

Finally, the absolute elastic modulus (Es) that is solely respon-
sible for the unloading process can be determined by obtaining the
reduced modulus (Er) and the elastic modulus of the indenter tip
(Ei). This relationship is given by

1

Er
¼ 1 − ν2s

Es
þ 1 − ν2i

Ei
ð20Þ

Table 1. Chemical composition of Class F fly ash used in this study

Component Percentage

SiO2 51.82
Al2O3 23.07
Fe2O3 13.02
CaO 2.79
MgO 0.85
SO3 1.23
Na2O 0.71
K2O 2.52
Loss on ignition 2.41

Notch of 5mm

120 mm

160 mm

40 mm

Fig. 2. Three-point bending test configuration.

Fig. 3. Load–displacement curve from nanoindentation test.

© ASCE 04018095-4 J. Eng. Mech.
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where νs and νi = Poisson’s ratios of the testing specimen and
indenter tip, respectively. The Poisson’s ratio of all phases within
the geopolymer mixture was assumed as 0.2 (Němeček et al. 2011).

Local-Scale Test Results

As mentioned earlier, in the multiscale approach, the constitutive
behavior of the heterogeneous material is derived from the behavior
of the RVE. To construct the RVE, the microstructure of the hetero-
geneous media and properties of individual phases are necessary.
Fig. 4 shows typical microstructures (BSE images) of geopolymer
paste in the vicinity of aggregate particles.

It has been widely reported that a geopolymeric system, as
a result of the reaction of Class F fly ash with alkali-activated
solution, can be simplified as a multiphase material in which non-
reacted and partially reacted fly ash phases are dispersed in an
amorphous to semicrystalline matrix (i.e., alkali aluminosilicate
gel also referred to as N-A-S-H gel) (Shi et al. 2012; Bakharev
2005; Das et al. 2015; Bagheri et al. 2017). Also, there are some
pores (shown in darker circles) left in the N-A-S-H gel from mixing
and reaction process in addition to hollow sphere fly ash particles
(Shi et al. 2012).

SEM images of the geopolymer paste were used to construct the
RVE microstructures. Each phase was distinguished based on color
intensity by using an in-house image processing application.
To capture more identifiable two-dimensional (2D) microstruc-
tures, SEM images were taken from the plane polished surface
of the samples. However, in some cases, it was hard to differentiate
the partially reacted fly ash from either N-A-S-H or nonreacted fly
ash. Collating SEM images along with the nanoindentation results
resulted in a subjective rule to distinguish the partially reacted
phase from the N-A-S-H gel. Both nonreacted and partially reacted
fly ash phases are usually found to be lighter in color than N-A-S-H
in SEM images. The partially reacted fly ash phase, in comparison
to nonreacted fly ash, usually has an irregular shape with a pitted
surface appearance (as demonstrated in Fig. 4).

The nanomechanical elastic properties were obtained for each
phase in geopolymer paste using the nanoindentation test. Because
the elastic property of each phase was not constant with respect to

the indentation location, the test was performed in multiple loca-
tions. The mean value and standard deviation of the elastic modulus
resulting from at least 30 different locations of N-A-S-H gel,
partially reacted, and nonreacted fly ash are presented in Table 2.
Similar to other relevant studies, the nonreacted fly ash and
N-A-S-H gel presented the highest and lowest stiffness values,
whereas the stiffness of the partially reacted fly ash phase lies in
between (Das et al. 2015).

Computational Model Simulation

The first step in implementation of the homogenization theory is to
define the RVE dimension such that the overall (average) properties
of the heterogeneous media are equivalent to the average properties
obtained from the RVE. Onewidely usedmethod to define the size of
the RVE is to use statistical measures to determine the condition of
statistical homogeneity (Beran 2001), such as reaching conver-
gence of effective homogenized properties of RVE, as Hill (1972)
suggested. To obtain the average stiffness of RVE, a simple tension
test simulation was performed on four square trial RVEs with in-
creasing size. Each trial RVE was finite-element meshed, as shown
in Fig. 5, by using the SEM image in which four different phases
are defined based on the process explained in the previous section.

The average stiffness plotted as a function of trial RVE size is
shown in Fig. 5(b). The smallest size beyond which the resulting
graph does not depend on the RVE size is the critical (optimum)
size of RVE (Harper et al. 2012). As shown in Fig. 5(b), there was a
big change from 100 × 100 μm to 150 × 150 μm, and the differ-
ence between 150 × 150 μm and 200 × 200 μm was not huge.
Although no asymptotic convergence could be ascertained from
the result, the 200 × 200 μmRVE, which is the maximum available

Non-reacted 
FA

Partially-reacted 
FA

Pore

50 µm50 µm

Fig. 4. BSE images of geopolymer paste.

Table 2. Elastic moduli of individual phases from nanoindentation testing

Phase Average E (GPa) SD (GPa)

Phase 1 (N-A-S-H gel) 21 4.3
Phase 2 (partially reacted FA) 35 6.4
Phase 3 (nonreacted FA) 66 9.8
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image size, was reasonably assumed as a RVE. This limitation can
be resolved by conducting a more comprehensive RVE size sensi-
tivity study (Kim et al. 2009, 2010).

