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Abstract

This paper presents creep properties of cement and alkali activated fly ash

(AAFA) paste and mortar determined from statistical analysis of nanoinden-

tation data. Cement paste having 95 MPa compressive strength at 28 days was

tested for comparison and validation with a conventional test. Using nanoin-

dentation, the specific creep of the cement paste after one year was predicted

as 18.32 microstrain/MPa. For AAFA samples, an experimental program was

set up using Taguchi’s Design of Experiment method to consider four parame-

ters, silica fume, sand to binder ratio, liquid to solid ratio, and superplasticiser,

each with three variations.Using ANOVA, the percentage contributions of these

parameters on the creep modulus of AAFA samples are: silica fume 26%, sand

to binder ratio 21%, liquid to solid ratio 22%, and superplasticiser 31%. The

results using deconvolution technique to identify the creep modulus of different

phases of AAFA matrices show that partly-activated, non-activated slag and

non-activated compact glass phases are leading the creep behaviour of AAFA

samples due to their high creep modulus. Compare to other parameters, the liq-

uid to solid ratio contributes the most to the creep property of partly-activated

slag, non-activated slag and non-activated compact glass phases, that is, 51%,
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89%, 68%, respectively. Sand to binder ratio and superplasticiser have minor

effect on the creep behaviour. The results of the creep properties of AAFA

paste were then compared with those of AAFA concrete using an upscaling pro-

cess. The creep rate of AAFA concrete was defined by the creep properties of

the matrix and the interface between aggregates and matrix assuming perfect

bonding and slip bonding conditions. The results from the upscaling process

show that the creep properties of AAFA paste from nanoindentation are repre-

sentative of the long-term creep properties of AAFA concrete determined from

a conventional test method.

Keywords: Alkali Activated Cement Geopolymer Fly ash based cement

Creep Viscoelasticity Nanoindentation

1. Introduction

Durability of structural materials is an important aspect in the designed life

of a structure. Concrete, being the most used structural material in construc-

tion, is known to have viscoelastic properties. After a long sustained load, strain

in concrete increases with time which exhibits creep [1]. Determining creep prop-5

erties of concrete and factors influencing creep are necessary when aiming for a

more sustainable design. Concrete is conventionally made of ordinary Portland

cement (OPC), but due to concerns over the environmental impact caused by

cement production, alternative low-carbon cementitious materials have been in-

troduced as a full or partial replacement of OPC in producing concrete. These10

materials are such as blended cement, alkali-activated pozzolan cement, and

Geopolymer. This paper presents the creep properties of some of these mate-

rials and how different compositions in the mixtures are affecting their creep

properties. The main aim is to obtain the optimum mix design, within the

range of the parameters considered, for the minimum creep behaviour.15

The measurement of viscoelastic properties of a material can be obtained by

considering the nature and the rate of configurational rearrangements and the

interaction of the properties. Creep testing involves applying a constant instan-
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taneous stress to the specimen and measuring strain as a function of time during

stressing [2]. The creep properties of cementitious materials are still an enigma20

because of the difficulty in linking to the timescale involved. The complex creep

behaviour of cementitious material is largely related to the viscoelastic response

of the primary hydration or reaction products and the binding phase of harden-

ing [3]. However, Fischer-Cripps et al.[4] and Vandamme et al.[3, 5, 6]presented

that time-dependent viscoelastic properties such as creep behaviour could be25

measured by nanoindentation technique.

The nanostructure of concrete made with OPC is controlled by the structure of

calcium silicate hydrated (CSH) which governs its fundamental properties, such

as strength, relaxation, creep, and fracture behaviour. Determining these prop-

erties demands a detailed knowledge of the nanostructure and how it relates30

to local mechanical properties. Thus, it is important to understand the nanos-

tructure of OPC pastes. Several techniques have been used to understand CSH

structures. Thomas et al. [7] determined two CSH morphologies using nitrogen,

and the content of the two CSH phases depended on varying parameters such

as internal water content. Similarly, Tennis et al. [8] provided a microstructure35

