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In this study, the flexural strength and fatigue properties of interfacial transition zone (ITZ) were experimentally
investigated at the micrometre length scale. The hardened cement paste cantilevers (150 x 150 x 750 pm®)
attached to a quartzite aggregate surface were prepared and tested under the monotonic and cyclic load using a
nanoindenter. The measured flexural strength of the ITZ (10.49-14.15 MPa) is found to be one order of

magnitude higher than the macroscopic strength of ITZ reported in literature. On the other hand, the fatigue
strength of the ITZ is lower than that of bulk cement paste at same length scale, measured previously by the
authors. The microscopic mechanical interlocking and the electrostatic interaction between aggregate surface
and hydration products are thought to contribute to the bond strength of ITZ. This study provides an experi-
mental basis for the development of multiscale analysis of concrete subjected to both static and fatigue loading.

1. Introduction

The phenomenon of concrete fracture subjected to the monotonic
and cyclic loading is very complex as it inherently involves multiple
spatial scales owing to the multiscale heterogeneous nature of concrete
[1,2]. At the mesoscale (millimeter to centimeter scale), concrete is
generally considered as a three-phase composite comprising aggregate,
cement paste matrix and the interfacial transition zone (ITZ) - a highly
porous zone between the aggregate particles and the cement paste ma-
trix. The ITZ plays an important role in the mechanical performance of
concrete. To address the essential question of how the fracture process
happening at smaller scales affects the macroscopic performance of
concrete, experimental investigations combined with simulations are
needed at every scale. Moreover, it has been reported that the strength,
fatigue crack growth rate and fatigue life of cement-based materials, e.g.
cement paste and concrete, exhibit a strong size effect [3-6]. A concrete
specimen with a smaller geometric size generally shows a higher
strength and better fatigue resistance for a given stress magnitude.
However, the possible size-dependent mechanical and fatigue properties
of ITZ have never been examined so far. Therefore, more experimental
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investigations are needed on this aspect. Over the past decades,
numerous studies have been performed to investigate the microstructure
development and the mechanical properties of ITZ [7-12]. The ITZ is
generally characterized by high porosity, deposition of crystals with
preferential orientations and fewer cement particles than in the bulk
cement matrix. The major origin of this porous ITZ is due to the so-called
‘wall effect’, which disrupts the packing of the cement grains against the
relatively flat aggregate surface [7]. Moreover, a water film which forms
around aggregate particles in fresh concrete also leads to a higher local
w/c ratio in the vicinity of aggregate particles. Another important
microstructural feature of ITZ is the excess content of large ettringite
(AFt) and calcium hydroxide (CH) crystals with preferential orientations
deposited in the vicinity of aggregate, which forms the porous frame-
work of ITZ at the early age of hydration [12]. With ongoing hydration,
the remaining space is further filled with calcium silicate hydrate
(C-S-H) gel and smaller crystals of AFt and CH.

In general, the porous ITZ is considered to be the weakest link in
conventional concretes and is prone to microcracking under loading. To
characterise the mechanical properties of ITZ at different scales, various
testing approaches have been developed in literature [7-13]. While
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most studies focus on the macroscopic behaviour of ITZ due to technical
and instrumental limitations, the typical thickness of ITZ (20-100 pm) is
at the microscale. The recent applications of indentation techniques
provide valuable information on the hardness and indentation modulus
of ITZ [14,15]. Unfortunately, the strength of ITZ cannot be directly
measured by the conventional indentation techniques. This can be
overcome by fabricating small cement paste cantilevers attached on the
aggregate and performing bending tests with the aid of a nanoindenter,
as described in Ref. [16]. Zhang et al. [16] performed micro-bending
tests on small ITZ cantilever beams with the dimension of 200 x 100
x 100 pm®. The measured load-displacement curves were then used to
calibrate and validate the micromechanical model and set basis for the
multiscale modelling of mortar. In current study, the previously devel-
oped method is adjusted by increasing the size of specimen to 750 x 150
x 150 pm?, which allows for the direct measurement of flexural strength
of ITZ with negligible shear effect.

Unlike the static mechanical properties, the fatigue properties of ITZ
have never been directly examined at any length scale. It is known that
the fatigue-induced damage may severely affect the macroscopic me-
chanical of concrete [5,17,18]. The fatigue loading could also accelerate
most of unavoidable ageing phenomena resulting in a decay of quality
and function of system with elapsed time [19]. Therefore, a clear un-
derstanding of fatigue behaviour of ITZ is of great importance for pre-
dicting the fatigue of concrete structure. In the previous fatigue tests of
cement paste at the microscale [5], the stiffness degradation of cement
paste was very limited even subjected to a large number of cycles.
However, the fatigue damage accumulation in concrete is more notice-
able [20,21]. This may indicate that most of the fatigue damage occurs
in the ITZ. It seems possible that the pre-existing cracks and pores sit-
uated in the ITZ would promote the development of fatigue cracks in
concrete when subjected to cyclic loading [20,21].

