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ABSTRACT

Direct tensile tests were carried out on concrete. On the basis of the observed
stress-strain (o-€) curves and observations of the failed sections, the fracture
mechanism when concrete reaches its tensile strength under uniaxial loading is
discussed. A theoretical elastic analysis is also described; this yields stress
singular values in terms of the debonding and cracking fracture mechanism.
Fractures which extend outward from the coarse aggregate are considered in
particular.
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1. INTRODUCTION

Many tensile tests on concrete have been reported in the past, and these offer some
answers to questions about the factors that affect concrete tensile strength.(}1-[14]
As this relates to the aggregate, such factors include the size, separation, grain
distribution, roughness, shape, strength of the aggregate itself, and volume, as
well as the shape, position, and size of defects on the aggregate surface. Other
non-aggregate factors include age, water-cement ratio, specimen length, size of
cross section, rate of loading, placed direction, loading direction, and the test
method (direct tension, splitting tension, or flexural tension). These factors
combine to have a complex influence on overall tensile strength, but it is not
certain why some of them have such a qualitative influence. The results of the
earlier research mentioned above are widely dispersed; this is a consequence of the
various testing conditions used in the work — such as mix proportion, specimen
size, and test methods. To clarify the strength characteristics of concrete in
more detail, its fracture mechanism needs to be better understood and the effects
of these various factors on the fracture mechanism must be discussed.

Concrete fracturing is known to occur when the interface with coarse aggregate
begins to peel.[!3] Since the progress of this debonding process affects subsequent
fracture behavior, and given that aggregate-related factors affecting tensile
strength vary over a wide range, clarification of the process by which it occurs
at the coarse aggregate interface and of the cracking that results is of great
importance. Stress-strain curves (0-€ curves) and observations of failed sections
obtained in direct tensile tests offer information of use in elucidating this
fracture mechanism. We therefore carried out direct tensile tests and made careful
observations of fractures that were attributable to the coarse aggregate. 1In this
report, we also discuss, from the viewpoint of fracture mechanics, the fracture
mechanism that determines tensile strength under uniaxial tension. This discussion
encompasses various research and test results, including o-€ curves and
observations of failed sections, results of direct tensile tests obtained by other
researchers, and stress distribution around the aggregate, stress intensity of
debonding, stress intensity factor (SIF) of cracks, and energy release ratio in
mathematical elastic analysis results obtained by the authors and other
researchers. The direct application of linear fracture mechanics to concrete is
subject to limitations, since concrete is a compound comprising cement paste and
aggregate in a variety of particle sizes. In our research, however, aggregate was
modeled such that stress singular values were assigned to phenomenam, including
debonding at the coarse aggregate interface and cracks extending from the peeled
coarse aggregate into the mortar. These values describe the interface between
mortar and coarse aggregate and the mortar itself. This enables linear fracture
mechanics to be applied to the concrete. By doing this, the authors demonstrate
that the progress of debonding or cracking in a specimen comprising modeled round
or rectangular aggregates under uniaxial tension can be qualitatively explained.[!6]
Interpreted according to Wittmann’s "Structure and Mechanical Properties of
Concrete,"!17] this categorizes the structural level of concrete mainly as
intermediate. Note that this research is restricted in scope to cases where the
load is applied monotonously.



2. OUTLINE OF DIRECT TENSILE TESTS

Conventionally, direct tensile tests are usually carried out on specimens measuring
less than 10 to 15 cm in diameter and with a maximum coarse aggregate size (Gmax)
of less than 20 mm. In our research, we instead adopt samples which are
rectangular parallelepipeds 24 x 24 x 12 cm in size containing coarse aggregate
with larger Gmax (40 mm). This ensures that fractures extending out from the
coarse aggregate can be more clearly observed and allows fractures of different
types arising from various aggregate sizes to be readily distinguished (Figure 1).
To precisely monitor the behavior of the specimen as a whole and the progress of
fracturing of the failed sections, each specimen surface was fitted with 30 mm
gauges, as shown in Fig.1l, and stress-strain measurements were taken once per 0.12
kgf/cm? stress increment. The specimen mixes and test conditions are given in
Tables 1 and 2, respectively. The bond test method made use of uniform steel
plates and specimen sections.!!8] Testing was carried out on three specimens.