model of OPC paste that could quantitatively predict the volume of various

phases. This model provides a mean for quantifying a volumetric proportion

of major hydration products such as capillary porosity (MP), low-density CSH

(LD CSH), and high-density CSH (HD CSH). Constantinides et al. [9, 10] de-

termined two types of CSH, Portlandite (CH) and clinker with nanoindentation.40

The results show that decalcification of CSH phases are the primary source of

nanometre-scale elastic modulus degradation. Generally, the complex viscous

characteristic of OPC pastes is according to the viscous behaviour of CSH,

which is the primary hydration products of OPC paste. Advances in cement

technology have recently enabled the understanding of the properties of CSH.45

However, CSH exhibits significant local variations and is still difficult to probe

into its overall characteristics directly. Thus, a study on viscoelastic properties

of hydration products by nanoindentation is well-suited, making it possible to

probe sub-micrometric volume of material [11].
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Alkali activated cement (AAC) has pozzolan as the main constituent, which can50

react with alkali to form binder [12]. The composites of cementitious compo-

nents and alkali activated pozzolan cement are classified according to the type

of pozzolan such as fly ash, metakaolin, soda lime glass and natural pozzolan

[13]. Several researchers reported that common chemical compositions of tra-

ditional Portland cement and alkali activated pozzolan cement are silica and55

alumina which can also be found in industrial by products [1, 14]. Though,

several macro characteristics of AAC prepared from different aluminosilicate

sources may appear similar, their physico-chemical and thermal properties vary

to a large extent depending predominantly on the raw materials used [15]. Gen-

erally, AAC is a source material that does not contain carbonate, therefore, it60

does not release vast quantities of CO2 as compared to traditional Portland ce-

ment. Recently, some research articles presented that AAC has several phases

that contribute to the physical properties of the material. Němeček et al. [16]

identified the reaction products of alkali activated fly ash cement (AAFA) pastes

as N-A-S-H (sodium aluminosilicate hydrate), partly activated slag (N-A-S-H65

gel intermixed with slag-like particles), non-activated slag (porous non-activated

slag-like particles), and non-activated slag (solid non-activated glass sphere or

their relicts) using nanoindentation. Similarly, Lee et al. [14] investigated the

effect of varying factors on the physical properties of AAFA and also found that

N-A-S-H phase was a major reaction product of AAFA.70

Viscoelastic properties of a material can be under the influence of time-dependent

stress-strain factors. Previously, the method of analysis of nanoindentation as-

sumed that behaviours of material are in an elastic-plastic manner. However,

time-dependent viscoelastic properties, such as creep, can occur under indenta-

tion impress [17, 18]. Literature shows that indentation properties of OPC and75

AAFA are well known from several research studies, but microporomechanics

and creep behaviour of hydration products of OPC are still not well determined.

This research is to fill this gap by investigating the creep properties of OPC and

AAFA matrices using micromechanics, Creep properties are studied and com-

pared with the results from conventional test methods. This study also reveals80
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Table 1: Chemical composition of low calcium fly ash (wt.%)

SiO2 Al2O3 CaO Fe2O3 K2O

65.9 24.0 1.59 2.87 1.44

how different chemical phases in the matrices affect the creep properties, and

suggests an optimum mix design to minimise creep.

2. Methodology

2.1. Materials and experimental procedure

Taguchi’s Design of Experiment (DoE) is an efficient method to determine85

the contribution of parameters on the tested properties within the ranges con-

sidered [19]. In this investigation, two series of samples were tested, OPC and

AAFA mixtures. OPC properties were tested for comparison and validation

with the properties obtained from conventional tests. General purpose (Type

I) cement available locally in Australia with the water to cement ratio of 0.390

was used to prepare the OPC paste samples. The samples were cured in lime

water at ambient temperature, 23 ± 3◦C. The average compressive strength of

the samples was obtained as 94.6 MPa at 28 days curing age. Nanoindentation

test was carried out on the three sets of samples with minimum 300 indentation

points per sample.95

Nine different AAFA mixtures were prepared according to Taguchis DoE ap-

proach. In the authors previous research [14], four variables viz., silica fume

(SF), sand to binder ratio (s/c), liquid to solid ratio (l/s) and superplasticiser

(SP) contents were the parameters considered in the experimental program. The

fly ash used was from Collie Power station in Australia, the chemical composi-100

tion of fly ash is given in Table 1.

