Determination of interfacial transition zone in cementitious materials by
dynamic displacement
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Summary

An alternative method by using electronic speckle pattern interferometer (ESPI) to determine the range of
interfacial transition zone is presented. ESPI method is capable of capturing dynamic displacements up to a
precision of 10nm. In-plane displacements subjected to a continuous external loading from 0 to 0.7f; are
observed near single aggregate. From the change of normalized displacement, a criterion to decide the scope of
ITZ is proposed and also verified by SEM. Results show that the turning point in displacement diagram indicates
the boundary of ITZ or the position of a crack. Based on normalized in-plane displacements, the range of ITZ near
the top, bottom, left and right observing points is 80um, 90um, 80um and 60um respectively. The applied stress
does not affect the determination of ITZ according to ESPI measurement before the specimen failed. A side effect to
interpret the stress-strain behavior of cementitious materials is also discussed.
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1. Introduction

Interfacial transition zone (ITZ) developing around the aggregate is a weak layer that dominates the strength of
concrete. The microstructure of ITZ in cementitious material depends on cement paste, pozzolanic materials, the
aggregate and the age [1]. Many microscopic techniques were selected to investigate the compositions and
microscopic structure of ITZ such as scanning electron microscopy (SEM) [2-6], backscattered electron images
(BSE) [7], environmental scanning electron microscopy (ESEM) and optical microscopy (OM) [8-9]. Other
methods with respect to X-ray diffraction test [4,10], mercury intrusion porosimetry (MIP) [9,11] and
micro-indentation test [5,12] were also used to evaluate material properties of ITZ. Most of them distinguish the
realm of ITZ by exploiting the image, the porous and loose characteristic in ITZ. Some researchers discussed the
microstructural feature, stress-strain relation and microcracks of ITZ subjected to temperatures [13-15]. Although
SEM, OM, X-ray diffraction, MIP and micro-indentation tests are adequate to determine the range of ITZ, these
methods can only observe a point or tiny part inside the sample with requiring sophisticated manufacturing
processes. Meanwhile, to maintain the original state of the material is difficult as using present measurement
techniques.

As an alternative, we use dynamic displacements measured by ESPI to determine the range of ITZ. ESPI method
different from SEM belonging to a non-contact measurement has been adopted to analyze the strain in thin wall
cylinders [16] and the displacement of sandwich plates [17]. In this study, a judgment of interfacial transition zone
lying between the binder matrix and one coarse aggregate is discussed. Displacements of the specimen
subjected to external loadings were captured by ESPI, and these dynamic displacements are suitable for
estimating the scope of ITZ.
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2. Materials and Measurement

21 Materials

A cubic specimen with a dimension of 50x50x50mm contains binder matrix and one sand stone (aggregate) located
at the center of the specimen (figure 1). The binder is composed of 80% Type | Portland cement and 20% fly ash in
weight, with a 0.6 water-to-binder ratio (w/b). The particle size of sand stone is about 13 ~ 18mm, with a density of
2.68 kg/cm3 and absorption of 1.24%.

Specimens were cast into steel moulds and removed from the moulds after 24 hours, then cured in water till one day
before external loadings applied onto them. The material age is of 56 days in the test. The continuous displacements
of specimen subjected to external loadings from 0 to 0.7 f;’ were measured by ESPI simultaneously. We focused on
the displacements of an investigated area (20x20mm) in the specimen (figure 2), and discussed ITZ near four
observing points as marked by T (top), B (bottom), L (left) and R (right) respectively.
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Figure 1: the schematic specimen (50x50x50mm) Figure 2: investigated area of displacement (20x20mm)

2.2 Measurement

Specimens were tested by means of a material testing system (MTS 810) with a compressive strain rate 5x104/sec.
Dynamic displacements of the specimen were measured by green-light ESPI with a wavelength of 532um. The
displacements in x-y plane (measured plane, figure 1), or so-called in-plane displacement (U-field displacement),
were obtained by calculating speckle interfere pattern observed by ESPI (figure 3). We captured U-field speckle
interfere pattern per 0.1 f;’ until the loading reached 0.7 f;'. By using a charge coupled device (CCD) and four steps
phase shifting procedures, the displacement converted from image of U-field interfere pattern displays a precision
with 10nm per contour line. The position-displacement coordinate transformed from a phase unwrap diagram shows
the position represented by (x, y) and a displacement with the value of z (figure 4).
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Figure 3: U-field interfere pattern Figure 4: position-displacement coordinate



To determine ITZ, we captured the displacements within 170um region away from the surface of aggregate. For
example, an observing point marked a circle is at the left side of aggregate (figure 5), and three neighboring positions
is located on this observing point with a distance of 60um (figure 6), where L1, L2 and L3 are the points on the
surface of aggregate. We measured dynamic displacements along the line 10um each vertical to the surface of
aggregate.
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Figure 5: observing point Figure 6: three positions at left observing point

3. Determination of interfacial transition zone

The displacements surrounding left observing point under 0.7 f;' loading are shown (figure 7), where the negative
value of displacement means a contraction in measured plane, vice verse. Displacements in this 170um region
display the binder matrix near the aggregate having different material properties or microstructures. Two turning
points discovered at the position away from the surface of aggregate are 80um and 150um, respectively. The turning
point possibly indicates the boundary of ITZ and the position of a crack. However, this displacement diagram is not
enough to determine the range of ITZ yet.
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Figure 7: (a) displacement and (b) normalized displacement at left observing point subjected to 0.7f;

