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1. General Introduction

Concrete is a multi-phase material consisted of several components, i. e., coarse
aggregate, sand, unhydrated cement particles, cement gel, capillary and gel pores,
pore water, entrapped and entrained air voids and so on?~%. However, it is appa-
rent that concrete can be considered as a two-phase material in which a high volume
fraction of coarse aggregate is uniformly distributed and embedded within a reaso-
nably homogeneous mortar matrix. Such a two-phase model is acceptable as a first
approximation as long as the dimensional level, at which the mechanical behavior is
considered, is large compared with the maximum size of particles in matrix?.

The mechanical properties of concrete as a two-phase material are considerably
affected by the properties and mix proportions of its components. Therefore, many
investigators have attempted to make clear the effects of the properties of compo-
nents and mix proportions on the mechanical properties of concrete~%. However,
most of the vast amount of available experimental data have been obtained from
tests only at the engineering or phenomenological levels.

Generally, a knowledge of the internal structure of concrete is essential, if its
complex mechanical behavior is to be properly understood. The basic mechanism of
fracture and failure of concrete under load is the initiation and propagation of
microscopic cracks which extend and interconnect until the whole internal structures
are completely disrupted.

Therefore, there have been many attempts to measure the onset and propagation
of microcracks by means of the methods as indicated in Table 1. 18~5% In “Direct
method” in Table 1. 1, the progressive microcracking in concrete is observed with
a microscope or X-ray photographs. This method has an advantage that the mecha-
nism of crack formation can be examined quantitatively, but has a disadvantage
that long time and many efforts are required for observation. “Indirect method” is
roughly subdivided into the following two groups: the acoustic method in which crack
noise or the variation of ultra-sonic velocity transmitting in concrete due to micro-
cracking are examined, and the method utilizing the stress-strain curve of concrete
in which the state of internal microcracking is predicted in terms of the change of
the external surface strain of test specimen. In these indirect methods, the measure-
ment can be carried out more easily than that in the direct methods, but the infor-
mation for microcracking obtained by such methods is rather unreliable. In the
method of “Model analysis”, two-phase model concretes consisted of idealized coarse
aggregate and mortar matrix are used to help the understanding of the mechanism
of fracture and failure of concrete. This method is also suitable for the funda-
mental recognition of the interaction of aggregate and matrix on the mechanical
properties of concrete.
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Table 1. 1. Previous studies on fracture and failure of concrete.

Classification

Investigators

Observation by

Hsu - Slate « Sturman - Winter (1963)6), Shah - Slate
(1965)7), Sturman + Shah - Winter (1965)8), Yokomichi «
Matsuoka « Takada (1966)9>, Hansen (1968)19, Krishnaswa-
my (1968)11), Meyers - Slate - Winter (1969)12), Popovics

microscopy (1969)13, Shah +» Chandra (1970)'4, Niwa - Koyanagi + Na-
Direct kagawa (1971)18), Kato (1971)16), Yoshimoto « Kawakami
method (1972)1, Amasaki- Akashi (1973)1®), Kosaka - Tanigawa
(1974)19)20)
. Hsu - Slate « Sturman - Winter (1963)6), Slate - Olsefski
Observation by . » Robi (1965)22), Liu -
X-ray (1?63)2”, Shah - Slate (1965)7), Robinson s
Nilson . Slate (1972)23)
Observation by Jones « Kaplan (1957)24), Robinson (1965)22), Jones
ultrasonic pulse (1965)25), Shah » Chandra (1970)14, Kawakami (1971)26),
velocity Kato (1972)27
Observation by L’ Hermite (1954)28), Riisch (1959)29), Robinson (1965)22),
. crack noise Yokomichi - Matsuoka + Takada (1966)9>
Indirect
method Brandtzaeg (1929)30, Kaplan (1963)31), Desayi - Viswanatha

Observation by
stress-strain
curve

(1967)32), Béres (1967)33), Shah - Chandra (1968)34), Yoko-
michi - Kakuta « Ayuta - Terasawa(1969)35)36) Qkamoto -
Yamamoto (1971)37), Kato (1972)27), Hasaba - Kawamura
(1972)38), Kosaka - Tanigawa (1973)394¢0) Okushima - Su-
zuki - Nakatsuka (1973)41), Yoshimoto - Kawakami (1974)42

Model with an
aggregate

Shah - Winter (1968)43), Yokomichi - Kakuta - Terasawa
(1970) 36>, Kosaka + Tanigawa - Oota (1971)4¢445), Shiire
(1972) 46>

Model Model with regu-
larly arranged
aggregates

analysis

Johoji - Kato (1957)47), Fein (1971)4®, Buyukozturk - Nil-
son - Slate (1971)49, Kosaka « Tanigawa - Oota (1972)5051),
Okushima « Suzuki + Nakatsuka (1972)52), Wischers - Lusche
(1972)5%

Model with ran-
domly arranged
aggregates

Okajima (1970)54), Kosaka « Tanigawa » Qota (1971)55),
Liu - Nilson - Slate (1972)23)

Despite of many works on the observation of microcracking of concrete, there
is still much that is not known of the effect of aggregate and matrix on the me-
chanism of fracture and failure of concrete as a two-phase composite material.