Regarding the methods for fatigue analysis, there are roughly four
categories in literature, i.e. the S—N curve based on experimental results
[5,22], the linear elastic fracture mechanics based Paris’ law for
describing the fatigue crack propagation [23], the cohesive crack model
based on the non-linear stress-crack width relationship [24] and the
fatigue damage evolution model based on damage mechanics [25]. It is
well known that fatigue of materials can be characterized by an S-N
curve (stress level versus fatigue life), also known as the Wohler curve
[26]. If N is plotted in a logarithmic scale and S keeps in a linear scale,
the S-N curve will become approximately a straight line. The experi-
mentally obtained S-N curves are widely adopted and remain the pri-
mary design tool for predicting the fatigue life of concrete structures. In
addition, the Paris’ law is usually used to describe the crack growth rate
under cyclic loading [23]. It states that the crack growth increment per
load cycle can be defined as a function of the stress intensity factor
range. The Paris’ law and its modifications have also gained wide
acceptance for the application in cementitious materials [4,27]. To
consider the non-linear behaviour of fracture process zone ahead of
crack tip, cohesive crack models based on measured or assumed
stress-crack width relationships were developed [24]. An appealing
feature of this approach is that the analytical expression can be easily
implemented as a mathematical subroutine in numerical simulations.
Since materials subjected to fatigue loading always experience pro-
gressive degradation of mechanical properties, damage mechanics has
been extensively used to model the fatigue damage evolution in concrete
[28-31]. In this approach, constitutive equations for damage evolution
of damage variables are formulated in the framework of thermody-
namics and calibrated with experimental data to model different dam-
age processes.

This paper aims to study for the first time the flexural strength and
fatigue properties of ITZ at the microscale. The miniatured ITZ speci-
mens were first fabricated using a method similar to that developed by
Zhang et al. [16]. The specimens were then subjected to both monotonic
and cyclic loading to assess their flexural strength and fatigue proper-
ties, respectively. The S-N curves of ITZ specimens with different w/c
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ratios were established. The microscopic observations on the fracture
surfaces were also performed to gain a better understanding of the ITZ
fracture under different loading conditions. The possible size effect of
ITZ bonding strength is examined by comparing with the macroscopic
test results reported in the literature. Discussions on the origin of ITZ
bonding strength and the fatigue behaviours of ITZ at the microscale
were also provided.

2. Experimental methodology
2.1. Materials and sample preparation

Standard grade CEM I 425 N Portland cement (ENCI, the
Netherlands) was mixed with deionized water to prepare the cement
pastes. Two w/c ratios (0.3 and 0.4) were used in this study. The Blaine
fineness of cement (provided by the manufacturer) is 2840 cm?/g.
Before the sample preparation, a chemically inert quartzite aggregate
was cut and ground to obtain a thin slice with the thickness of 1 mm, see
Fig. 1(a). This was achieved by using a Minitom low-speed cutting
machine and a Struers Labopol-5 thin sectioning machine, respectively.
Both sides of aggregate were ground using two grinding discs with grit
sizes of 135 pm and 35 pm in sequence. Each grinding step lasted for
about 5 min. The prepared aggregate slices were then dried in an oven
(60 °C) for 48 h. The surface texture of the aggregate is an important
factor affecting the mechanical properties of ITZ [10,32,33]. By means
of mechanical interlocking with the aggregate surface at different length
scales, the bonding strength of ITZ is higher for rough surface compared
to smooth surface [11]. The microscopic mechanical interlocking is
mainly caused by the epitaxial growth of cement hydration products
(mostly CH and AFt) on the aggregate surface. The surface roughness of
the ground aggregate was examined using a digital microscope (Keyence
VHX-7000) with a z-axis resolution of 1 pm. The 3D contour map of
surface roughness is shown in Fig. 1(b). Note that the height is calcu-
lated using an averaging technique in between two focal lengths. Two
areas of 1000 x 1500 pm? were examined and the arithmetic mean
height (S,) and the root mean square height (S,) are calculated as 4.5 +
0.1 pm and 5.6 + 0.1 pm. Clearly, the measured roughness in this study
is much lower than (almost 1 to 3 orders of magnitude) the surfaces of
nature aggregate and crushed aggregate reported in literature [34,35]
but similar to the ground and polished aggregates [13]. In addition, the
surfaces of slices were examined by using backscattered electron (BSE)
images, secondary electron (SE) images and energy dispersive spec-
trometer (EDS) analysis, see Fig. 1(c) and (d). The accelerating voltage
for EDS was chosen at 15 kV. It is confirmed from EDS analysis that the
used aggregate mainly contains silica. Therefore, the chemical bonding
is not the major source of the bonding strength between the cement
paste and aggregate surface in the prepared ITZ sample. However, the
electrostatic attraction between solid surfaces could possibly play a role,
which will be further discussed in Section 3.3. Moreover, it can be seen
from SE images of aggregate that the typical crystal size of quartz used in
current study is around 7-15 pm.

The next step is to cast the mixed fresh cement pastes on the top
surface of aggregate slice. Note that the casting procedure also affects
the formation of ITZ [36]. The slice needs to be placed at the bottom of
the plastic mold in order to avoid possible micro-bleeding effect [37].
The prepared samples were then cured under sealed conditions at room
temperature for 28 days. After curing, the hydration of samples was
arrested by solvent exchange method using the isopropanol. In order to
accelerate water-solvent exchange, samples were repeatedly immerged
five times and taken out for a period of 1 min.