In this paper, bond cracks at the coarse aggregate interface are referred to as
"debonding," while cracks in the mortar itself are simply called "cracks." The
coarse aggregate is referred to as "aggregate."
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The results fall into three regions: elastic behavior (Region I), the non-linear
range where debonding occurs (Region II), and the range in which cracks occurred
and the curves shift sideways (Region III). These regions can be seen in Fig. 2.
Comparison of average ¢-€ curves of non-failed sections with average o-€ curves of
failed sections (Specimen No. 1 and 3 fail at Section II and Specimen No. 2 at
Section V) discloses that average o-€ curves of non-failure sections can be
represented by an almost linear line, indicating elastic deformation, and that the
average o-€ curves of failure-sections begins to curve slightly at the point when
the tensile stress reaches about 507 of tensile strength and has deviated
considerably by the time peak loading is reached. Figure 3 shows strain
distribution of Specimen No. 2 at each load level. The strain distribution is
uniform initially, but as loading exceeds a certain level, substantial strain
arises at the points which will later become failure sections. This demonstrates
that tensile fracturing is localized.

(2) Debonding at aggregate interface

Ordinary aggregate is harder than the mortar surrounding it, and has a modulus of
elasticity several times greater than that of mortar.[!!®] Thus, tensile stress
appears in the aggregate at a. position roughly in line with where the tensile load
acts. This has been verified by a stress analysis of circular and elliptical
elastic inclusions as well as rigid rectangular inclusions. The stress
concentration intensifies, for elliptical inclusions, as the radius of curvature
becomes smaller.[?°1-[221 1p the case of rectangular inclusions, it intensifies as
the solid angle at the position facing the tensile load becomes smaller!Z*] and as
the inclusions become harder than the base material.[?!1-[23] In actual concrete,
debonding occurs at the point on the aggregate interface that is most vulnerable
in terms of stress because of aggregate size and shape; that is, it is related to
the solid-angle, radius of curvature, unevenness of bonding strength, and loading
direction where stress tends to concentrate. Voids caused by bleeding and which
exist in the concrete before loading, or initial defects related to non-bonding at
the aggregate interface frequently trigger fractures. 1In actual samples, traces
of separated aggregate are observed in the failed section after tensile
testing.[11,051,1121,(261,(27]  Fenyick et al published the results of observations of
the dependence of failure on the orientation of concrete placement and the
direction of the tensile load.[®! According to their work, when the orientation of
concrete placement and of acting tensile load line up (and it is noted that
bleeding occurs on the lower surface of the aggregate opposite the tensile load in
such cases, indicating that aggregate and mortar are not fully bonded), most
aggregate in the failed section remains bonded to the bleeding-free upper face of
the failed section. On the other hand, when the orientations are perpendicular (in
this case, the tensile loading and bleeding on the lower surface of the aggregate
almost line up), the aggregate bonds almost equally to the upper and lower faces
of the failed section. Photo 1 shows the failed faces of a specimen in the
authors’ experiments. Table 3 gives the ratio between aggregate debonding on the
upper surface and on the lower surface at failed sections. More than 80% of
aggregate debonding occurs at the lower face. Table 4 lists the area of aggregate
debonding at the interface as observed in failed sections in order peeled area.
Relatively large aggregate, closer in size to Gmax, is found to have peeled. This
result reveals that debonding occurs on the side of the aggregate interface facing
the tensile load direction if there is insufficient adhesion. It also reveals that
fracturing is more likely to occur with larger aggregate which tends to have
initial defects such as voids and poor adhesion due to bleeding and which comes
under concentrated stress. In cases where the upper surface of the aggregate is
found to have peeled away from the mortar, most of the aggregate is relatively
large, has an upward taper, and is subject to a stress concentration on its upper
surface. Hatta et al.[??) carried out stress analysis on two circular inclusions



of different sizes and with a hardness greater than base material under uniform
loading. The authors!?*! subjected two rhombic rigid inclusions of different size
to stress analysis. Both indicate that the interface with a larger inclusion is
more prone to the concentration of tensile tension that causes debonding. Thus,
these results suggest that where aggregate particles have the same shape and no
initial defects, larger ones are more prone to debonding.