The medium particle size and Loss on Ignition (LOI) of fly ash were 45 µm and

1.5%, respectively. The experiment work in this research is to determine creep

characteristics of AAFA matrices by considering three levels of the parameters.

The standard L9 (34) orthogonal array defining the contents of the mixtures is105
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as shown in Table 2 and 3. The data obtained from the nanoindentaion test

can be used to determine meaningful mechanical properties of the material [18].

The following section will provide an overview of nanoindentation technique and

equations necessary for statistical analysis in this research.

2.2. Principle and microporomechanics110

Measurement of elastic modulus and hardness of material can be obtained

from indentation load-displacement data [20–22]. Hertz contact equation deter-

mines the indentation modulus M as:

1

M
=

1− ν2

E
+

(1− ν′2)

E′ (1)

where E is the elastic modulus of the specimens and nu is the Poisson’s ratio

of the indented material, while the superscript prime denotes the corresponding115

properties of the indenter, that is, E is the elastic modulus and nu is the

Poisson’s ratio of indenter. The modulus M and hardness H values can then be

used to determine the particle properties such as particle stiffness (λ), Poisson’s

ratio (vs), cohesion (κ), friction coefficient (ζ) and packing density (η) as [14, 23]:

M =

√
π

2

S√
Ac

= λ ·ΠM (vs, η, η0) (2)

120

H =
Pmax

Ac
= λ ·ΠH

(
ζ, η, η(0)

)
(3)

where P , S, ΠM and ΠH are indentation loading, the contact stiffness, dimen-

sional scaling relating to stiffness and hardness, respectively. The term Ac is

the projected contact area which can be expressed in term of hr and hc as de-

termined by Oliver-Pharr method [20]. The solid percolation threshold η0 is

Table 2: Parameters and Levels

Parameter Level 1 Level 2 Level 3

SF (%) Silica fume 0 2 4

s/c Sand to cementitious material ratio 0 0.25 0.5

l/s Liquid to solid ratio 0.6 0.65 0.7

SP (%) Superplasticiser 0 2 4
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Table 3: Mix proportion

Mix No. Fly ash SF s/c l/s SP

1 1 0 0 0.6 0

2 1 0 0.25 0.65 0.02

3 1 0 0.5 0.70 0.04

4 1 0.02 0 0.65 0.04

5 1 0.02 0.25 0.70 0

6 1 0.02 0.5 0.60 0.02

7 1 0.04 0 0.70 0.02

8 1 0.04 0.25 0.60 0.04

9 1 0.04 0.5 0.65 0

the limit that the solid fraction requires for providing a continuous force path125

through the system. The modulus function can be provided by the following

relationship as [14, 23]:

G =
1

2
− 5

4
(1− η)− 3

16
(2 + η) +

1

16

× [144(1− rs)− 480η + 400η2 + 408rsη
2 + 9r2s(2 + η)2]0.5 (4)

in which the solid Poisson’s ratio νs = 0.5, and Equation (4) becomes a linear

scaling of modulus with packing density (η) as:

ΠM = 2η − 1 ≥ 0 (5)

The hardness with packing density (η) for scaling relation is proposed by non-130

linear micromechanics [14, 23]:

ΠH(ζ) = Π0 × [1 + (1− η)ζ − (d− e · η)ζ2 − (f − g · η)ζ5] (6)

in which a function of frictionless portions Πo is:

Π0 =
12η(a− b · η)[(2η − 1)(2 + η)]0.5

(1− c · η)(2 + η)
(7)

Based on micromechanics, the coefficients suitable for Berkovich indenter are:

a = 0.19567, b = 0.03739, c = 0.77999, d = 20.3138, e = 31.5352, f = 52.1817

and g = 99.3465 with η = 0.5 [23]. Equation (2) and (3) can be treated as135
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a quadratic minimisation problem between the experimental values and the

theoretical scaling relationship by an inverse application that solid properties

and local packing density are unknowns [24, 25].The problem can be written as:

min

N∑
i=1

[(Mi − λ ·ΠM (vs, ηi))− (Hi − κ ·ΠH (ζ, ηi))]
0.5

(8)

where N is the total number of indentation points; Mi and Hi are determined

from Equations (2) and (3), respectively. Solving Equation (8) will deliver the140

analytical results of the scaling relationship between M , H and η.