The main purpose of the present investigation is to make clear the effect of
aggregate on the mechanism of fracture and failure of concrete at both the pheno-
menological and the structural levels, and the above three approaches are adopted

for the investigation.
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2. Progressive Microcracking in Concrete

2 1. ]72trodudz'on

The purpose of this chapter is to examine the effect of the type of coarse aggregate
and the water-cement ratio of mortar matrix on the progressive microcracking in
concrete. The direct method described in Chapter 1 was applied for ohservation of
microcracks in concrete.

A series of experimental investigations have been conducted at Cornell Univer-
sity to examine the fracture process of concrete. Namely, Hsu, Sturman, Slate and
Winter® have pointed out that; 1) bond cracks between mortar matrix and aggre-
gate particles are present even before loading (which are termed “potential bond
cracks” in the present paper), 2) the potential bond cracks propagate at the load larger
than about 30 percent of ultimate, and 3) mortar cracks initiate at the load of about
70 percent of ultimate. But in their investigation, the extent of mortar cracks
parallel to the loading axis has not been observed. Sturman, Shah and Winter®
have examined the effect of flexual stress gradients on the internal crack propaga-
tion in concrete. Meyers, Slate and Winter!2> have examined the effect of long-time
sustained loading. Moreover, Shah and Chandral!4’ have made clear the relation
between the fatigue strength of concrete and the internal crack propagation, and
Krishnaswamy!?> have observed the progressive microcracking in concrete under
uniaxial and triaxial compression.

In Japan, on the other hand, Niwa, Kobayashi, Koyanagi and Nakagawal® have
carried out the uniaxial and triaxial compressive tests of normal concrete and sugges-
ted that the potential bond cracks are present beneath the coarse aggregate particles
even before loading and that the ratio of the total length of bond cracks to that of
interface between mortar matrix and coarse aggregate increases with increasing
lateral pressure. Kato!® has found that the amount of bond cracks and mortar
cracks occupys about 97 percent among that of total cracks in concrete and that the
amount of mortar cracks is of the order of 60 to 70 percent of that of bond cracks.
Amasaki and Akashil® have investigated the crack propagation of concrete under
impact loading.

As described above, many investigators have already reported the mechanism
of microcracking and the fracture process of normal concrete but hardly reported
the effect of the mechanical properties of mortar matrix and aggregate on them.
Consequently, the effect of the qualities of coarse aggregate and mortar matrix on
the progressive microcracking in normal and artificial lightweight aggregate con-
cretes was primarily examined in the present chapter. While, the direct method as
used in this chapter requires a relatively long time for observation of microcracks.
Therefore, the correlation between the internal microcracking in concrete and the
changes of external surface strain of concrete was also examined in the present
chapter. By applying these results, more detailed examination for the effect of
variables related to aggregate such as the type, size and volume fraction will be
made in the next chapter. ‘

2. 2. Test procedure

2. 2. 1. OQutline of experiments

The following two kinds of experiment were performed in the present chapter.
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The outline of experiments is shown in Table 2. 1.

1) Experiment- . 1; Cylindrical specimens with 10 cm in diameter and 20 cm
in height were compressed uniaxially up to each of the preselected stresses of about
30, 50, 70, 90 or 100 percent of the compressive strength. After unloaded, the
specimens were cut by a diamond blade saw in the plane parallel to the longitudinal
axis and the state of internal microcracks was observed directly with a stereoscopic
microscope.

2) Experiment- {. 2; In Exp.-[. 1, the process of microcracking up to the
failure of an identical specimen can not been examined continuously, since the
specimen is unloaded and cut immediately after the load is reached to a certain
value. Accordingly, plate specimens of 151 cm in cross section and 15 cm in
height fabricated by cutting from prismatic concrete specimens of 15x15 cm in
section and 53 cm in length were used in Exp.- . 2. The uniaxial load was applied
continuously up to the failure of specimen by the method as shown in Fig. 2. 1 and
the progressive microcracking in the specimen was observed with a microscope. The
primary reason why the specimen of 1 cm thickness was used is to examine mainly
bond cracks at the interface between mortar matrix and all coarse aggregates
(particle size =10—15 mm) and to obtain as nearly as possible a state of plane
stress.

Table 2. 1. Outline of experiments.