Fracture toughness decreases in the following order: aggregate, mortar, and
adhesion between mortar and aggregate.!?>] As explained, the stress concentration
arising from the presence of aggregate appears at the aggregate interface, leading
to debonding at the interface and eventual fracture. Figure 4 (a) shows o-E curves
for certain locations in the failed section; the numeral corresponds to the gauge
number (Fig. 1). Uniform deformation is observed at all gauges in the failed
section under low loading. When the load level reaches a certain value, however,
debonding occurs at the aggregate interface. The slope of the results from gauge
No. 5 changes slightly at Point A in Fig. 4(a), indicating that debonding occurred.
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In our experiments, the stress at Point A (expressed as od) is around od/ot = 0.5
in terms of tensile strength (expressed as ot), as shown in Table 5. Photo 1 shows
that the largest aggregate is found near gauge No. 5 and the results from this
gauge indicate that the interface of this aggregate peeled the earliest. Figure
4(b) shows that, even though these are not o-€ curves at failed sections, the plot
for gauge No. 9 changes in slope at a load level slightly larger than at gauge No.
5. This may be understood to indicate that some debonding occurs even outside the
failed section. No such observation was made with Specimens No. 1 and No. 3.

Table 5: Strain and Stress at

Failure Points of o-€ Curve

Speci Point A Point B sTte:esniglter;
L gty | Strained |[Stressod od [Strainem |Stressom on ot
(u) (kgf/cm?) | ot () (kgf/cm?) | ot (kgf/cm?)
No. 1 55 12.7 0.51 94 18.0 0.72 24.9
No. 2 46 10.0 0.50 111 17,5 0.87 20.2 .
No. 3 46 10. 8 0.47 114 19.2 0.83 23.0 Gauge No.5 0 15

Photo 1: Failed Section
(3) Characteristics of the debonding process

A stress analysis was carried out at the interfaces of circular, elliptical, and
rhombic inclusions to investigate the debonding mechanism. Circular or elliptical
inclusions may be taken as models of the curved interfaces characterizing aggregate
comprising rounded stones, such as river gravel. Rectangular inclusions may be
taken as models of the angular and linear interfaces characterizing aggregate
comprising crushed stones with angular faces. The results of stress analysis of
debonding at the interfaces of these inclusions are used as the basis of a
discussion of the characteristics of the debonding process.