2.3. Deconvolution technique

A statistical technique is required for the analysis of heterogeneous or com-

posite materials which are normally complex. The deconvolution technique

starts with the generation of experimental cumulative distribution function145

(CDF). It is more convenient to deconvolute CDF rather than the probabil-

ity density function (PDF) because CDF does not require a choice of bin size

for histogram construction [14, 23]. Therefore, the experimental CDF can be

written as:

Φe(X) =
i

N
− 1

2N
for i ∈ [1, N ] (9)

where X is a type of the mechanical properties, and N is the number of in-150

dentation tests. Gaussian distribution gives the theoretical CDF for each phase

as:

Φt
j(X) =

1

σj
√

2π

∫ Xi

∞
exp(

−(s− µj)
2

2σ2
j

)dt for i ∈ [1, N ] (10)

where µj is the mean, σj is the standard deviation and j is a phase. The

theoretical CDF function can be obtained by minimising the error function as:

min

N∑
i=1

∑
(fj · Φt

j(X)− Φe(X))2 (11)

Moreover, the total volume fraction of the material phases can be expressed by155

summation of total single phase fj as:

n∑
j=1

fj = 1 (12)

8



where n is the total number of phases. In addition, the constraint of the min-

imisation problem is required to avoid the overlapping of each phase as:

µj(X) + σj(X) ≤ µj+1(X) + σj+1(X) (13)

Therefore, the mechanical properties and surface volume fraction of each phase

can be determined from the mean and standard deviation of the deconvolution160

technique.

2.4. Creep properties

According to Vandamme et al. [5, 6], nanoindentation can be used to de-

termine the quantitative viscoelastic properties of material. Also, they studied

geometric relationship between indenter and contact problem during indenta-165

tion. As viscoelastic behaviour is the role played by time, if the material is ide-

ally viscos fluid, the stress can be instantaneously infinite under constant strain.

However, actual material behaviour shows that under constant strain, the stress

generally decreases from its initial value rapidly and later more gradually. This

behaviour is known as stress relaxation. Another important behaviour is creep,170

i.e., the deformation of viscoelastic materials under constant stress increases

with time. The creep compliance rate J̇c (t) can be expressed [5, 6] as:

J̇c (t) =
2a (t)

Pmax
ḣ (t) (14)

where a (t) is the radius of the projected contact area, Pmax is maximum inden-

tation load, and ḣ (t) is the change in the indentation depth over the holding

time, which can be expressed by a single power logarithm function as:175

ḣ (t) = x1ln

(
t

x2
+ 1

)
+ x3t+ x4 (15)

where x1, . . . , x4 are constants. In Equation (14), the material related term is

only the logarithmic term [5, 6], thus, ḣ (t) can be replaced by the term of x1/t.

From the Equation (14), the long-term contact creep compliance rate is given

by:

J̇c (t) =
1

Ct
, where C =

Pmax

2acx1
(16)
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where C is the contact creep modulus, and ac is the contact radius of the180

maximum projected area between the indenter and the indented sample just

before the unloading, i.e., ac ≈
√
Ac/π. Thus, a higher contact creep modulus

will lead to a lower logarithm creep of the material. The equations provided

in this section will be used for performing statistical analysis of indented data.

The analyses included in this study are microporomechanics, deconvolution, and185

creep properties.