For the fabrication of micro-cantilever beams containing the ITZ, a
precision micro-dicing machine (MicroAce Series 3 Dicing Saw) equip-
ped with a resin blade was used. To meet the limited cutting depth of this
machine, the hardened cement paste-aggregate samples were further
ground to reach the total thickness of around 1.75 mm (with approxi-
mately 1.00 mm aggregate + 0.75 mm cement paste). For more details
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Fig. 1. (a) Aslice of quartzite aggregate with the thickness of around 1 mm; (b) 3D contour map of suface roughness; (c) BSE image and EDS of aggregate surface and

(d) SE image of quartz crystals.

regarding the sample preparation, the readers are referred to Ref. [16].
Only a brief description is given here: two perpendicular cutting di-
rections with the same cutting spacing were applied on the cement paste
side of sample using the micro-dicing machine. In this way, multiple
rows of cement paste cantilever beams with a square cross section of the
beam of 150 x 150 pm?, which are attached on the aggregate surface,
were fabricated. The cutting depth was set to 0.85 mm to ensure that the
resin blade has cut into the aggregate. Hence, a clear boundary between
the cement paste beam and the aggregate was generated, see Fig. 2(a).
The resin blade may experience some attrition and damage with time
especially when cutting into the stiff aggregate, which may undermine
the quality of cutting. In this case, the replacement of new resin blade is
required.

Note that the number of successfully prepared ITZ bond specimens is
relatively low in comparison to that of pure cement paste specimen
fabrication [5,16,17,38,39]. In other words, some cantilever specimens
break during fabrication. This is mainly because that the ITZ is more
heterogeneous than the bulk paste and tends to exhibit a larger variation
of bond strength, which is in general much lower than the average
strength of bulk paste. Since the ITZ bond specimens will inevitably
experience some minor damage and shrinkage during the grinding and
cutting procedure, the ITZ beam may be damaged or even fail before
testing due to the high local porosity or the presence of
shrinkage-induced cracks. Nevertheless, in successfully fabricated ITZ
beams, no apparent cracking has been observed in cement paste beam or
ITZ region as a consequence of the cutting process. An overall accuracy
of the cross-sectional dimensions of +2 pm can be reached with this
fabrication process. The distance between the free end of cement paste
and the edge of aggregate surface is defined as the effective cantilever
length. In general, it is difficult to obtain a perfect flat and smooth
surface of aggregate with the employed manual grinding procedure such
that a slightly inclined aggregate surface is obtained, see Fig. 1(b). This

results in some differences in effective cantilever lengths between
samples. Nevertheless, the lengths of all samples were measured and
recorded under the in-situ microscope before testing. Even though pre-
cautions have been taken to minimize the carbonation of the samples by
storing the beams in isopropanol [40], the surfaces of miniaturized
cement paste beams are inevitably carbonated when exposed to the
ambient air, as can be seen in Fig. 2. Moreover, a relative rough
boundary between the cement paste and aggregate can be observed at
the higher magnification, see Fig. 2(a). This relative rough surface at the
smaller scale along with the surface carbonation effect could potentially
enhance the mechanical interlocking behaviour of ITZ to a certain extent
[41].

The microstructures of four generated ITZ samples were examined
using X-ray computed tomography (XCT) [42]. The X-ray source tube
was set at 90 kV/170 pA during scanning, resulting in a voxel resolution
of 0.5 x 0.5 x 0.5 um°. After acquiring the grey-value based XCT images,
pore segmentation was conducted using the global threshold method
[43,44]. The segmented XCT images were used to determine the
porosity distribution along the beam. In Fig. 3, it is clear that the local
porosity near the aggregate surface is larger than that of bulk paste [16].
The average porosity of the bulk paste, which is around 150 ym away
from the edge of aggregate surface, is detected as 5.31 + 1.08% for two
w/c 0.3 samples. For two w/c 0.4 samples, the average porosity of bulk
paste is 8.42 + 1.63%. Note that pores smaller than the image resolution
in XCT (i.e. 0.5 pm) cannot be detected. Therefore, a lower porosity is
detected using the XCT compared to the mercury intrusion porosimetry
method [45]. It is generally accepted that the ITZ is not a definite zone,
but a region of transition. In the literature, the microstructure of ITZ is
found to vary with the mix composition, hydration degree and casting
procedure, etc [7,36]. Moreover, the local ITZ microstructures around
one aggregate particle can significantly differ even in the same concrete
sample [7]. Due to the ambiguous boundary with the bulk paste, it
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Fig. 2. Backscattered electron images of (a) the side views and (b) the cross-sections of ITZ samples with w/c 0.4, 28 days.
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Fig. 3. The 3D XCT results of w/c 0.3 ITZ beam samples and the detected porosity distribution calculated based on segmented 2D slices.

becomes extremely difficult to determine the ‘average’ effective width of
ITZ. Therefore, the exact width of ITZ is not intended to be accurately
quantified here.

For demonstration, the region of interest (ROI) with a length of 400
pm cement paste + 100 pm aggregate was extracted from the XCT ob-
tained samples, see Fig. 4. It is found that the changes of porosity in the
regions, which are approximately 30-100 pm from the aggregate

surface, are most significant. Herein, these regions are roughly consid-
ered as the ITZ. It should also be noted that in some cases, the local
porosity in ITZ is even similar to the bulk cement paste. As a result of the
so-called wall effect [7,8], the unhydrated cement particles tend to be
less and smaller in the ITZ. This effect can also be observed in Fig. 4. Due
to the limited resolution, other components, such as CH, AFt, and
monosulfate (AFm), cannot be distinguished based on the CT images
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Fig. 4. The segmented pores and unhydrated cement particles in the ROI of two ITZ samples per w/c ratio.

owing to their similar densities as the main hydration products, i.e.
C-S-H.