Figures 5 and 6 show the stress intensity of debonding for circular rigid
inclusions!?8] (!Bo!: is the stress intensity of debonding and allows evaluation of
the characteristics of the debonding process,[?3]) and the stress near the extremity
of debonding.[?8! The debonding stress curve has the form of an upward convex curve
with a maximum (Fig. 5). (In Figs. 5, 6, 8 and 11 - 14, x is a function of
Poisson’s ratio v. For planar strain, it is 3 - 4 v. For generalized planar
stress, it is (3 - v) / (1 + v). For mortar, k is about 2. In Figs. 5, 6, 8, and
10 - 14, values along the y axis are all dimensionless.) For inclusions which are
circular elastic body or elliptical rigid body, the stress singular value at the
extremity of debonding has peaks.!??!-[31] Stress in the normal direction near the
extremity of debonding are in tension and peaks at around 6 = 50° when there is
little debonding. Before this peak, the stress increases monotonously and,
thereafter, decreases monotonously and changes in compression. The absolute value
of shear stress increases monotonously as debonding progresses, with a peak at
around the point when the stress in the normal direction changes in compression,
and then subsequently decreases (Fig. 6). This is because the direction of the
debonding process gradually moves toward the direction of the load. As a result,
although the fracture conditions of the debonding process must be defined, where
there are curved aggregate interfaces debonding progresses even without additional
load when the load reaches the fracture toughness value for the debonding process.
Thereafter, debonding progresses stably as the load increases, but this progress
is gradually upset as the direction of the debonding process change. Saito et
all3?2) carried out direct tensile testing of concrete including round model
aggregate (¢ = 3.2 cm) and confirmed that debonding began somewhere at the
interface and finally caused fracture of the specimen (Fig. 7).
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In the case of rhombic inclusions, stress intensity of debonding increases
monotonously (Fig.8).[23] This is because the direction of the debonding process
and load do not change as debonding proceeds. The authors have studied the
characteristics of debonding in the case of rhombic rigid inclusions under uniform
tensile loading (Fig. 9) in terms of the stress intensity of debonding.(33] The
inclusions were symmetrical in shape and two asymmetrical occurrences of debonding
were seen. The study shows that as debonding on one side proceeds, the debonding
stress on the other side shows a gentle monotonous decline. The same observation
applies when inclusions are circular elastic body!?°] or ellipitcal rigid body. (3]
When debonding is aggravated on either side, the debonding stress on that side
intensifies. This indicates that when debondings are observed on both sides, it
begins for some reason on one side and then spreads over the whole of that side.
At this time, debonding develops little on the other side. For a rigid rhombic
inclusion under uniform tensile loading and with debonding on one side (Fig. 8),
the stress intensity at solid angle with no debonding (Point S) monotonously
increases as debonding develops on that side. This indicates that debonding is
unlikely to begin within this solid angle.[!?3] The stress intensity at Point S is
a value indicating the level of the stress singularity within the solid angle and
allows evaluation of the likelihood of debonding. These results were obtained for
aggregate with a symmetrical shape. In the case of the more typical asymmetrical
aggregate, the earlier phenomenon above — that is debonding developing outward from
one spot — is thought to be more likely to occur. Consequently, where the
aggregate has linear interfaces and solid angles, once debonding appears at one
point, it moves to the next solid angle with no additional load and from there
spreads to another solid angle when the load reaches a certain level. Debonding,
however, may not develop when the interface and load are in certain directions.



In summary, once debonding begins to develop, whether the interface is curved or
linear, it immediately affects a certain area of the aggregate interface.
Debonding develops both as the load rises and due to interference resulting from
the debonding process itself. The latter will be discussed later. However, if
debonding develops such that its direction of progress changes with respect to the
load direction, it will only spread with difficulty.

(4) Mutual interference and the development of debonding

The initiation of debonding at the aggregate interface and its subsequent
development does cause the base material, mortar, to crack.

This is because, as discussed earlier, the fracture toughness value of mortar is
greater than that of the bond between mortar and aggregate. Consequently, as the
load increases, debonding is initiated and then develops along the interface rather
than growing out from where it first appears. Since the initial location is very
influential, subsequent debonding tends to break out nearby at points where the
stress is more concentrated. With increasing load, this debonding further develops
and expands until it interferes. In Fig. 4 (a), the debonding occurs at interfaces
near gauge No. 5 (Point A) and has an influence on gauge No. 10; this _gauge’'s 0-€
curve then indicates a clear break point (Point C). This demonstrates that
debonding also occurred near gauge No. 10, and consequently the o-€ curves of
gauges No. 5 and 15 have a smaller slope. This figure further shows the slope of
the 0-€ curves gradually becoming less as debonding at the interfaces develops
under increasing load. While the average o-€ curves (Fig. 2) have a gently curved,
non-linear shape, the curves shown in Fig. 4 (a) are taken from failed sections.
These curves come about because the average o-€ curve indicates debonding on
aggregate interfaces occurs and develops continually to some extent. On the other
hand, the o0-€ curves at various locations on failed sections indicate that the
occurrence of debonding at some aggregate interfaces was followed by interacting
peeling at other interfaces. The peeled portions interfere with each other and,
once initiated, expand over a certain range without any additional load.