3. Result and Discussion

3.1. Indentation creep properties of OPC

The results of deconvolution to determine the indentation modulus, M , and

hardness, H, are illustrated in Figure 1 and given in Table 4. The mean val-190

ues of the first peak shows M = 9.388 GPa, H = 0.297 GPa; the second

peak, M = 16.591 GPa, H = 0.700 GPa; the third peak, M = 29.818 GPa,

H = 1.412 GPa, which are in good agreement with the values reported in liter-

atures [23, 26]. For the fourth peak, M = 48.677 GPa, H = 10.495 GPa, and

the clinker, M = 112.378 GPa, H = 14.718 GPa.195

Pipilikaki et al. [27] reported that binding cementitious material is porous with

small pore sizes. Thus, it can be assumed that the characteristic size of the

porosity is much smaller than the maximum indentation depth (h) for scaling

separability reason [23]. With the hypothesis that OPC paste is a porous ma-

Table 4: Deconvolution results of indentation modulus and hardness of OPC paste

Phase

Modulus

(MPa)

Hardness

(MPa)

Volume

fraction

mean StD mean Std %

MP 9.388 3.562 0.297 0.016 43

LD-CSH 16.591 4.712 0.700 0.147 34

HD-CSH 29.818 3.984 1.412 0.215 10

CH 48.677 10.495 2.352 1.239 8

Clinker 112.378 29.557 14.718 8.027 5
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Figure 1: Deconvolution results of indentation modulus and hardness of OPC paste

terial, the quadratic minimisation problems, Equation (8),can be solved. The200

quadratic minimisation procedure of scaling indentation modulus and hardness

exhibit the properties of hydration products. The packing density (η) relation-

ship distribution can be plotted to compare the experimental and the model

values as shown in Figure 2. The solid properties of the hydration products are:

λ = 189.442 GPa, nus = 0.499, κ = 1.300 GPa, ζ = 0.566, and the friction205

angle is calculated from the friction coefficient ζ as θ = 29.544 degree. The

solid properties of the hydration products can be understood in the sense of the

Drucker-Prager strength and Coulomb material model. Based on the deconvo-

lution results, as shown in Figure 3 and Table 5, the packing density (η) was

obtained as pores phase (MP) which has the volume proportion of 44% of the210

total volume fraction of the overall hydration products, and has η = 0.531±0.01.

LD CSH phase has a characteristic η = 0.556±0.01 with 33% of volume fraction;

HD CSH phase has η = 0.595 ± 0.01 with 10% of volume fraction; CH phase
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Figure 2: Packing Density (η) distribution of OPC paste

Figure 3: Deconvolution results of packing density (η) of OPC paste

Table 5: Packing density (η) of OPC paste

Phase
Packing Density

mean StD

MP 0.531 0.01

LD-CSH 0.556 0.01

HD-CSH 0.595 0.01

CH 0.627 0.06

Clinker 0.780 0.12

has η = 0.627 ± 0.06 with 7% of volume fraction; clinker has η = 0.780 ± 0.12

with 5% of volume fraction.215

In order to determine the creep behaviour using nanoindentation test, the change
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in the depth of the holding phase can be fitted with a logarithmic function as

presented in Equation (15). The curve fitting was performed by MATLAB

[28] and the average corrected coefficient of the fitted curve was observed as

0.986 ± 0.04. The typical curve fitting of the penetration depth versus time220

history is presented in Figure 4. With the logarithm curve fitting results, x1,

the long-term contact creep compliance rate was obtained as 409.266 GPa. The

result of the creep compliance rate clearly shows that the rate of the creep com-

pliance sharply decreases after a few days of stressing. In addition, the decon-

volution technique was applied to identify the contact creep modulus C of each225

phase. The greater C value represents the lower rate of the creep. Table 6 sum-

marises the results of C with deconvolution input parameters. For MP phase,

C = 75.552±37.754 GPa; LD CSH phase, C = 162.201±37.754 GPa; HD-CSH

phase, C = 333.797± 46.979 GPa; and CH phase, C = 663.387± 188.444 GPa.

As can be seen from the results, MP phase has the highest creep compliance230

in OPC pastes which leads to a lower creep modulus. This means that when

the porosity increases, it tends to increase the creep compliance. The tested

OPC paste had the compressive strength of 95 MPa at 28 days. The specific

creep after one year from nanoindentation testing was predicted as 18.32 mi-

crostrain/MPa. This result agrees well with the literature which indicates that235

the creep of OPC after one year is to be around 20 microstrain/MPa with re-

spect to the compressive strength at 28 days curing age of concrete [29]. Thus,

nanoindentation technique can identify the creep behaviour of a material from

a short period indentation test.