To conduct the two-way linked multiscale simulation, the three-
point bend beam, as a global scale, was modeled using linear
triangle elements (Tirado et al. 2017; Bozorgzad et al. 2018). Based
on physical observations from the specimens tested, it was reason-
ably assumed that the crack nucleates and propagates only through

the midline of the three-point bend specimen (i.e., the red zone in
Figs. 6 and 7). It means that other parts of the specimen do not
experience fracture. Therefore, the equivalent homogenized stiff-
ness of the geopolymer bulk elements are equal to the averaged
stiffness of the undamaged geopolymer paste RVE (shown in
Fig. 6). The initial (intact) homogenized stiffness of the geopoly-
mer bulk elements was calculated over the RVE using Eq. (13)
under the condition in which no cohesive zone is allowed. On
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Fig. 5. (a) Finite-element mesh of microstructure; and (b) RVE size investigation.
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Fig. 6. Three-point bending beam model in which the bulk geopolymer elements are one-way linked to geopolymer paste RVE without
damage/fracture.
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the other hand, the midline bulk elements along the potential crack
zone (the elements in the potential crack line in Fig. 7) are two-way
linked to the geopolymer RVE that is associated with cohesive zone
creation and growth for damage initiation and fracture. The two-
way linked multiscale method thus allows for stiffness reduction
due to microcracking in RVE, which is consequently reflected
in the global-scale behavior in a form of reduced stiffness. Cohesive
zone modeling in this study allows cracks to initiate and grow only
between bulk elements in the RVEs, unlike the extended finite-
element method (XFEM), in which cracks can grow through the
bulk elements. To minimize this limitation, cohesive zones were
created (embedded) adaptively within the mesh, and the mesh
structure was defined through a mesh sensitivity analysis, so that
initiation of cohesive zone and its growth for crack propagation is
not sensitively dependent on mesh size and mesh structure built. A
finer mesh results in a higher computational cost; hence, the linear
triangular element was used in this study to balance computational
efficiency and modeling accuracy.

Because each element within the cracking zone will experience
different deformations during the course of the simulation, each
element must be linked to its corresponding RVE over which an
IBVP will be solved. Hence, because the number of global ele-
ments, which are linked to the local-scale RVE, significantly affects
the computational efficiency, the total number of elements linked to
the local-scale RVE was limited to 60 elements in the modeling of
this study.

Model Simulation Results and Discussion

To characterize the fracture properties of the geopolymer paste, the
three-point bend beam test results were incorporated with the two-
way linked multiscale computational modeling. In this process, the
equivalent homogenized properties in the global scale (three-point
bend beam) are linked to the local-scale model (i.e., geopolymer
paste RVE). The two-way coupled multiscale modeling requires
only the mechanical properties (i.e., elastic properties of the indi-
vidual phases and fracture properties of the phases subjected to
cracking) of geopolymer paste RVE as model inputs; the fracture
properties can be characterized through a calibration process by
comparing model simulation results and test results when others
properties, except the fracture properties, are known/given.

The previously described approach works well when the nano-
mechanical elastic properties obtained from the nanoindentation
test yield the true mechanical properties of each phase in the
RVE microstructure; however, our preliminary simulation results
showed that this was not the case. The load–displacement response

of the three-point bend beam testing form experiment and numeri-
cal simulation are compared in Fig. 8. The dashed line represents
the simulation result obtained by using the nanoindentation elastic
properties of each phase (shown in Table 2). As can be seen, there is
a significant difference within the initial part of the graph, which is
considered to be primarily governed by the elastic properties of the
individual phases, between the simulation result and its correspond-
ing test result (in grey circles). The simulation yields an average
stiffness of 25 GPa for the geopolymer paste, whereas the test result
corresponds to a value of 1.5 GPa. Several factors such as simpli-
fication of real 3D microstructure into a 2D RVE microstructure
might be attributed to this inconsistency, although the exact reasons
are not clear at this stage. One of the major factors considered is the
presence of pre-existing microcracks in the N-A-S-H gel, which are
clearly observed in the SEM images as demonstrated in Figs. 4
and 9. The microcracks were developed during the curing process,
and it is considered shrinkage cracking of the N-A-S-H gel from
geopolymerization. The nanoindentation test could not account for
the effects of these pre-existing microcracks because the testing is
in the penetration (indentation) mode and the affected area of each
indent is relatively very small (a few micrometers). To account for
the effects of the pre-existing microcracks in the N-A-S-H gel,
modified N-A-S-H gel properties were calibrated by using an ana-
lytical micromechanics approach (Hashin 1983) that addresses the
reduced stiffness of the matrix phase due to the pre-existing inclu-
sions. The solid line shown in Fig. 8 is an outcome of the modeling
to estimate the modified N-A-S-H property (i.e., stiffness of
0.85 GPa).