2.2. Quasi-static and fatigue bending test

2.2.1. Experimental set-up

Quasi-static and fatigue bending tests were performed on the fabri-
cated ITZ cantilever beams using the same testing set-up developed in
author’s previous works [17,38,46,47]. A KLA Nano-indenter G200
equipped with a cylindrical wedge indenter tip was used to apply ver-
tical line loads at the free end of the cantilever beam. Before testing, the
angle and centre of the indenter tip were calibrated by probing into a
standard aluminum reference sample. One side of aggregate was
attached on a metal surface using cyanoacrylate adhesive, and the angle
of cement paste beam was carefully adjusted under the in-situ micro-
scope to ensure that the line load is applied perpendicular to the lon-
gitudinal axis of the beam. The experimental set-up is schematically
shown in Fig. 5. For each test, the coordinates of the loading position and
the edge of aggregate surface were recorded under the microscope to
determine the loading distance d, see Fig. 5. All tests were conducted in a
well-insulated chamber preventing any significant change of tempera-
ture and RH. The average temperature and RH during the tests were 26.5
+ 0.5 °C and 34.1% =+ 0.8%, respectively. Prior to the tests, the samples
were kept in the chamber for temperature equalization until the thermal
drift rate was below 0.05 nm/s and the solvent was removed by
evaporation.

2.2.2. Quasi-static bending test
The static mechanical properties of ITZ cantilever beams, i.e. flexural

Aggregate

150 x 150 pm
Cement paste

Fig. 5. Schematic diagram of test set-up.

strength and static elastic modulus, were determined before performing
fatigue tests. For each w/c ratio, 20 cantilever beams were mono-
tonically loaded to failure. The static test was displacement-controlled
with a constant loading rate of 50 nm/s. The measured load-
displacement curves for two w/c ratios are shown in Fig. 6. Generally,
these curves can be divided into two parts: the pre-peak region and the
catastrophic failure region. In the pre-peak region, the load increases
with the displacement until a critical load is reached. Despite some
discontinuities, the pre-peak load-displacement curve is almost linear.
Afterwards, a rapid burst of displacement is observed due to the cata-
strophic failure of the specimen. This is probably because that the
nanoindenter is not fast enough to capture the post-peak behaviour of
the specimen and the ITZ sample is intrinsically brittle.

In order to determine the flexural strength f; and static elastic
modulus Egayic of the ITZ sample, the maximum static load Pp,,x and the
loading slope of load-displacement curve k (in the loading range be-
tween 40% and 60% of the maximum load) are respectively used ac-
cording to the classical beam theory [17,38,48]:

 Pradh

Y 21

®

20

1
1
1
{1 Pre-peak region 1 Catastrophic failure of the sample
1
1
1

—=—w/c 0.3 ITZ samples
—=—w/c 0.4 ITZ samples

1 T
0 4000 8000
Displacement (nm)

12000

Fig. 6. Load-displacement curves for ITZ samples with two w/c ratios.
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kd®

Esla(ic - ﬁ (2)
where d is the measured effective cantilever length, h is the side length of
the square beam cross-section, and I = h*/12 is the moment of inertia.
Note that only the linear portion of the load-displacement curve is used
to determine the elastic modulus. After the failure of the sample, the
fracture location is examined to check whether the fracture occurs at the
ITZ region. The fractured surfaces of specimens on the aggregate side
were also examined using the scanning electron microscope.

2.2.3. Fatigue bending test

Fatigue flexural tests of ITZ samples were carried out under load
control. In total 15 ITZ specimens for each w/c ratio were tested under
different cyclic loading ranges (maximum fatigue force F,ox and mini-
mum force Fpi,). The cyclic load was applied with a constant amplitude
(Fmax - Fmin) at a loading frequency of 0.55 Hz. The loading protocol is
schematically shown in Fig. 7. The pattern of cyclic loading controlled
by the nano-indenter is similar to the triangular load but with a very
short dwelling time (0.2 s) at the maximum and minimum loads. The
corresponding maximum stress at the interface of ITZ sample under the
maximum fatigue force was calculated using Eq. (1). Note that even
under the same magnitude of the load the calculated stress may be
different due to the small variation of the effective cantilever length. The
corrected maximum stress level S (omax/ft) for the fatigue test varies
between 60% and 90% of the static flexural strength for both w/c ratios.
At the same time, the minimum stress level for fatigue stress ratio R
(6min/0max) Was maintained at a constant level of 0.07 throughout the
test. The number of loading cycles at failure of the specimen was
recorded as the fatigue life, N. During the fast loading-unloading regime,
small disturbances (2-5% of loading amplitude) for both maximum and
minimum fatigue load may occur. Therefore, the recorded average load
level was used to determine the stress level. Before each fatigue test, the
ITZ sample was preloaded to the maximum load and completely
unloaded to reduce the possible plastic deformation generated under the
indenter tip [5].

Due to the limited test duration in the used nano-indenter, the fa-
tigue loading protocol was separated into multiple cycle blocks with
identical load history. Each cycle block contains 500 loading-unloading
cycles. Two cycle blocks are connected in succession with a short rest
period (around several minutes), see Fig. 7. The beam is completely
unloaded after finishing one cycle block and then reloaded for the next
cycle block, as is shown in Fig. 8. The so-called run-out tests are stopped
at the limit of 200,000 cycles. At the end of each fatigue test, the nano-

40— T
1 1
36 —— Maximum force F,,
1= 104 :
324E !
.E 1
284~ 5. |
= : i
Z 244 ' ) .
é . ——— Minimum force £,
120 130 140 150 |
g 20 4 Time (s) :
S e Short res period
164 n cycle block 10r\ resl PO ne1t cyele block

T T T
0 500 1000 1500 2000
Time (s)

Fig. 7. Illustration of cyclic load history applied in MCB fatigue tests.
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Fig. 8. Examples of load-displacement curves for two cycle blocks.

indenter will apply a constant low load at around 0.01% of the
maximum load to measure the drift rate and calibrate the displacement
responses. However, most of the measured drift may be affected by the
creep recovery because of the viscoelastic nature of cement paste [49].
Therefore, the calculated drifts were deducted from the total
time-dependent displacements.