Debonding generally develops to a size around that of the aggregate and is not
uniform in scale. It also occurs on other aggregate interfaces near the same
section. Mutual interference areas of debonding may be inferred from the
interference in stress intensity factors (SIF). Values of SIF for two cracks of
the same length, three cracks of the same length (Fig. 10), an infinite number of
cracks of the same length (Fig. 10), and two cracks of different lengths were
obtained.!3*] Ignoring the knowledge that debonding actually takes place at the
aggregate interface and instead adopting the approximate assumption that debonding
is a form of cracking that
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degree of interference of two cracks separated in vertical and lateral directions
by a clearance equal to the length of the crack is known to be equal to that of
cracks on the same line and with a clearance in the lateral direction. (34

(5) Cracking

Figure 4 (a) shows how the o-€ curves shift considerably sideways after Point B.
Figures 4 (b) and (c) show 0-E curves obtained from a strain gauge in a section
(Section 1IV) just above the failed section and from gauges on a longitudinal
section through the center of the specimen, respectively. After the stress exceeds
a level corresponding to Point B, the strain tends to decrease. This indicates
that cracking takes place at Point B and that the strain is concentrated in the
failed section (Section V) as the fracture progresses. Zaitsev[35! used model
concrete containing various sizes of large round aggregate to simulate the
phenomena of debonding, cracking, and crack propagation; o-€ curves resulting from
his simulations were published. His results reveal that the o-€ curves are linear
until the aggregate surfaces begin to peel, and that the curves become slightly
non-linear once debonding has developed, then shifting sideways as cracking occurs.

The strain on failed sections when cracking occurred turned out to be almost the
same for all three specimens, ranging from 94 to 114 b, as shown in Table 5. Table
6 arranges strain values in a more easily understandable form, based on the
supposition that mortar cracks when the o-€ curve obtained from direct tensile
tests by other researchers begins to shift sideways (which corresponds to Point B
in Fig. 4 (a)). The results given in Table 5 are also integrated into Table 6.
The values fall within the range 80 to 120 p regardless of mixing differences.
Yoshimoto!3®! conducted direct tensile tests and carried out microscope studies of
mortar slices taken from the specimen, revealing that the value of strain at which
the o-€ curve begins to lose linearity correlates well with the point at which
paste cracking begins to grow substantially. This value is 80 L according to his
study. Similar results have been observed in other specimens subjected to mortar
flexural tests.[3% Table 7 tabulates Yoshimoto’s results along with values of
strain at which the ¢-€ curve begins to lose linearity as obtained by the authors
and other researchers.

These results indicate that

the value of strain at which Table 6: Strain Values at the Time of Mortar
mortar begins to fracture and Cracking  in Direct Tensile Tests of Concrete
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mix. The results then show - 80 ~ 0.65:1.00: 3.55 : 5.80
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than the strain corresponding to mortar fracture toughness since it includes the
strain due to debonding at aggregate interfaces. The results also tell us that the
strain at the extremity of debonding has reached the mortar fracture toughness and
this is where cracks are initiated.

The authors analytically investigated the possibility of cracks being initiated
from the extremity of debonding on circular rigid inclusions. This indicated that
since the normal stress near the extremity of debonding switches from tensile to
compressive when debonding takes place at around 100° in angle of circumference,
debonding only develops with difficulty (Fig. 6). Cracking is most likely to occur
as a result of the energy release ratio of crack (Fig. 11) and SIF for Mode I (Fig.
12) have peaks.[28] These results are in good agreement with the actual positions
of cracks being initiated (around 100° in angle of circumference) obtained in tests
by Saito et al.[32] (Fig. 7) For angular aggregate, debonding grows until it
reaches the solid-angle point, as discussed earlier. The solid angle then changes
its characteristics: from a solid angle formed at bonded aggregate interfaces to
one formed at interface where it is freed from stress by debonding along with
interface and interface where the aggregate remains bonded. As a result, the
stress intensity increases in a stress field near the solid-angle, and cracking is
very likely to take place.[?3!