Notation | Size of Materials used

Notation of ba
) of specimen c Fine Coarse |W/C | Visa/Ve|Vea/Vee
experiment specimen | (cm) ement aggregatelagaregate (mm)
CC-NA . NA 0.35 | 0.88 0.30 |10-15
CC-NA Ordinary - piver NA |0.65| 3.15 | 0.30 |10-15
Exp.-T.1 ; $ 10x20 Portland : : : : ”
CC-LC sand LC 0.35| 0.88 0.30 |10-15
cement
CC-LC LC | 0.65 3.15 | 0.30 |10-15
SC-NA . NA 0.45 | 2.50 0.30 |10-15
SC-NA Ordinary | gier NA | 0.55| 2.50 | 0.30 |10-15
Exp.-1.2 15x15x 1 [Portland ’ ’ ’
SC-NA sand NA 0.70 | 2.50 0.30 |10-15
cement
| SC-LC | ; LC 0.55 | 2.50 0.30 110-15

[Notation] W/C: Water-cement ratio, Vsa/V.: Sand-cement ratio,
0o : Size range of coarse aggregate, NA : River gravel,
LC: Artificial lightweight aggregate (coated type).

2. 2. 2. Fabrication of specimen and mechanical properties of concrete

(1) Materials used

Ordinary Portland cement (compressive strength at the age of 28 days=408 kg/
cm?), Kiso-river sand and gravel, and artificial lightweight coarse aggregate of
coated type were prepared for concrete. The particle size of coarse aggregate
was kept to 10-15 mm to eliminate the effect of the grading of aggregate. The
physical properties of aggregate used in the experiments are shown in Table 2. 2.

(2) Fabrication and mechanical properties of concrete

Water-cement ratios (W/C) were 0.35 and 0.65 in Exp.- . 1, and 0.45, 0.55
and 0.70 in Exp.-§. 2 by weight, respectively. The volume fraction of coarse
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Table 2. 2. Properties of aggregates used.

i
Size range Specific f Fineness Bulhk Wate1:
Type (mm) gravity % modulus density absorption
! (kg/m?) (%)
River sand 0-2.5 2.63 | 1.9 1740 2.1
River gravel 10-15 2.56 | 7.00 1560 0.6
Lightweight aggregate 10-15 1.35 [ 7.00 859 8.2

aggregate in concrete (V.o/V..) was kept to 0.3 through Exp.-§. 1 and Exp.- . 2.
After remolded at the age of 2 days, the specimens were cured in water of a
temperature of 20°+1°C until the tests. All tests were carried out at the age of
28 days. The plate specimens in Exp.- . 2 were fabricated by cutting from the
comparable prismatic specimens at the age of 25 days. The number of test spe-
cimens was eighty in both Exp.-§. 1 and Exp.- J. 2.

Table 2. 3 shows the compressive strength (F..), tensile splitting strength (Fy.),
secant modulus (F,.) and Poisson’s ratio (v.) at a stress level of one-third the
compressive strength obtained by cylindrical concrete specimens at the age of 28
days.

Table 2. 3. Quality of concrete.

Notation of Notation of g . Fee Fie E. v
experiment specimen i (kg/em?) | (kg/cm?)  (kg/cm?)
CC-NA 0.35 | 550 33.2 3.65x105 . 0.21
Exp-1.1 CC-NA 0.65 242 21.3 2.40x<105 | 0.20
CC-LC 0.35 430 28.0 2.12x105 | 0.17
CC-LC 0.65 241 20.5° 1.65x105 | 0.20
SC-NA 0.45 382 29.7 2.78x105 | 0.24
SC-NA 0.55 306 25.6 2.46x105 1 0.20
Exp.-71.2 -
SC-NA 1 0.70 188 18.2 1.92%x105 | 0.18
~scLc 0.5 | 263 22.0 | 1.76x10° 0.18

2. 2. 3. Methods of loading and measurement

All specimens were concentrically loaded in the direction parallel to casting by
a hydraulic testing machine. The loading rate was kept to 2-3 kg/cm?/sec. in ac-
cordance with the specification of JIS A 1108.

The detail of the loading method of each experiment is as follows:

1) Exp.-§.1; Five cylindrical specimens were first loaded up to failure and
the stress (o)-strain () curve and the compressive strength (F,..) of concrete
were obtained. Next, three specimens were loaded up to each of the preselected
stresses of about 30, 50, 70 or 90 percent of the compressive strength and unloaded.
Immediately after unloaded, the specimens were cut parallel to the loading axis by
a diamond blade. The non-loaded specimens were also prepared to examine the
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state of potential bond cracks.

2) Exp.-[.2; A device for loading shown in Fig. 2. 1 was used in Exp.- . 2
to prevent the overturn of specimen during the compressive loading. As it was
anxious that the secondary stress would be induced in the specimen by this device, the
strain in a bolt (B shown in Fig. 2. 1) was measured up to the failure of specimen,
but was negligible. Accordingly, it was considered that the behavior of specimen did
not been changed by using this device. In Exp.- . 2, lubricating pads consisted of
0.3 mm thick rubber sheet and 0.1 mm thick aluminium sheet with lubricated
surface by silicon grease were inserted between the ends of specimen and the
loading platens to minimize the effect of restraint at the ends. The coefficient of
friction between the ends and the loading platens in this case was about 0.005.

140

150

“\Specimen.