Two major characters of fatigue of cementitious materials are the
evolutions of residual deformation and sample stiffness [5]. A MATLAB
code was developed to extract both quantities from the recorded
load-displacement curve in each cycle block. Fig. 9 illustrates the
calculation of residual deformation and loading stiffness during the fa-
tigue test. The load amplitude and the displacement during the loading
stage Sjoad Were used to determine the stiffness of sample at the i-th
cycle. The residual displacement &5 is defined as the change of
displacement at the maximum load level relative to the corresponding
displacement at the first cycle. The corresponding residual strain is
calculated as the strain ¢(t) at the upper fibre of the fixed end based on
the classical beam theory [48]. The fatigue compliance C(t) is deter-
mined by dividing the residual strain by the half of the applied
maximum stress (6max/2). For each ITZ specimen, the residual strain and
the corresponding fatigue compliance were calculated as:

. 5load
F J é‘res
) IS I — = -
¢ 1stcycle — “ ith cycle
© H /"
(] ' ’
o] | L
— ) L,
i A K max =B min
: / ey = = ——=
) 6load
| k. loading stiffness
IMIN =t st e e e i i et e — - —

Displacement

Fig. 9. Illustration of residual displacement and loading stiffness calculation.
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where § is the measured displacement of the indenter tip.

3. Results and discussion
3.1. Mechanical properties

Fig. 10 shows the calculated mechanical properties of ITZ samples. In
general, the mechanical properties increase with the decreasing w/c
ratio. For comparison, flexural strengths and elastic moduli of cantilever
beams made of pure cement paste (28 days) at similar length scale (300
x 300 x 1650 pm®) [46] are also presented in Fig. 10. As is expected, the
mechanical properties of ITZ samples are lower than the pure cement
paste samples mainly due to the higher local porosity. The average
flexural strength of ITZ samples for both w/c ratios is approximately
44-50% of the paste matrix, while the elastic modulus is around
40-41%. However, there are large variations of flexural strength and
elastic modulus indicated by the calculated coefficient of variation i.e.
21-25% for both w/c ratios. Moreover, it is clear that the average flex-
ural strength of the microscopic ITZ specimen is significantly higher
than the bonding strength (0.75-3.9 MPa) of macroscopic
laboratory-scale specimens [9,10,50]. This aspect is further discussed in
Section 3.3.

3.2. Fracture surface

In general, the fracture occurs at the ITZ of the specimen regardless
of the loading protocol, i.e. both in static and fatigue conditions. Fig. 11
(a) and (b) show the front and side views of several fractured surfaces of
ITZ specimens under monotonic and cyclic loading, respectively. No
apparent difference between the static and fatigue fractures is found in
this study. It should also be noted that the fracture surface might be
different case-by-case in consideration of the high heterogeneity of ITZ.
One common characteristic for some fracture surfaces is that the cement
paste beam including the ITZ is completely detached from the aggregate
surface except for a few remaining cement paste debris. This indicates
that the major part of the critical crack is formed along the edge of
aggregate and a small portion of the cracking path penetrates into the
ITZ. This failure mode is mainly caused by the weak bond between
hydration products and the aggregate. Moreover, another failure mode
is also observed in some fractured beams, as is shown in Fig. 12(a). In
this case, the major part of the critical crack passes through the porous
ITZ and exposes a lot of debris on the aggregate surface. The debris
mainly consist of amorphous C-S-H gel, CH crystals and some calcium
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carbonate (CaCOs3) cubes formed after the air exposure of the fractured
surface. In addition, some minor ettringite (AFt) needles are detected on
the aggregate surface. It can be seen in Fig. 12(a) that some large CH
crystals (around 10-40 pm) with preferential orientations are anchored
in the aggregate surface and surrounded by other hydration products.
Similar observations have also been reported in Refs. [8,51]. Note that
the preferential orientation of large CH crystal plates may behave in
different manners for direct tensile and flexural tests.

It is suggested by several researchers [8,27] that the epitaxial growth
of hydration products (e.g. CH and AFt) and their precipitation in small
cavities on the aggregate surface, e.g. Fig. 12(b), contribute to the me-
chanical interlocking effect. This mechanical interlocking effect can be
observed at different length scales depending on the roughness of the
aggregate surface. Fig. 12(c) illustrates the microscopic mechanical
interlocking effect on the ground aggregate surface. Even though the
aggregate has been ground to a certain extent, there are still numerous
cavities remained on the surface and facilitating the deposition of hy-
dration products. Zimbelmann [10] suggested that the transfer of load
from the cement paste to the aggregate is mainly done by the anchored
CH crystals and, to a smaller part, by the AFt and C-S-H. It is also
believed that large CH crystals formed in the highly porous ITZ would
favour the formation and propagation of microcracks under mechanical
load [52,53]. It is clear that the ITZ contains excess CH compared to the
bulk paste, but the distribution of CH is not a continuous layer around
the aggregate surface especially in real concrete samples [8]. This highly
heterogeneous microstructure further complicates the fracture behav-
iour of ITZ at the microscale.