In summary, as the load increases, more debonding occurs at aggregate interfaces
and each point of debonding grows, thus increasing the amount of mutual
interferences. Finally, cracks occur at the extremity of debonding on the
aggregate interface. Aggregate at which cracking begins is not necessarily that
at which debonding initiates. Rather, cracking occurs at peel points whose tips
are under the greatest stress concentration and which reach the mortar fracture
ductility first. The degree of stress concentration at an extremity is determined
by the size of the peeled area on the aggregate interface, the degree of
interference from neighboring debonding, and the direction of debonding and the
tensile load. Table 8 shows the condition of the failed sections and the stress
at Point B (expressed in om). This reveals that Specimen No. 2, which has a larger
area of peeled aggregate than the others, has the smallest om. This is because the
larger amount of debonding in Specimen No.2 caused mutual interference and affected
the specimen, eventually reducing the load level at which cracking occurred.

(6) Condition of failed section and tensile strength

Carino et al.l%%] took x-rays of fractured specimens containing round model
aggregate, noted that cracking was not visible around critical cracks, and
concluded that growth of the initial cracks caused final failure. In our
experiment, no case of a sideways shift in the o-€ curve was seen (Figs. & (b) and
(c)). Such a shift is usually associated with cracking at a failure section. Thus
these test results indicate that where initial cracking occurs, the failure is
likely to occur.

The authors analyzed the SIF of cracks!?®] formed at the solid angle of rigid
rhombic inclusions with debonding on one side and at the corner of rhombic holes!%!]
(Fig.13). (Holes and rigid inclusions correspond to two extremes of rigidity;
ordinary elastic inclusions are categorized as lying between them.) According to
our results, when an inclusion is harder than the base material, the SIF of a crack
formed at the solid angle takes a minimum value when the crack is much shorter than
the size of the inclusion. SIF monotonously increases with crack length beyond
that. 1In this case, where the inclusion is single and rhombic, the cracks are
shown to grow unstably. When a crack nears a circular inclusion that is harder
than the base material, its SIF decreases under certain loads (Fig. 14).0%2] But
when there are debondings at the circular inclusion and those debondings have grown
larger than a certain size, this reduction in SIF slows down. With larger



debonding, SIF increases. As the crack moves closer to a circular inclusion, the
stress intensity at the extremity of the debonding increases.[3°] These results
allow us to conclude that for relatively severe debonding of the aggregate
interface, a crack formed at the extremity of the debonding on the aggregate
interface causes further debonding growth as it approaches other aggregate and
peeled areas begin to crack. Eventually, the peeled sections or cracks connect up
with other cracks without additional loading. This is why the ¢-€ curves shift
sideways after crack formation (Fig. 4 (a)). This understanding corresponds to the
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observations discussed earlier; traces of lost aggregate are seen on one side of
the failed section after tensile fracture!lD[51,[121,(261,127] and traces of aggregate
with the largest particle size or thereabouts are found in failed sections in our
test (Table 4). This happens because, as explained in (2), debonding is more
likely to occur and expand, and cracking is more likely to arise, if the aggregate
is larger, due to bleeding and concentration of tensile stress.

After crack formation, strength intensification is observed. The ratio of stress
at initial cracking om to tensile strength ot, om/ot, is 727 to 87Z in our study
(Table 5). Other researchers have found it to be around 70Z (Hatano,!!!) around 952
(Yoshimoto!”] and Watanabel37!), and about 75Z. (Slatel!3}) According to these
observations, since areas of debonding connect up without additional loading, there
must be another mechanism causing strength intensification after cracking. On the.
other hand, aggregate fracturing is seen in the failed section in tensile
testing.[11[111LI27] 1n our test, aggregates smaller than those suffering debonding
were subject to fracturing (Table 4). To identify dependence on aggregate size,
the authors conducted direct tensile tests!!®] on 30 cm cylindrical specimens each
containing aggregate with a maximum particle size of 150 mm. This specimen size
was chosen to offer a wider range of aggregate sizes. 1In these tests, aggregate
of the maximum particle size or close to it suffered debonding at the interface,
as seen in the failed sections. Aggregate of smaller particle size - that is,
around 40 mm — was found to be fractured. The fracture toughness of the aggregate
is significantly greater than that of mortar, yet it is not that the aggregate
itself fractures, but rather a crack develops toward the aggregate and finally
fractures it. As mentioned above, because peeled sections are likely to join with
cracks when debonding at the interface is relatively severe, fractured aggregate
has little or no debonding. Such aggregate particles are smaller than a certain
size, as indicated by the test results above, since larger aggregates are more
likely to peel (See (2)). Since the fracture toughness of the bond between mortar
and aggregate is low, it appears difficult for aggregates which have no debonding
or little debonding to be present. However, given the observed fact that some
aggregate does fracture, there must be cases where the formation and growth of
debonding is inhibited, depending on the size and shape of the aggregate and degree
of bonding between the aggregate and mortar.