220 (Unit:mm)

Fig. 2. 1. Loading device used in Exp. - II. 2.

(2) Observation of microcracks

The method for observation of microcracks in Exp.- . 1 was as follows:

@ After unloaded, the specimen was cut by a diamond blade saw. (2 The
saw-cut surface was washed by water and allowed to dry for approximately 2 hours.
) The surface was painted with red ink and polished by carborundum powders.
@ Microcracks penetrated with red ink were observed by a stereoscopic microscope
and the naked eyes.

In Exp.- [[. 2, the surface of specimen was painted thinly with red ink before
loading and the progressive microcracking was continuously observed up to the
failure of specimen with a microscope.

(3) Measurement of strains

1) Exp.-I.1; The longitudinal strain (ey) and the circumferential strain (ez)
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were measured by 67 mm length wire strain gages attached to the center of cy-
linder. ~ The volumetric strain (e,=¢;—2¢,) and Poisson’s ratio (v.=¢,/¢,) were
calculated from the measured values of &, and «,.

2) Exp.-§.2; 67 mm length wire strain gages were used for the mea-
surement of average strains in the longitudinal axis (y-direction) and the lateral
axis (x-direction) and 5 mm length wire strain gages were used for the measurement
of local strains in mortar matrix, coarse aggregate and interface between them,
respectively.

2. 3. Test results and discussion

2. 3. 1. Relation between progressive microcracking and qualities of coarse
aggregate and mortar matvix

In the present clause, the effect of qualities of coarse aggregate and mortar
matrix on the type, extent, location and progress of microcracks obtained by Exp.-
.1 will be discussed.

(1) Initiation and propagation of microcracks

Typical examples of the state of microcracking in normal and lightweight aggre-
gate concretes are shown in Photos. 2. 1 and 2. 2, respectively.

1) Type of microcracks; The type of microcracks observed in normal concrete
is roughly classified to mortar cracks formed approximately parallel to the loading
axis and bond cracks at the interface between mortar matrix and coarse aggregate,
as shown in Photo. 2. 1. Few aggregate cracks were observed in normal concrete.
On the other hand, the type of microcracks observed in lightweight aggregate
concrete varied with the water-cement ratio of mortar matrix. For W/C=0.65,
few aggregate cracks were observed in a manner similar to normal concrete, but for

Photo. 2. 1. 3. 0/F¢=1.0

Photo. 2. 1. 1. 0/F¢c=0 Photo. 2. 1. 2. ¢/ Fc*
Photo. 2. 1. Microcracking in normal concrete.
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Photo. 2. 2. 1. 6/Fe=0 2. 2. 0/Fe=0.7 Photo. 2. 2. 3. 0/Fee=1.0
Photo. 2. 2. Microcracking in lightweight aggregate concrete,

W/C=0.35, many cracks propagated in aggregate particles approximately parallel to
the loading axis.

2) Extent of microcracks; Next, the process of progressive microcracking
will be discussed in detail for each of the preselected stress levels (o) expressed
in terms of the compressive strength of concrete (F..).

i) In the case of ¢/F.,=0; According to Photos. 2. 1. 1 and 2. 2. 1 showing
the state of potential cracks before loading, most of the potential cracks were
present beneath the coarse aggregate particles and the amount of potential cracks
present in the upper half of specimen was slightly more than that in the lower
half, regardless of the type of coarse aggregate used. Cracks owing to drying
shrinkage were hardly observed, since all specimens in Exp.-[. 1 were cured in
water. Consequently, it was concluded that most of potential cracks were weak
porous mortar regions resulted from bleeding in concrete.

i) In the case of ¢/F.=0.3; The extent of microcracking at about 30 percent
relative stress was approximately consistent with that in non-loaded specimens.
Accordingly it was considered, regardless of the qualities of mortar matrix and
coarse aggregate, that the microcracks in concrete would never occur or propagate
at the stress level smaller than about 30 percent of ultimate.

iii) In the case of ¢/F..=0.5; New bond cracks occurred not only at the
bottom surface but also at the top surface of coarse aggregate and potential bond
cracks beneath the coarse aggregate particles began to propagate at this stage,
independently of the quality of concrete. Several bond cracks propagated around
coarse aggregate particles with a small saw-cut section and a few mortar cracks
were observed in only the normal concrete with W/C=0. 65.

iv) In the case of ¢/F,=0.7: At this loading stage, the amount of bond
cracks increased rapidly as shown in Photos. 2. 1. 2 and 2. 2. 2, regardless of the
type and quality of concrete. Mortar cracks bridged from bond cracks were ob-
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served in normal and lightweight aggregate concretes, except for lightweight aggre-
gate concrete with W/C=0.65. For lightweight aggregate concrete with W/C=0. 35,
a few aggregate cracks propagated approximately parallel to the loading axis. While,
there was no aggregate crack and mortar crack at this stress level for lightweight
aggregate concrete with W/C=0. 65.