From the results of displacement (figure 7a), a criterion is proposed to determine ITZ by calculating the differences of
displacement between neighboring points with

AS_du=d  (i=0,1,2,..) (1)
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where the position at dy is just on the aggregate edge (figure 6), d1 (10um away from do), and sequentially up to d7
(170um away from do), and the corresponding displacement at each observing position is denoted as &, &1, &, efc.
Theoretically, this formula has a constant value as the microstructure of material is homogeneous. Results for
displacement-to-distance ratio (normalized displacement) calculated from (1) are shown (figure 7b). There are three
displacement transition zones found in 10 ~ 30um, 80 ~ 100um and 140 ~ 160um region.

To look into the material structure of ITZ, we took an image from SEM near L1 position (figure 8). Most crystal
structures of calcium hydroxide (CH) and calcium silicate hydrate (C-S-H) occupy a region of 80um close to the
aggregate, and a few CH and C-S-H scatter beyond 80um region. From the distributions of CH crystal one can
determine ITZ [2, 18]. For the zone in 10 ~ 30um (figure 8), the distributions of CH and C-S-H structure are not
uniform. The range of ITZ at L1 point is found at a range of 80um. Comparisons of figure 7b and figure 8, the values
of normalized displacement for L1 point drop tremendously at 80um and 150um (figure 7b) representing the
boundary of ITZ and the position of a crack respectively. Therefore, we can use the change of normalized
displacement near the aggregate to determine the range of ITZ.

Figure 8: SEM image near L1 position

4. Results and discussion

Dynamic displacements of specimens subjected to a continuous compressive stress from 0 to 0.7 f;' were monitored
at four observing points near the top, bottom, left and right surface of aggregate respectively (figure 2). The
displacements were recorded at a range up to 170um away from the aggregate for each observing point.

At the top observing point, displacements within 170um region fluctuate according to external loadings (figure 9a). It
is hard to find turning points from the displacement diagram except for 0.7 ;. To determine the range of ITZ, we use
the change of normalized displacements (figure 9b) such that the range of ITZ near the top observing point is about
80um no matter what loadings were applied. This implies that the applied stress has a less effect in the scope of ITZ
before the specimen failed. As the bottom observing point is examined, the measured in-plane displacements also
depends on the position away from the edge of aggregate and the loading (figure 10a). The range of ITZ at the
bottom is 90um (figure 10b), a slight larger than at the top.

For the observing points in the lateral of aggregate (L and R point), applied external stresses induce a combination of
tension and shear stress to force an early development of microcracks in ITZ. The displacement changes gradually
reduce in 0.1 f; ~ 0.2 f;" loading (figure 11a and 12a), due to stress redistributions. The range of ITZ for the left and
right side of aggregate was determined at a range of 80um and 60um (figure 11b and 12b), in turn. Meanwhile, from
the change of normalized displacement, the external loading also shows a less influence to ITZ in both lateral sides
of aggregate.
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Figure 9: (a) displacement and (b) normalized displacement at top observing point
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Figure 10: (a) displacement and (b) normalized displacement at bottom observing point
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Figure 11: (a) displacement and (b) normalized displacement at left observing point
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Figure 12: (a) displacement and (b) normalized displacement at right observing point

In general, a stress-strain curve of concrete can be divided into three intervals: first the stress-strain curve is linear
within the loading 0 ~ 0.3f¢, then is nonlinear as the loading continue to increase from 0.3 f¢' ~ 0.5 f;' due to the
occurrence of microcracks inside the concrete, and more intense nonlinear behavior induced by the co-linkage of
microcracks in 0.5 ~ 0.7f;’ region [19]. From the dynamic displacements measured by ESPI, micro displacements at
the bottom observing point with increasing external loadings are shown (figure 13). While the applied stress is within
0.1f’ ~ 0.3, the displacements first increase and then decrease due to microcracks occurring in 0 ~ 90um region
(ITZ). As the applied stress continues to extend till 0.5 f;, the displacement changes show a reverse behavior caused
by new microcracks observed in binder matrix region (beyond 80um region). Ata 0.5 ¢ ~ 0.7 f. interval, the trend of
displacements is inverse again due to the growing and co-linkage microcracks compared with 0.3 f;' ~ 0.5 f;' range. A
side effect to interpret the stress-strain relation of cementitious materials is found.
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Figure 13: loading effect at bottom observing point

Conclusions

Dynamic displacements were investigated to examine the range of ITZ, with a special reference to the effect of
external loading. The judgment of dynamic displacement measured by ESPI has the advantage of understanding
the microstructure behavior and mechanical properties without disturbing the original state of the specimen due to
applied loading. ESPI method is a substitute measurement to determine ITZ verified by SEM. The applied loading
will not affect the determination of ITZ according to ESPI measurement, but the displacement. From the



displacement analysis, ITZ produces microcracks starting at 0.1 f, with increasing the quantities of microcracks in
0.2 f; ~ 0.4 f; range, and binder matrix with some microcracks are found as applied stress reaches 0.4 f; ~ 0.6 ;.
Besides the determination of ITZ, ESPI method is anticipated to evaluate the micromechanical behavior in
cementitious materials in future.
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