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Experimental Investigation of Aggregate-Mortar Interface Affecting the
Early Fracture Toughness of Portland Cement Concrete
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───────────────────────────────────────────────────────
Abstract: The paper presents the research findings from a laboratory experimental study directed at investigating the size and
morphological effects of aggregate materials on the response of young concrete under tensile stress. Six concrete specimens were
fabricated using aggregate materials of different morphologies, sizes and gradations. Concrete fracture toughness in terms of the specific
fracture energy (GF) from a wedge split test configuration was determined to characterize the concrete cracking behavior at the age of
twelve hours after specimen-casting. Using an image analysis approach, two important aggregate morphological indices, i.e., an
angularity index (AI) and a surface texture index (ST) were defined to accurately quantify the angularity and surface texture properties of
the aggregate particles that were used in the six concrete specimens. The total surface area of all the aggregate particles in each specimen
was determined using the image analysis technology. Best-fit regression analyses were performed that linked the GF to the AI and ST
indices, the maximum aggregate size and surface area of aggregate materials. The observations from this study was finally explained in
terms of the interfacial transition zone (ITZ) as the critical place where early age cracking of concrete tend to initiate and propagate
under tensile stress.
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Introduction

12

Large-size concrete structural components experience thermal and
drying deformations within twenty-four hours of casting when they
are restrained by adjacent structures, gravity, or friction from the
underlying soil. Thermal and moisture gradients generated during
cement hydration can induce stresses high enough to cause cracking
in the concrete due to the concrete’s low tensile strength and
fracture toughness. Deformations caused by various types of early
age shrinkages, such as the plastic shrinkage and chemical shrinkage
also impose additional stress in the structure and add to concrete
cracking in early age [1]. Early-age deformations can lead to poor
load transfer efficiency across joints or cracks. Tensile cracking in
concrete slabs propagates under mode I fracture, which can be
simulated in the laboratory using the three-point bend or wedge-split
test configuration. An effective way to characterize the fracture
behavior of concrete is to measure the amount of energy required to
fully crack the specimen, i.e., the fracture toughness in terms of
measured specific fracture energy - GF [2].
Hydrated cement concrete is a three-phase composite material
that includes the cement paste, aggregate and the interfacial
transition zone (ITZ) between the paste and aggregate particles. The
fracture toughness of a concrete structure mainly depends on the
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mechanical properties of these three components. Aggregate
materials compose the bulk of concrete and aggregate shape, size
and gradation affect the performance of concrete [3]. Mixes
containing angular particles were reported to produce higher
strength and modulus values compared to those including gravel
only [4]. However the aggregate size and morphological properties
do not often receive enough consideration in mixture design due to
the comparatively strong and stable aggregate strength and
toughness before and after the concrete casting. Moreover, use of
rounded-shape particles in concrete mixes is preferred in practice to
avoid crushing and increased paste expenses.
Although the aggregate materials per se possess stable
mechanical properties throughout the life cycles of concrete
structures, they have been found to affect the strength and toughness
of the aggregate-paste bond. Extensive research studies have found
that the early-age bond strength was much lower than the strengths
of both aggregate and cement paste [5, 6]. The aggregate size and
morphological properties such as surface texture and specific area
were also reported as related to the early-age bond strength of
concrete [6-8]. However, the relationship between the aggregate
morphology and the aggregate-paste bond strength which in turn
may determines the strength of concrete is not well understood due
to the lack of quantitative measurements of coarse aggregate
morphology [9].
Moreover, an effective study of the aggregate – paste bond
strength in a concrete structure requires the accurate measure of the
surface area of the individual aggregate particles [8, 9]. Previous
studies on the aggregate-paste mechanical properties were mainly
conducted by casting cement paste on the precut surface of rock
blocks [6, 8, 10], which neglected the effects of aggregate particles
on the paste by increasing the local rates of shearing and may allow
the particles to acquire a coating of cement grains while moving
through the paste during mixing. Using precut rock blocks in
studying ITZ may also result in an extensive surface that facilitates
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Table 2. Aggregate Type and Combined Gradation (Retained on by Weight) of Six Concrete Specimens.