Potential 
Crack line

Three-point bend beam test
Geopolymer paste RVE

(with microcracks)

Averaged stiffness

Updated strain field

760 nodes, 1400 elements

Geopolymer paste

Fig. 7. Three-point bending beam model in which the cracking zone is two-way linked to geopolymer paste RVE with growing damage/fracture.
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Fig. 8. Three-point bending beam response: experiment versus
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With the modified N-A-S-H gel property, two-way coupled mul-
tiscale modeling was redone, this time until onset of three-point
bend beam fracture, to identify the fracture properties of the geo-
polymer paste. As described earlier, the fracture of the three-point
bend beam is achieved by linking the midline cracking zone to the
corresponding paste RVE microstructure (global-to-local linking),
and cracking in the RVE due to progressive loading is homogenized
to update the effective properties of the corresponding global-scale
element (local-to-global linking). The linear decay cohesive zone
model defined by the two model parameters (i.e., critical traction tci
and critical opening displacement δci ), as shown in Fig. 1, can then
be identified by the model calibration process. To reduce the mod-
eling complexity at this stage, two assumptions were made. First,
microcracks nucleate and propagate within the N-A-S-H gel and
along the boundaries between N-A-S-H gel and other phases. This
assumption is based on the physical observation (Fig. 9) and is also
reported in other studies (Shi et al. 2012). Second, cohesive fracture
properties within the N-A-S-H gel are assumed to be the same as
the adhesive fracture properties between the N-A-S-H gel and other
phases. This assumption is not based on any experimental measure-
ments at this stage but made for simplicity, and it needs further
examination. With the two assumptions made, only two unknown
parameters describing the cohesive-adhesive fracture properties of
N-A-S-H gel remain. Fig. 10 shows comparison between the test

results and the multiscale model simulation results after the model
calibration was completed. In the figure, two fracture properties of
N-A-S-H gel are also shown.

Simulation results are also represented in a form of snapshots
for both global beam specimen and local RVE microstructures.
Snapshots taken at three different stages (5, 45, and 90 s) are shown
in Fig. 11. The global beam results are presented in a contour plot
of horizontal stress components σxx. The critical local RVE located
at the tip of the notch was selected, and its deformation character-
istics with cohesive zone development are presented in the figure.
As shown, in the initial stage of the testing [Fig. 11(a)], the stress
state in the RVE is lower than the critical traction; thus, no cohesive
element is developed. By increasing the strain, the stress state in the
RVE reaches a level at which cohesive zone elements develop [rep-
resented as black solid lines in Fig. 11(b)]. When a cohesive zone
opening reaches the critical opening displacement, a crack develops

Pre-existing cracks

Pre-existing cracks

50 µm50 µm

Fig. 9. SEM images of pre-existing microcracks within the N-A-S-H gel.

Fig. 10. Three-point bending beam response: experiment versus multi-
scale simulation.

(a)

(b)

(c)

Fig. 11. Snapshots of global-local contour plots at three different
loading stages: (a) T ¼ 5 s; (b) T ¼ 45 s; and (c) T ¼ 90 s.
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fully and an internal boundary forms [represented as openings in
Fig. 11(c)]. Creation of internal boundaries results in loss of effec-
tive stiffness of RVE. As the simulation continues, more micro-
cracks develop in RVE until its effective stiffness reaches a
value close to zero, which is assumed to be equivalent to crack ini-
tiation of the three-point bending beam specimen and its sub-
sequent failure.

Concluding Remarks

In this study, two-way linked multiscale computation was inte-
grated with multiscale (global-local) tests and a cohesive zone frac-
ture model to characterize the properties of highly heterogeneous
cementitious materials, such as alkali-activated geopolymers. Geo-
polymer paste samples were fabricated and tested in two different
length scales: (1) microstructures and nanomechanical properties of
individual components within the paste in the local scale and (2) a
three-point bending beam fracture test in the global scale. Local–
global results were then integrated with the two-way coupled finite-
element modeling in which local RVEs are allowed to develop
crack initiation–propagation that is represented by the cohesive
zone fracture model. Elastic properties of each phase in the micro-
structure RVE were obtained from the nanomechanical test,
whereas fracture properties of N-A-S-H gel were estimated through
a model calibration process. Based on the tests and simulation
results, the following conclusions can be drawn:
• The two-way linked multiscale computation integrated with

multiscale experimental tests, although it has many limitations
at this stage, can be used as a method for characterization and
design of various multiphase media.

• The integrated experimental–computational multiscale approach
provided material properties, such as micrometer-length-scale
cohesive zone fracture properties, which are considered core
properties but not usually feasible to identify using conventional
test methods.

• Fly ash–based geopolymer paste showed a highly complicated
microstructure in which at least four different phases exist. The
resulting geopolymerization phase, N-A-S-H gel, develops
cracks within the gel and along the boundaries between the
gel and other phases, such as fly ash particles with different
levels of reaction with alkaline solution.
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