Besides this mechanical effect, the relatively weak electrostatic
interaction could also play a role in developing the bond strength [54,
55]. According to the zeta-potential measurements and microscopic
observations, Ouyang et al. [54] suggested that the adhesion mechanism
between C-S-H and silicate filler is driven by an attractive ion-ion
correlation force. Since the C-S-H and silicate particles have similar
surface charge properties, the electric interaction between the C-S-H
surface and silicate surface is similar to that between two C-S-H sur-
faces. The ion-ion correlations between C-S-H particles have been
confirmed in the molecular simulation studies and direct-force mea-
surements by atomic force microscopy [56,57]. The authors [54] sug-
gested that two surfaces (silica and C-S-H) are separated by a dielectric
continuum, in which Ca?" ions are free to move. The attractive ion-ion
correlation force is generated due to the charges of the excess of Ca"
ions on one side resulting in an overall positive charge, and the deficit on
the other side resulting in an overall negative charge. It can be seen in
Fig. 12(b) that many C-S-H particles directly precipitate on the aggre-
gate surface. However, this electric interaction effect on the bonding
strength seems to also vary largely depending on the distribution of
hydration products, especially considering the deposition of other
crystal phases on the aggregate surface. Therefore, there are different
failure modes, i.e. direct separation or mixed failures between the
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Fig. 10. The comparison of (a) the flexural strength and (b) elastic modulus of ITZ sample (28 d) and the cement paste sample obtained in Ref. [38].
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Fig. 11. The front views and side views of fractured ITZ samples subjected to (a) monotonic loading and (b) cyclic loading.

aggregate surface and paste matrix, observed in Figs. 11 and 12, which
largely depend on the local microstructure of ITZ. More researches are
recommended to assess the adhesion between the aggregate surface with
other phases in ITZ [58] and also their fatigue responses.

3.3. Fatigue life

The relationship between the fatigue life N of ITZ specimen and the
stress level S is plotted in Fig. 13. For comparison, the fatigue results of
cement paste beams [5] were also included. It can be seen that the fa-
tigue life data exhibit a considerable scatter, which is very typical for
fatigue tests [59]. Consequently, a clear trend for the S-N relation is
difficult to be discerned for any of the investigated w/c ratios. The fa-
tigue resistance of w/c 0.3 specimens is slightly higher than that of w/c
0.4 specimens. but the overall difference in the fatigue strength between
the two w/c ratios is not evident. Note that if the fatigue life is plotted
against the applied stress magnitude, the fatigue resistance of ITZ
specimen with the w/c 0.3 is definitely higher than that of w/c 0.4
specimen. This is because that the static strength of ITZ increases with
the decreasing of w/c ratio. The observed scatter of fatigue results may
arise from the microstructural heterogeneity of the material, the varia-
tion in specimen size, as well as the simplified assumptions made in the
fatigue analysis [5]. During most of the fatigue life, the fatigue fracture
is characterized by the diffuse microcracking. Instead of instantly
turning to the localization of microcracking, the fatigue microcracks
gradually propagate at numerous randomly distributed weak spots, e.g.
pores and pre-existing cracks [18]. Therefore, the final fatigue fracture
depends on a series of time-dependent processes during the loading and
unloading cycles. These processes could be related to the stress redis-
tribution, friction process, shrinkage, self-healing and ageing, etc. This is
completely different from the static fracture and could also be the reason
for the pronounced scatter observed in fatigue data. Nevertheless, it is
clear from Fig. 13 that the fatigue life of ITZ specimens for both w/c
ratios is apparently shorter compared to the pure cement paste beams at
the microscale. This indicates that the ITZ is more vulnerable to the
fatigue loading and is most likely to provide locations promoting the
crack propagation in concrete, which is in accordance with the findings

in Refs. [20,21]. In general, the whole fatigue life of material comprises
two major stages: the crack initiation and propagation. Therefore, the
effect of weak ITZ on the fatigue of concrete can be twofold: firstly, the
lower strength of ITZ and numerous stress concentrations, such as
pre-existing cracks generated during the hydration or shrinkage, lead to
the instant crack initiation in the ITZ at the early stage of fatigue
loading. Secondly, the lower fatigue resistance of ITZ than that of the
paste matrix promotes the fatigue crack propagation, resulting in a
shorter fatigue life. Moreover, during the re-distribution process under
cyclic loading, the stress gradually transfers to the paste matrix, which
increases the corresponding stress level. As a result, the fatigue damage
evolution in paste matrix is also accelerated. It should be noted that even
though the ITZ has significant lower mechanical and fatigue properties
compared to the paste matrix, the fatigue damage generated in the ITZ is
mostly disconnected depending on the content and distribution of ag-
gregates. The eventual coalescence of fatigue cracks to form the critical
crack in concrete depends on the fatigue resistance of paste matrix. In
addition, the size effect has been commonly observed in fatigue crack
propagation and fatigue life of cement paste and concrete [4,5,60].
However, to the best of the authors’ knowledge, there is currently no
available data for the direct fatigue testing of the ITZ, either at micro-
scale or macroscale. Therefore, the possible size effect on the fatigue of
ITZ cannot be verified here. Besides, caution should be taken to the
contribution of aggregate roughness at different length scales [34] to the
size-dependent mechanical and fatigue properties of ITZ. For instance,
the macroscopic roughness may be related to the manufacturing process,
transportation during weathering, etc., on a millimetric observation
scale, while the microscopic roughness may be linked to an individual
crystal size of the aggregate, on a micrometric observation scale.
Apparently, the surface roughness of aggregate at both scales can
significantly affect the strength and fatigue properties of ITZ and re-
quires additional research.