Sieve Size (mm)

38GTR (%)

38GRG (%)

25DTR (%)

25GRG (%)

38.1
25.4
29.3
25.7
19
9.5
26.3
13.5
12.7
11.2
5.9
17
9.5
10
0.9
10.5
4.76
1.2
19
Fine/Sand
40
40
40
38GTR = Trap rock (Basalt) of gap gradation with maximum size aggregate of 38 mm;
38GRG = River gravel of gap gradation with maximum size aggregate of 38 mm;
25DTR = Trap rock (Basalt) of Fuller gradation with maximum size aggregate of 25 mm;
25GRG = River gravel of gap gradation with maximum size aggregate of 25 mm;
25DRG = River gravel of Fuller gradation with maximum size aggregate of 25 mm;
25DLS = Dolomite of Fuller gradation with maximum size aggregate of 25 mm.

25DLS(%)

13.5
17
10.5
19
40

13.5
17
10.5
19
40

250
y = 0.36x 1.69
R2 = 0.65
200
Fracture Energy, G
GF
F (N/m)

Table 3. GF and Surface Area Density of Aggregate in the Six
Concrete Specimens.
Surface Area
AI
12-hour
ST Index
Mix ID
GF(N/m)
Density (m2/m3)
Index
38GTR
194.5
1287
483
1.90
38GRG
145.8
1262
328
0.99
25DTR
114.4
2127
492
2.21
25GRG
89.1
1910
327
0.95
25DRG
87.8
2323
343
0.96
25DLS
52.7
2385
451
1.52

6.8
33.9
14.7
4.6
40

25DRG (%)
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Fig. 6. Best-Fit Regression between the Fracture Energy and the
Maximum Aggregate Size.

(a)

(b)
Fig. 5. (a) Wedge Split Test Specimen Setup; (b) Cracked Surfaces
of the Tested Specimens.
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index (AI) and surface texture index (ST) of the six concrete mixes
are linked to the fracture energy. Best-fit power regressions
performed between the fracture energy and the indices AI and ST of
aggregate for the concrete mixes generate poor coefficients of
determination (R2 = 0.01 for AI and R2 = 0.05 for ST), which
basically indicates that important aggregate shape properties, i.e.,
the angularity and the surface texture properties are not among the
top factors that significantly affect early-age fracture behavior of
concrete. Nevertheless, this conclusion needs further verification
considering that only six mixes were tested in this study. Other
factors such as the design of experiments with limited mixes might
also contribute to this conclusion. To examine the effect of the
maximum size of aggregate materials on the early-age fracture
behavior of concrete, the maximum size of the six specimens are
linked to the fracture energy values as show in Fig. 6. An obvious
trend can be found that specimens including bigger particles possess
higher fracture energy. Since there was no sign of aggregate
breaking observed in the wedge split test, higher fracture energy can
not be attributed to the higher resistance against tensile stress of the
particles per se owing to their bigger sizes.
International Journal of Pavement Research and Technology 173

Pan, Wang, and Tutumluer

250
y = 3E+06x -1.3509
R2 = 0.74

Fracture Energy, GF (N/m)

200

150

100

50

0
1000

1500
2000
Surface Area Density (m 2/m 3)

2500

Fig. 7. Best-Fit Regression between the Fracture Energy and the
Surface Area of Aggregate.