When a crack approaches a circular inclusion which is harder than the base material
and has little or no debonding, the SIF of the crack decreases under a certain
load.!421,[301  Thjs situation corresponds to around 2c/a = 1.0 when I is one or
greater in the domain (a) in Fig. 14. Results of analysis indicate that cracks
stretching toward aggregate with little or no debonding are blocked by the
aggregate. The arrival of a crack at an aggregate particle does not immediately
cause the aggregate to fracture, because fracture toughness is significantly
greater than that of mortar. Under these conditions, cracks reach some aggregate
interfaces as the load increases. The extremities of cracks that have reached
aggregate particles may possibly cause the aggregate interfaces to peel, which
would eventually remove such aggregates. However, debonding is considered less
likely to occur under certain orientations of the interface which a crack reaches
and directions of tensile loading. The crack then stops at the aggregate particle
it reaches.

When the increasing load causes the crack extremity, which is in contact with the
aggregate, to reach aggregate fracture toughness, the aggregate begins to fracture.
When a crack penetrates a circular inclusion that is harder than the base material,
the SIF of the crack increases rapidly and monotonously as compared with when there
is no inclusion. As the crack penetrates the inclusion, its SIF closes on the
value when there is no inclusion, since the inclusion has only a small influence.
(See domains (b) and (c) in Fig. 14). This indicates that once a crack exceeds the



fracture toughness of the aggregate and moves into the aggregate, the fracture
develops unstably through the aggregate. This phenomenon, then, affects cracks
that have already reached other aggregate particles by that time or are growing
toward them. It causes a chain reaction and their SIF intensifies, finally
resulting in fracture of some of the aggregate particles. Once the aggregate
begins to fail, fractured sections of aggregate join up with already formed broken
sections, causing extremely unstable fractures which instantly result in failure
of the entire specimen. From this, it may be deduced that the moment at which
aggregate fracturing begins would correspond to the tensile strength of the
specimen. The increment in loading after cracking is affected by the actual load
level at which cracking occurs, the distribution of debondings before cracking
occurs, and the location, size, and hardness of debonding-free aggregate particles.
For example, if a large amount of debonding has occurred before cracking starts,
failure sections tend to be formed and little extra loading is possible because
there are fewer cracks that expand to aggregates which have no or small debonding.
In Table 8, the strength intensification after cracking (ot - om) is the smallest
for Specimen No. 2, which has the greatest ratio of peeled aggregate area and the
smallest ratio of fractured aggregate area. This observation bears out the
understanding deduced above.

4. CONCLUSION

Direct tensile tests of concrete have been carried out to look into the tensile
fracture mechanism of plain concrete. Stress-strain curves, fracture
characteristics, and other results obtained from the tests were used, along with
stress analysis based on mathematical elastic theory and analysis of stress
singular values such as stress intensity factor and stress intensity of debonding
in fracture mechanics, to investigate the fracture mechanism. In summary, it can
be said that fracturing to the tensile strength of the concrete occurs after a
series of events. First, some aggregate interfaces peel and these peeled areas
develop until they interfere with one another. This finally leads to cracking.
These cracks, together with already existing peeled areas of the aggregate
interface, lead to further cracks and debonding due to mutual interference. More
cracks result from debonding on other aggregate interfaces and these too develop.
As these cracks join with peeled sections, they extend toward other aggregate
particles, and the aggregate fractures as if in a chain reaction. This finally
leads to failure of the concrete.
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