3.4. Residual deformation

The measured residual displacement evolution curves for different
w/c ratio specimens are shown in Fig. 14. There are large variations in
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Fig. 12. (a) Some large CH crystals with preferred orientation observed on the aggregate surface after static fracture; (b) the images of hydration products and small
cavities at higher magnifications and (c) schematic presentation of the hydration products distribution on the aggregate surface (Note that the sketch is used for
illustration purposes only and the shape and sizes of hydration products are not exact).

the evolution curves mainly due to the microstructural heterogeneity. In
general, the curves can be divided into two stages: the initial stage and
the stable stage. In the initial stage, the residual deformation increases
with a decreasing rate and then reaches to the second stable stage with a
constant growth rate. Before the fatigue failure, the evolution curves
increase sharply within a few cycles. The fatigue compliance evolutions
in the first two stages are calculated based on Equation (4) and shown in
Fig. 15. The average fatigue compliance seems to increase with the
increasing w/c ratio. It is suggested that the residual deformation in
cement paste is mainly caused by the fatigue crack growth as well as the
viscoelastic nature of C-S-H [5]. By increasing the w/c ratio, the
porosity and the potential of drying shrinkage-induced cracking also

increase [61]. Therefore, the fatigue crack growth of the pre-existing
microcrack as well as the creep deformation increase in higher w/c
ratio ITZ and cement paste samples [20,44]. A comparison of the fatigue
compliance evolution between the ITZ and cement paste test results is
also presented in Fig. 15. It appears that for the same w/c ratio (0.4), the
fatigue compliance of the ITZ specimen is slightly higher than that of
pure cement paste specimen, which could be mainly explained by the
increased local porosity and microcracking density. Note that the
viscoelastic deformation may be affected by the excess amount of
non-creeping CH crystals in the local area of ITZ specimens [38]. These
two deformation mechanisms observed in fatigue tests are very
complicated and, therefore, they are always treated separately without
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Fig. 13. The S-N curves for ITZ samples and the comparison with the results of
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considering their coupled effects [18,62]. Neville and Hirst [63] indi-
cated that the cyclic creep can be considered as an accelerated and
irrecoverable static creep. The acceleration effect is explained using
Ruetz’s model [64] that the applied cyclic stress would disrupt the
movement of the adsorbed water layer in C-S-H gel and thus promote
the creep deformation. However, the creep effect on the fatigue cracking
behaviour is still not clearly understood and should be further
investigated.

3.5. Loading stiffness variation

The normalized loading stiffness evolutions of ITZ specimens are also
examined and presented in Fig. 16 and Fig. 17. It can be seen in Fig. 16
that the change of loading stiffness is small and the general decreasing
trends observed for both w/c ratios are not obvious. However, at the
final cycle block of the test, see Fig. 17, the loading stiffness of beam
decreased fast in a few cycles before failure. It is worth mentioning that
in some fatigue tests the loading stiffness was almost constant and even
some slight increases were also observed. Similar observations have also
been reported in literature [65,66]. This may indicate some possible
strengthening mechanisms during the fatigue tests, such as the carbon-
ation [41], consolidation or compaction of cement paste or the relief of
eigenstress in the regions surrounding the cracks under cyclic loading
[67]. The stiffness reduction of ITZ specimens at the microscale seems to
be slow and limited, which is similar to the findings for cement pastes in
Ref. [5]. When a critical crack is formed as a result of the propagation
and coalescence of multiple nano-scale cracks, the sudden fatigue failure
would occur. In comparison to the pure cement paste specimens, the
extent of damage needed for fatigue failure is much less in ITZ specimens
as indicated by the lower fatigue strength (Fig. 13). Due to the higher
porosity and density of microcracking in ITZ samples, the formation and
propagation of the critical fatigue crack would be easier.

3.6. General discussion

It is well known that the strength of quasi-brittle materials is size-
dependent [68]. The strength of the ITZ (10.49-14.15 MPa) obtained
in this study is significantly higher than the bond strengths measured in
conventional laboratory-scale samples using polished aggregate. For
instance, Hsu and Slate [69] found that the bond strengths between
polished aggregates (sandstone and granite) and cement pastes (w/c
0.265-0.36, age 30 d) were only 1.54-2.39 MPa, which is about 40-61%
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Fig. 14. The evolution curves of residual displacement for (a) w/c 0.3 and (b)
w/c 0.4 ITZ specimens.

of the tensile strength of cement matrix. Similar results have also been
found in the work of Jebli et al. [11], in which the bond strength (around
1.6 MPa) is around 60% of the strength of bulk paste (w/c 0.5, age 28 d).
A relatively high tensile bond strength of around 2.3-3.9 MPa between
ground quartzite aggregate surface (with an arithmetic mean height of a
line R, = 3.0 pm) and cement paste (w/c 0.37, age 26-28 d) has also
been found in the experimental study conducted by Tasong et al. [9,13].
Furthermore, the authors [9,13] also tested the bond strength of ITZ
specimen using much higher surface roughness aggregates (e.g. frac-
tured surfaces with R, equals to 103.8 pm), which is around 3.25 MPa.
However, Zimbelmann [10] observed a much lower bond strength
(around 0.75 MPa) between the polished quartz and the cement paste
(w/c 0.35, age 28 d), which is only 16% of the tensile strength of bulk
paste. Gu et al. [70] also examined the bond strength between the
aggregate and mortar (w/c 0.4) using similar surface roughness (R, =
2.3-4.7 pm) and found that the bond strength is around 1.9 MPa. It is
worth mentioning that the strength of ITZ also depends on how the
sample is prepared. The shrinkage of the paste, which would introduce
eigenstresses in the ITZ [71], could be relieved to a certain extent if the
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ITZ specimen is cut from a larger sample as the way used in this study.
Slight different strength may be obtained if the ITZ sample is directly
cast in the mold, e.g. in Refs. [9,13,69]. Despite the small differences in
the size of macroscopic specimens (i.e. centimeter sized) and mix
composition, the bond strength of ITZ reported in the literature is almost
one order of magnitude lower than the measured flexural strength of ITZ
at the microscale.