The obtruding particles and the dents left by extracted particles
on the fracture surface of the concrete specimens in Fig. 5(b) show
signs that fracture mainly developed in the vicinity of the particle
surfaces in the concrete. Moreover, considering that the same
amount of aggregate materials by weight were used in the six
specimens, the specimens including aggregate materials of higher
maximum size actually have low surface area density as defined in a
previous part of this paper. To further verify such an observation, a
best-fit regression analysis performed between the surface area
density and the fracture energy values is given in Fig. 7. The
coefficient of determination, 0.74, shows obviously improvement
than that between the fracture energy and maximum aggregate size
as shown in Fig. 6. Such a definite relationship between the surface
area density and the fracture energy basically indicates that the
resistance of concrete against tensile stress decreases as the surface
area of the aggregate used increases. The relationship further shows
that the particle surface is the weak location against tensile stress
from early-age deformation of concrete structures.
Mechanism of this observation can be ascribed to the weak link
between the aggregate and the paste phases, i.e., the interfacial
transition zone (ITZ) that exists between the paste and aggregate
phases in concrete. The ITZ has a looser microstructure compared to
that of the paste and aggregate phases due to the special
arrangement of cement grains in the vicinity of aggregate particle.
The formation of the ITZ in young concrete has been extensively
studied and the general knowledge can be used to explain the
observations made in this study: the formation of the ITZ
surrounding aggregate particles is initiated by the non-uniform
distribution of water in the vicinity of the particles. This type of
non-uniformly distributed water is caused by bleeding and/or “wall
effect” that prevents effective filling of the space around aggregate
particles with cement grains [22-24]. The especially loose
arrangement of cement grains close to the aggregate particle surface
further results in a lower level of cement hydration as compared to
that happens in the paste. As a consequence, the ITZ around the
aggregate particles is less effectively filled by the hydration
products.
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The ITZ can be further divided into two main sub-domains that
have different microstructures due to different types of chemical
reactions and physical changes. The inner layer of the ITZ is very
thin (about 1 μm) and referred to as the “duplex” film that has
calcium hydroxide (Ca(OH) 2) on the aggregate side and calcium
silicate hydrate (C-S-H) on the cement paste side [6, 25]. The outer
layer of the ITZ is about 50 ~ 100 µm thick which has a less dense
structure than the bulk paste outside of the ITZ. Research studies
have shown that from the aggregate-paste interface, there exists a
microstructural gradient extending some 50 µm into the cement
paste, the amount of anhydrous cement, Ca(OH)2, C-S-H as well as
density all decrease [23]. It is the loose packing of cement grains
and the comparatively low cement hydration in the ITZ that mainly
determines the early-age cracking behavior of Portland cement
concrete as observed in this study.
It is noteworthy that the aggregate chemical composition might
also affect early-age cracking behavior of concrete in this study.
Compared to the significant role the aggregate surface plays in the
fracture behavior of young concrete, the effects of the chemical
compositions of aggregate materials on the mechanical properties of
the ITZ are somewhat controversial. Research studies have reported
that aggregate-cement bond was proportional to the silica content of
aggregate [6]. Other studies however found that the aggregate
chemical composition has little effect on the microstructure
gradients and the mechanical properties of the ITZ [24]. A general
recognition has been that the aggregate chemical composition is
secondary to the aggregate shape and surface area in affecting the
early-age cracking behavior of concrete [26, 27]. The deviation of
the data points from the best fit regression curve in Fig. 7 may be
explained by the effect of the aggregate chemical composition and
potentially other random errors as well considering that the six
specimens were subjected to many influential factors. A better
correlation can be expected to achieve when more data are obtained,
which is beyond the scope of this study and is not further discussed
in this paper.

Conclusions
This paper presents findings of a study on the early-age fracture
toughness of concrete using the fracture energy (GF) approach, with
emphasis on investigating the effects of aggregate size and shape
properties on the response of interfacial transition zone (ITZ) to
tensile stress. Six concrete specimens were fabricated using a Type I
cement and five different types of aggregate at the w/c ratio of 0.5.
GF of the six specimens were obtained from the wedge-split tests
after 12-hour of moist curing.
The angularity and surface texture properties as quantified
respectively by the imaging-based AI and ST indices showed no
measurable effects on the fracture energy; however, the interfacial
transition zone (ITZ) was determined to be the weak places in
young concrete through which early age cracking could develop, as
indicated by the decent correlations of the fracture energy to both
maximum aggregate size and surface area of aggregate. With the
increase of aggregate surface area in concrete, the resistance of
concrete specimens against tensile stress tended to decrease due to
the low aggregate-paste bond strength and toughness in the ITZ
compared to those of aggregate and paste. A possible mechanism
Vol.4 No.3 May 2011
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was finally proposed based on the previous research findings to
explain the observations from this study. The authors believe that
the mechanical properties of ITZ is significantly responsible for the
response of concrete structures to tensile stress in early ages, which
could be caused by the loose packing of cement grains in the
vicinity of aggregate particles and the lower level of cement
hydration compared to that in normal cement paste.
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