3.2. Indentation creep properties of AAFA240

After conducting indentation creep experiments of AAFA mixtures, creep

properties were analysed according to the procedure described in previous sec-

tion. Figure 5 presents the results of the creep compliance rates of all the nine

mixtures. The average corrected coefficient and coefficient of logarithmic curve

fitting obtained are as shown in Table 7. The results of the curve fitting show245

that the corrected coefficient (R-square) was over 0.98 (98%). The results of the
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Figure 4: Typical logarithm curve fitting in creep phase

Table 6: Contact creep modulus (C) of OPC paste

Phase
Contact creep modulus (MPa)

mean StD

MP 75.552 37.754

LD-CSH 162.201 53.582

HD-CSH 333.797 46.979

CH 663.987 184.444

Clinker 3948.108 1388.759

contact creep modulus show that Mix 2 and Mix 4 had the lowest and highest

contact creep modulus of 336.803 GPa and 2172.179 GPa, respectively. In order

to understand the meaning of the creep behaviour of AAFA, statistical analysis

results were presented to demonstrate the influence of the creep behaviour with250

varying parameters. The results of the signal to noise (S/N) ratio show that an

increase in the s/c ratio leads to an increase in the creep compliance rate due

to a decrease in the creep modulus. The percentage contribution of the four

parameters on the creep modulus property from ANOVA are: SF 26.15%, s/c

ratio 20.65%, l/s ratio 22.37%, and SP 30.83%, as shown in Table 8. ANOVA255

results provide important information that the creep behaviour of AAFA was

influenced by not only a specific parameter but also several parameters in the
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Table 7: Average logarithmic coefficient and corrected coefficient

Mix No.
x1 x2 x3 x4 C

R-square
(nm) (s) (nm/s) (nm) (GPa)

1 11.935 3.037 -0.005 0.136 386.756 0.986

2 10.395 3.123 0.015 0.151 336.803 0.988

3 17.626 4.437 0.035 0.145 504.181 0.981

4 7.577 14.485 -0.058 0.151 2172.179 0.982

5 9.159 71.840 -0.089 0.139 536.120 0.983

6 8.236 3.412 -0.074 0.151 377.457 0.982

7 6.365 2.160 -0.051 0.135 397.848 0.987

8 14.230 2.508 0.117 0.152 503.422 0.987

9 8.057 2.497 -0.051 0.113 486.692 0.984

Table 8: ANOVA results on creep modulus

Source DFa SSb MSc Contribution %

Creep modulus

SF 2 706711 353356 26.15

s/c 2 557892 278946 20.65

l/s 2 604564 302282 22.37

SP 2 833046 416523 30.83

adegree of freedom bsum of square cmean square

AAFA matrix.

In addition, the deconvolution technique was used to identify the creep modulus

C of each phase in the matrix as shown in Table 8. The deconvolution results260

of the creep modulus show that N-A-S-H is mainly the phase that increases

the creep compliance of AAFA due to smaller creep modulus. Partly-activated

and non-activated phases in which the silicon and aluminium composition are

not completely dissolved in the alkaline solution (block-polymerisation) show

smaller creep behaviour because of having higher creep modulus than that of265

the N-A-S-H phase from Equation (14). Therefore, partly-activated and non-

activated phases are leading the creep behaviour of AAFA due to high creep

modulus. The polymerisation takes place only on the surface of the atom and

is adequate to form the blocks to produce the polymer binder in AAFA [30].
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Figure 5: Contact creep compliance rate of AAFA
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The S/N ratio was analysed to understand the effect of parameters on the creep270

modulus of partly-activated and non-activated phases. As presented in Figure

6, l/s ratio is the most significant parameter on the creep modulus of partly and