v) In the case of ¢/F..=0.9; The amount of bond cracks and mortar cracks
increased more rapidly at this stress level, except for lightweight aggregate concrete
with W/C=0.65. Mortar cracks bridged between bond cracks or aggregate cracks
to form the long continuous crack patterns and the side of cylindrical specimen
spalled out in a few lightweight aggregate concretes with W/C=0.35. For light-
weight aggregate concrete with J/C=0.65, mortar cracks began to propagate
initially at this stress level.

vi) In the case of ¢/F..=1.0; As shown in Photos. 2. 1. 3 and 2. 2. 3, the
extent of microcracking at the failure of specimen was different from the strength
of mortar matriz. For concretes with W/C=0.65, sliding planes due to the restraint
from friction between the loading platens and the ends of specimen were formed at
the ends of specimen and were bridged between the continuous cracks in the central

Table 2. 4. Fracture process of concrete (Experiment-J.1).

Notation of
i CC-NA CC-LC
specimen
WwW/C 0.35 0. 65 0.35 0. 65
Potential bond Potential bond Potential bond Potential bond
0 crack at the bottomcrack at the bottomicrack at the bottom|crack at the bottom
surface of coarse surface of coarse surface of coarse |surface of coarse
aggregate aggregate aggregate aggregate
0.3 Similar to ¢/Fe=0 Similar to 0/Fe=0 Similar to ¢/Fe=0 Similar to ¢/Fee=0
Initial propagation
0.5 Initial propagation jof bond crack Initial propagation |[Initial propagation
of bond crack Initiation of a few |of bond crack of bond crack
mortar cracks
F L L Initiation of mortar .
G/Fee Initiation of mortarInitiation of mortar Propagation of bond
0.7 crack and
crack crack aggregate crack crack
Interconnection of Interconnection of Interconnection of 1t1}at10ndof mortar
0.9/mortar crack to  |mortar crack to  |mortar crack to _Crt&“{ and .
bond crack bond crack aggregate crack m erconnection o
it to bond crack
Initiation of lon . .
’ . g o . N e Shear failure in the
continuous crack [Shear failure in the Initiation of long
1.0 ] . top and bottom zone
and of a few top zone of specimen| continuous crack .
of specimen
aggregate cracks
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portion. For concretes with W/C=0.35, on the other hand, many struts due to the
axially continuous cracks were formed parallel to the loading axis.

Table 2. 4 shows the outline of the progressive microcracking in normal and
lightweight aggregate concretes as described above.

(2) Length, width and inclination of microcracks

In this clause, the effect of the type of coarse aggregate and the strength of
mortar matrix on the internal fracture process of concrete will be examined in
more detail, by using the measured values of the length, width and inclination angle
of microcracks. :

1) Length of microcracks; The relative length of microcracks in the unit
area (//A) is plotted in Figs. 2. 2. 1 and 2. 2. 2 against the ratio of the loading stress
(o) to the compressive strength of concrete (F..). The notations of 4, m and a
in these figures represent bond crack, mortar crack and aggregate crack, and CC-
NA and CC-LC represent normal concrete and lightweight aggregate concrete,
respectively. As shown in Figs. 2. 2. 1 and 2. 2. 2, the relative length of bond
crack (ly/A) is approximately constant for each of concretes at the ratio o/F,.
smaller than about 0.5. That value becomes larger with the increasing value of
W/C or the bleeding of concrete. At the stress level larger than 70 percent of the
compressive strength, mortar cracks were formed in concretes, except for light-
weight aggregate concrete with W/C=0.65 and aggregate cracks were also occurred
in lightweight aggregate concrete with W/C=0.35, as described above. At the
stress level larger than about 90 percent of ultimate, the rate of increase of bond
cracks decreased compared with that before, but mortar and aggregate cracks
increased rapidly with the relative stress level.

0-8 0-8
CC-NA b m a CC-LC b m a

0.6 WIC=035 o < o ./3 0.6 W/C=0.35 o < o 0/3
WIC=0-65 o ¢ ’ W/C=065 ¢ +

o
E
o,
N

L/A(t/cm)
©
o~

L/A(1/em)
\\
o}
N
~

02—/ 02} 7 ot
[ O o r e /2
T“"’ o —— = O====o /ﬂ,g’?#

O : L 0 | I 1 l‘ '%""’:—’,'f l
0 0.2 0-4 0 0.2 0.4 0.6 0.8 1.0
¢/ Fec
Fig. 2. 2. 1. Normal concrete Fig. 2. 2. 2. Lightweight aggregate concrete

Fig. 2. 2. Relation between length of microcrack (/) and relative amount
of stress (o/F¢).