It is interesting to note that similar size effect in the splitting strength
of cement paste with a wide size range (0.1-40 mm) has also been
studied experimentally by Zhang et al. [6]. They found that the average
splitting strength of the micro-cube (100 pm) is also one order of
magnitude larger than the strength of the laboratory (40 mm) cement
paste sample [6]. Even though the compositions and microstructures of
ITZ and bulk cement paste are different, they both exhibit similar
quasi-brittle fracture behaviour to some extent. Moreover, large capil-
lary pores and air voids that are equivalent to or larger than the
dimension of ITZ specimen are completely excluded during the cutting
process. Hence, the significantly higher flexural strength of ITZ
measured at the microscale seems reasonable.

It is also worth mentioning that the success ratio of preparing the
miniaturized ITZ sample is lower than that of pure cement paste sample
mainly due to the weak bonding strength. As a result, there could be
possible survival bias in the measured strength as the remaining samples
subjected to the destructive cutting and grinding process would
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originally exhibit stronger bonding properties, while the weak samples
with high local porosities or shrinkage-induced cracks have been elim-
inated during the sample preparation process. Therefore, the obtained
‘average’ results may not be fully representative for the true mechanical
and fatigue properties. More advanced and nondestructive experimental
techniques may be needed. Nevertheless, one should always be careful
when interpretating the testing results of ITZ specimens, especially
considering the strong microstructural heterogeneity at the microscale.

It is clear that the ITZ is the weakest link in cementitious composites
[12]. The much lower strength and lower fatigue resistance of ITZ
promote the development of multiple microcracking in concrete samples
under monotonic and cyclic loading. To further investigate the effect of
local ITZ properties on the macroscopic performance of concrete, it is
necessary to employ multiscale modelling approaches. In general, the
material structures and local properties of basic components at different
length scales need to be considered in the multiscale model [124]. In this
way, the material behaviours can be analyzed simultaneously at various
scales and the relationship between macroscopic properties and their
lower-scale origin can be established. The experimentally measured ITZ
properties in this study can, therefore, be used as a benchmark to cali-
brate and validate interfacial properties in the microscopic model,
which serve as an important basis for the multiscale modelling scheme
[18,72]. Afterwards, by using appropriate upscaling techniques, the
simulated properties of cement paste from the microscopic models can
be transferred into the input properties for the mesoscopic model. In
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Fig. 17. Normalized stiffness evolution at the final cycle block.
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Fig. 16. The evolutions of normalized stiffness during multiple cycle blocks for (a) w/c 0.3 ITZ samples, and (b) w/c 0.4 ITZ samples. Note that the k; is the loading
stiffness of the first cycle in a cycle block and k; is the i-th cycle loading stiffness.
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addition, all mesoscopic features, such as aggregate shape, ITZ and paste
matrix properties, should also be considered in mesoscopic model to
provide a reliable quantitative prediction of macroscopic performance
of concrete.

4. Conclusions

In this study, the flexural mechanical and fatigue properties of ITZ
were investigated at the micrometre length scale using micro-cantilever
ITZ specimens. The size effect of ITZ strength was confirmed in current
study. The strength of ITZ at the micrometre length scale is almost one
order of magnitude higher than that of centimeter sized specimens re-
ported in macroscopic tests. In addition, the measured mechanical
properties of ITZ, i.e. the strength and stiffness, are much lower than that
of bulk cement paste at similar length scale. The strength of ITZ is
around 44-50% of the cement paste, while the elastic modulus is around
40-41%.

The origin of the bond strength between siliceous aggregate and
cement paste is discussed. From experimental results it is inferred that
the mechanical interlocking at different length scales helps to transfer
load. Besides, the electrostatic interaction effect suggested in Ref. [54]
also plays a role in contributing the bond strength.

S—N curves for ITZ specimens with two w/c ratios at the microscale
were established for the first time. For a given stress level, the fatigue life
of w/c 0.3 specimens is slightly longer than that of w/c 0.4 specimens. A
lower fatigue resistance was also observed for ITZ compared to the bulk
cement paste at the same length scale. However, the results of stiffness
variation indicate that very slow and limited fatigue damage was
generated in ITZ specimens even before fatigue failure. In addition,
relatively higher fatigue residual deformation has also been observed in
ITZ tests compared to in tests of cement pastes with the same w/c ratios
and ages. The complex residual deformation development is believed to
be caused by the combination effect of creep and fatigue crack
propagation.

Both the static and fatigue properties of ITZ investigated at the
microscale are useful in the validation of microscopic model, which can
be further used in the multiscale modelling scheme to predict the frac-
ture behaviour of concrete at the macroscale.
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