non-activated phases. An increase in l/s ratio leads to a decrease in the creep

modulus, thus, an increase in l/s ratio would be a cause of increasing the creep

behaviour of AAFA. Similarly, ANOVA was performed on the results of the275

creep modulus of partly-activated and non-activated phases as shown in Table

10. The results show that the contribution of l/s ratio on the creep modulus

of partly-activated slag, non-activated slag, and non-activated compact glass

are 50.74%, 88.69% and 68.08%, respectively, while the s/c ratio and SP have

minor effect on the creep behaviour of AAFA. In addition, the S/N ratio shows280

that an increase of SF up to 2% leads to an increase in the creep modulus of

partly-activated slag, non-activated slag, and non-activated compact glass. It

is noted that increasing the SF up to 2% of partly activated slag has 40.47%

of contribution, thus increasing SF up to 2% would cause creep modulus reduc-

tion. In turn, this increase of SF up to 2% entails a decrease in N-A-S-H phase.285

According to Lee et al. [14] the SF available for reaction decrease the amount

of N-A-S-H, it also decrease the N-A-S-H porosity. The decrease in the amount

N-A-S-H phase favours the formation of denser packed N-A-S-H phase.

3.3. Comparison

In this section the obtained creep modulus of AAFA paste mixture (Mix 1)290

is compared with the value obtained from the experiment of AAFA concrete by

Wallah et al. [30]. The tested AAFA concrete was made of 77% of aggregates

(in volume of concrete) and the liquid to solid ratio was 0.35. For a large time,

t, Wallah et al. [30] suggested that the creep compliance J (t) ≈ Cuni · ln (t),

where J (t) after one year was 15× 10−6/MPa, and the uniaxial creep modulus295

Cuni = 868.727 GPa. In the present case, AAFA mixtures had l/s = 0.6, and

from ANOVA, the percentage contribution of the l/s ratio on the creep modulus

is 22.37%, as presented in Table 7. Thus, the creep modulus can be calculated

as Cuni = 868.727 × (0.35/0.6× 22.37%) = 113.36 GPa. Noting that the Cuni

17



Figure 6: Effect of parameters on creep modulus of partly-activated and non-activated phases
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Table 9: Deconvolution results of Creep Modulus (C) (Unit in GPa)

Mix
A B C D

mean StD mean StD mean StD mean StD

1 61.597 38.354 200.611 78.705 1185.385 742.521 11946.131 5933.313

2 78.028 35.566 177.069 80.719 658.149 403.671 5451.601 3687.509

3 40.982 29.609 120.580 60.085 526.086 270.479 2757.519 1485.664

4 63.828 28.705 212.993 89.196 853.733 508.367 6518.359 4303.578

5 65.646 35.395 206.029 61.857 737.200 396.137 10523.844 6704.933

6 98.314 60.987 296.108 119.977 1415.070 704.133 12209.248 6868.191

7 92.288 37.273 195.745 53.218 628.075 303.435 4371.304 3105.210

8 105.965 67.850 258.409 169.916 1488.145 830.584 11545.101 6116.926

9 65.515 23.356 180.902 60.882 519.336 349.451 5281.275 4111.733

A: N-A-S-H; B:Partly activated slag; C: Non-activated slag; D: Non-activated compact glass

Table 10: ANOVA results on creep modulus of partly-activated and non-activated phases

Source DFa SSb MSc Contribution %

Partly-activated slag

SF 2 8017.5 4008.8 40.47

s/c 2 344.6 172.3 1.74

l/s 2 10051.4 5025.7 50.74

SP 2 1395.8 697.9 7.05

Non-activated slag

SF 2 68104 34052 5.99

s/c 2 29827 14913 2.62

l/s 2 1008916 504458 88.69

SP 2 30730 15365 2.70

Non-activated compact glass

SF 2 16521193 8260597 15.19

s/c 2 9059186 4529593 8.33

l/s 2 74028816 37014408 68.08

SP 2 9133741 4566871 8.40

adegree of freedom bsum of square cmean square

value is the uniaxial creep modulus of the tested AAFA concrete, not of the300

paste. The next step is therefore to correlate that with the paste properties.