2) Maximum width of microcracks; The width of microcracks represents the
degree of internal structural changes of concrete, and is closely related to the
change in Poisson’s ratio due to loading and the durability of concrete. The relation
between the maximum width of bond cracks (W,) and the relative stress level
(¢/F..) is indicated in Fig. 2. 3. As shown in Fig. 2. 3, the width of bond cracks
(W) decreases slightly with the increase of relative stress level (¢/F,.) at the
ratio o/F.. smaller than about 0.5. The maximum width of bond cracks varies
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considerably with the water-cement ratio of concrete. Namely, the maximum width

of bond cracks for concretes with W/C=0.65 is about two times that for concretes

with W/C=0.35. At the stress level larger than 50 percent of ultimate, the value

of Wy for concretes with W/C=0.35 begins to increase but for a few specimens

with WW/C=0.65, the value of W, decreases slightly by the compressive loading.
Ash5% has observed that the width of

weak layer of mortar beneath the coarse

aggregate particles is approximately 100 60

micron and Krishnaswamy!?) has shown wrc

that the width of potential bond cracks is CC-NA O;fs 0'.65

about 75 micron, regardless of the water- 0F  ceole ¢ o °
cement ratio. Whereas, the results in 3 /0
Exp.-|l. 1 differed from the aboves. This £ s- . ____—o->=0 #
difference may be resulted from that the 20{ = >~K'ﬂ"*""'/+
volume fraction and maximum size of coarse /,:Qi-,__.. ——-
aggregate used in Exp.- . 1 were smaller ?‘““““ == "’ .

than those used in Ash’s or Krishnaswamy’s 0 02 04 06 08 1.0
experiments. Therefore, the degree of 0/ Fec

bleeding beneath the coarse aggregate Fig. 2. 3. Relation between maximum

width of bond crack (W) and

particles in Exp.- ]| . 1 was probably smaller
relative amount of stress (¢/Fec).

than that in their experiments.

15 Fig. 2. 4 shows the relation between
the maximum width of mortar cracks

" oas e (Wa) and the relative stress level (o/F..).
o CC-NA o + The maximum width of mortar cracks
E cC-LC o < (Wa) for lightweight aggregate concrete
= 5 with W/C=0.35 and for normal concrete
//9/// increases rapidly with the relative stress

o//./*// level, in the range of ¢/F,. beyond about

0 e $7 . 0.7. However, this value is considerably

0 02 O“’G , Fci's 08 10 smaller than the width of bond cracks at

the same relative stress level.

The width of aggregate cracks occur-
red in lightweight aggregate concrete with
W/C=0.35 was nearly equal to the width
of its mortar cracks as in Fig. 2. 4,
because most of aggregate cracks bridged between mortar cracks to form the
continuous cracks.

3) Angle of inclination of bond cracks; Several investigators have pointed out
that the fracture process and the compressive strength of concrete are significantly
affected by the surface texture of coarse aggregate, i. e., the bond properties
between coarse aggregate and mortar matrix. However, there is no available method
at present to obtain directly the bond strength of river gravel or artificial light-
weight aggregate in concrete, as their particle shapes are irregular and granular.

On the other hand, the measurement of the angle of inclination of bond cracks
presents some available information for the bond properties between coarse aggre-
gate and mortar matrix. Accordingly, the angle of inclination of bond cracks was

Fig. 2. 4. Relation between maximum
width of mortar crack (Wnm) and
relative amount of stress (o/Fe).
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measured by the following method: (@) The saw-cut surface of a coarse aggregate
particle was devided into twenty-four fan-shaped parts with a vertical angle of 15
deg. @ The interface between coarse aggregate particle and mortar matrix in each
fan-shaped partition was regarded as a

straight line. @ The angle (8) of incli-

nation of the straight line to x-direction ¥

in Fig. 2. 5 was measured. In such a case Aggregate

that there is a corner in a partition as
shown by a point A in Fig. 2. 5, the angle
of inclination of the longer interface in
the partition was adopted. x|

Fig. 2.6. 1 shows the frequency of the Fig. 2. 5. Method for measurement of
angle (@) of potential bond cracks, where, inclination angle (6) of bond
the ordinate of Fig. 2. 6. 1 represents the crack.
ratio of the number of measured angle at
each 10 deg. to the total number of measured
angles. The frequency of # of potential bond cracks is largest in the range of @
from 0 to 10 deg., independently of the type of coarse aggregate and the water-
cement ratio, as shown in Fig. 2. 6. 1. This was resulted from that the potential
cracks are usually present beneath the coarse aggregate particles.

The frequency of @ at the failure of specimen is given in Fig. 2. 6. 2, where,
the ordinate represents the ratio of the number of measured angle at each 10 deg.
subtracted by the number of ¢ of potential cracks in Fig. 2. 6. 1 to the total number
of measured angles, that is, the frequency of the angle of bond cracks occurred newly
under the compressive loading. As shown in Fig. 2. 6. 2, the frequency of ¢ at the
failure of specimen is largest at 0=70 deg. for concretes with W/C=0.35 and
at =60 deg. for concretes with W/C=0.65, independently of the type of coarse
aggregate used.