An upscaling technique was introduced by Vandamme et al. [11] that the ho-

mogenised creep properties at the scale of cement pastes are considered with

a self-consistent homogenisation scheme which is well-adapted for the assumed
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microstructure. The contact creep modulus of the paste, Cpaste, is linked to the305

contact creep modulus Ci, which is measured at an i location in the nanoinden-

tation process, through [11]:

N∑
i=1

1

1 + 0.5 ((Ci/Cpaste)− 1)
=

N∑
i=1

Ci/C
paste

1 + 0.5 ((Ci/Cpaste − 1))
(17)

where n is the number of tested locations. In the present case, n is ≈ 300,

which is the total number of the indented points, and the creep modulus at

each point Ci can be calculated from Equation (16). Based on the calculated310

Ci and Equation (17), Cpaste = 65.51 GPa for the AAFA paste. Using an

upscaling process, the contact creep modulus of the concrete specimens can be

estimated with Mori-Tanaka system by assuming a perfect adhesion between

matrix and aggregate Cc−bond, i.e., the aggregates do not creep, or, Cagg =∞.

The relationship between Cc−bond and Cpaste depends on the volume fraction315

of aggregates, fagg, in the concrete by assuming that the paste creeps with a

constant Poisson’s ratio, ν = 0.2 [11]:

Cc−bond = Cpaste 2 + 3fagg

2 (1− 2fagg)
(18)

Similarly, the contact modulus of slip interfaces surrounding between the matrix

and the aggregates in concrete Cc−slip can be estimated by [11]:

Cc−slip = Cpaste 5 + 3fagg

5− 2fagg
(19)

Based on Equations (18) and (19), with Cpaste = 65.51 GPa, and the volume320

fraction of aggregates fagg = 0.77, Cc−bond and Cc−slip are 613.76 GPa and

138.39 GPa, respectively. Thus, Cc−slip governs the creep property and the

obtained value is in the same order as the creep modulus calculated from the

experimental value from Wallah et al. [30], that is, Cuni = 113.36 GPa after one

year creep experiment. This result indicates that the AAFA concrete creeps with325

respect to time can be defined by the creep properties of the matrix and interface

between aggregates and matrix with different bonding conditions. The results

from the upscaling process show that the analytical approach for determining the

creep properties of AAFA from nanoindentation can predict the creep properties
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which compare well with the long-term creep properties of AAFA mixtures330

determined from a conventional test method.

4. Conclusion

Nanoindentation technology coupled with a statistical analysis and a decon-

volution technique are successfully applied to investigate the creep behaviour of

cement (OPC) and fly ash AAFA. Based on the results obtained in this study,335

the following conclusion can be drawn:

- In OPC paste, five main phases, viz., capillary porosity, low density cal-

cium silicate hydrated, high density calcium silicate hydrated, calcium

hydroxide and clinker phases, are quantified. The obtained creep compli-

ance rate of the OPC paste shows that the capillary porosity phase is the340

main phase that increases the creep compliance rate of the OPC matrix.

This result shows that the porosity in the matrix leads to more creep.

- In AAFA mixtures, four main reaction products, sodium aluminosilicate

hydrate, partly activated slag, non-activated slag and non- activated com-

pact glass phases are quantified. The statistical analysis results provide345

important information that the creep behaviour of AAFA is affected by

several parameters of the AAFA matrix. The creep behaviour reveals

that partly-activated and non-activated phases are the main factors for

the creep.It was also found that the liquid to solid ratio is the most af-

fecting parameter on creep, that is, an increase in the liquid to solid ratio350

leads to more creep. The sand to cementitious ratio and superplasticiser

have a minor effect on the creep behaviour of AAFA.

- Within the range of the parameters considered in the AAFA mixtures,

the optimum mix proportion to minimise the creep behaviour of AAFA is

to have 2% silica fume, sand to cementitious ratio of 0.25, liquid to solid355

ratio of 0.6, and 0% superplasticiser of mass content.
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- The presented upscaling approach of nanoindentation is able to link the

creep properties of AAFA paste to that of AAFA concrete which are com-

parable with the long-term creep of AAFA concrete determined from a

conventional test method.360

Nanoindentation is a reliable technique for determining creep properties of

multi- phase materials that requires only a small scale and short term test-

ing. It enables quantifying the effect of each material phase on creep, thus,

will be useful for developing a mix design to have a better control of the creep

behaviour of composite materials.365
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