03 0.3 w/C
?« w/c 035 065
¢x\<,«\§ CC-NA 035 oﬁs Cona e ® %
b ) - L e e O
0-2 ﬁ*' : o 02 ce-Le o //%‘ .
YN cc-Lc © / i:‘g
4 <t ,0/
E %x“ \\\4 = /’Q/
0.1t \*‘C:Q) 0.1} /8/
\ 7/
§/Fc=0 N\ Y WA 6 /Fec=1.0
0 : ‘\“\QEQL‘B 0 %fé; ) .
o 30 60 80 0 30 60 90
9° 8°
Fig. 2. 6. 1. In the case of 0/F¢=0 Fig. 2. 2. 2. In the case of ¢/F¢=1.0

Fig. 2. 6. Frequency of inclination angle of bond crack.

By using the above results, some information for the aggregate-matrix bond
can be obtained. When the compressive stress (o.) is applied concentrically to the
specimen as shown in Fig. 2. 7 (a), normal stress (¢,) and tangential stress ()
occur at the interface as shown in Fig. 2. 7 (b). If it is assumed that the bond
crack will occur at the interface when a Mohr’s stress circle shown in Fig. 2. 7 (b)
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comes in contact with the straight line represented by Eq. (2. 1), the angle of
friction (¢) in Eq. (2. 1) can be related to the angle of inclination of bond crack
() by Eq. (2. 2).

r=c—tan ¢-o (2. D
$p=20—90° (2. 2)
where, ¢: cohesion ¢ angle of friction

7. shear stress o¢: mnormal stress

As described above, the frequency of

# at the failure of specimen was largest
at 0=70 deg. and 60 deg. for concretes |
with W/C=0.35 and 0.65, respectively.
Therefore, it could be evaluated that the

angles of friction (¢) were about 50 deg. z
and 30 deg. for concretes with W/C=0. 35 e

and 0. 65, respectively, and the larger the Matrix ;

smaller the water-cement ratio. t ° Gn S
Since the state of internal stress in (a) (b)

real concrete is never uniaxial as shown Fig. 2.7. Schematic bond failure criterion

in Fig. 2. 7 (a), the results obtained from at the interface between coarse

such a simplified model as described above aggregate and mortar matrix.

are not necessarily applicable to real con-

crete.

2. 3. 2. Relation between progressive microcracking and particular shape
of stress-strain curve of concrete

In this clause, the progressive microcracking obtained by Exp.- . 2 will be dis-
cussed in terms of the particular shape of stress-strain curve of concrete.

Table 2. 5 indicates the stresses at the beginning of propagation of bond crack
(oy), mortar crack (on.), aggregate crack (¢,;) and continuous crack (0ym), together
with the compressive strength of plate specimens (F.;). Each of values in Table 2.

Table 2. 5. Stresses at the initiation and propagation of various microcracks.

Notation of [ O mt Oat Thm Fes
. w/C  (kg/ (kg/ (kg/ (kg/ (kg/ 0o/ Fes | Ome/Fes| Gat/ Fes | Oom/ Fes
specimen cm?) ‘ cm?) | em?) | cm?) | cm?)
SC-NA 0.45 195 255 - 332 342 0.57 0.75 — 0.97
SC-NA 0.55 156 287 —- 260 271 0.58 0.69 — 0.96
SC-NA 0.70 107 122 — 165 172 0.62 0.71 — 0.96
SC-LC 0.55 e 107 135 182 190 — 0.56 0.71 0.96

[Notation] ¢,: Stress at the propagation of bond crack,
ome . Stress at the initiation of mortar crack,
gar: Stress at the initiation of aggregate crack,
Oym @ Stress at the formation of continuous crack interconnected mortar
crack to bond crack or aggregate crack,
Fes: Compressive strength of sliced plate specimen.
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5 is the average obtained by three specimens. The strains (e) at the various
locations in the specimen are plotted in Figs. 2. 8. 1 through 2. 8. 4 against the
stress (o), together with the stress (¢) - strain (&) curve of the companion cylinder.

(1) Initial loading stage }

The value of strain varies noticeably with the location in the specimen even at
the initial loading stage, as shown in Figs. 2. 8. 1 through 2. 8. 4. For normal
concrete, the strain of Gage No. 5, i. e., the strain in y-direction at the interface
between mortar matrix and the bottom surface of coarse aggregate particle is
largest at this loading stage and the rate of increase of strain at this location
decreases with stress. However, the strain of Gage No. 6, i. e., the strain in ¥-
direction at the interface between mortar matrix and the top surface of coarse
aggregate particle is smaller than that of Gage No. 5 for the same stress level.
Accordingly, the large strain of Gage No. 5 was appeared to be resulted from the
deformation of weak layer beneath the coarse aggregate particle or potential bond
cracks.

& (kglem?)
—_ 400 - 6 (kgfem?)
~ - e
2 1 \\ 10 ~. 300 /,/
\\ 2 N 10 Z ’/é 1 35
5 Vi
‘;b\\“\‘ L
=y
Y :
SC-NA SC-NA
WIC=0.45 WiC=0.55
10 0 -10 -20 10 0 -10 -20
Ten.« £ {x10°4)~Comp. Ten.« € (x10* )= Comp.
Fig. 2. 8. 1. Normal concrete (W/C=0.45) Fig. 2. 8. 2. Normal concrete (W/C=0.55)
.6 (kglem?)
N . -
\ e
o (kglem?) \ 7
\ Y
— 200 , i@ w0 5 . »
N 7,00 - LA
=\ Y - ‘02;?\\\\ % R
8 ‘\‘ i z - \\\\ ‘:‘ A\
N\ % \\\?\ ' )
tH AR I iy
\x\, \ WAL T
T AT
-l SC-LC )
SC-NA
W/C=0.70 W/C=0.55
10 o -10 =20 10 0 -10 20
Ten.- € (x10°)~ Comp. Ten. - £ (x1074) — Comp.

Fig. 2. 8. 3. Normal concrete (W/C=0.70) Fig. 2. 8. 4. Lightweight aggregate concrete
(W/C=0.55)

Fig. 2. 8. Stress (0) - strain (¢) relation of plate specimen in Exp.-I. 2.
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The strains of Gage No. 5 at the stress level of 100kg/cm? were approximately
5.2x10-4, 7.3x10-¢ and 9.3x10-¢ for normal concretes with W/C=0.45, 0.55 and
0.70,and 7.1x10-4 for lightweight aggregate concrete with W/C=0.55, respectively.
Namely, they increase with the increasing water-cement ratio. As shown in Fig. 2.
3, the width of potential bond cracks similarly increased with water-cement ratio.
Therefore, it is acceptable that the strain of Gage No. 5 is closely associated with
the width of potential bond cracks.

The strain distributions (¢) in y-direction for normal concrete and lightweight
aggregate concrete with W/C=0.55 are given in Fig. 2. 9, along with the average
strain of Gage No. 1. For normal concrete shown in Fig. 2. 9, the strain of Gage
No. 3, i. e., the strain of mortar matrix between two coarse aggregate particles is
larger than the average strain. Therefore, the stress concentration is induced at this
location. For lightweight aggregate concrete, however, the strain of Gage No. 3 is
smaller than the average strain. It was examined theoretically by authors®7) that
the strain of matrix between two inclusions is smaller than the average, when the
elastic modulus of inclusion is smaller than that of matrix. It is considered by the
above discussion that the elastic modulus of lightweight aggregate used in Exp.- .2
is smaller than that of mortar matrix. Because all lightweight aggregate particles
were cut and their hard shell near the surface was weakened.

G'=75kg/cm? 6’:0150 kgsem?
°

i
1
|
I
‘\
]
i
1
1

Gage No.l

] O

(/z::;,/”///;C—NA
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! L] [«
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PRI PRRPUNSISUE PO

3
nl 2

0 -6 -12
£(x107™)
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i

1
.4 Goge/r\m‘;’

{ 1
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! W/ C=0.55
: 1

I

° o} I
I

‘@’5 @ ‘"@“Q

0 -10 -20
£(x1079

Fig. 2. 9, Strain distribution of plate specimen in longitudinal direction.

(2) Propagation of bond crack

When new bond cracks initiate at the interface between coarse aggregate and
mortar matrix, the strains of Gage No. 7 and Gage No. 8 at the interface indicate
a particular change. That is, the strain of Gage No. 7 begins to increase rather
than decrease with the increasing stress. The relation between the stress and the
average strains of Gage No. 1 and Gage No. 2 deviates from linearity.
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(38) Occurrence of mortar crack and aggregate crack

For normal concrete at the relative stress level of about 0.7, mortar cracks
occur and the rate of increase of strain of Gage No. 9, i. e., the strain of mortar
matrix in x-direction adjacent to coarse aggregate becomes larger rapidly. The
strain of Gage No. 7 at the interface varies from negative to positive in a few
concretes.

For lightweight aggregate concrete, on the other hand, mortar cracks and aggre-
gate cracks occur at the locations of Gage No. 10 and Gage No. 11, respectively,
when the stress level is nearly equal to 53 percent of ultimate. The occurrence of
these cracks is ahead of propagation of bond crack. This result differs from that
obtained by ¢ 10x20 cm cylinders in Exp.- . 1. This difference is probably resulted
from that the elastic modulus and strength of sliced lightweight coarse aggregate
used in Exp.- [. 2 were considerably smaller than those of non-sliced one used in
Exp.-T. 1

(4) Formation of continuous crack pattern

At the stress level larger than about 95 percent of ultimate, mortar cracks
bridge between bond cracks or aggregate cracks to form long continuous crack
patterns and the volume of concrete begins to expand rather than continuing to
contract. The strains of mortar matrix (Gage No. 9) and at the interface (Gage
No. 8) in x-direction also increase rapidly. For normal concrete, the negative
strain of mortar matrix in the neighborhood of the top and bhottom surface of coarse
aggregate particle (Gage No. 3) becomes very large. It was concluded from these
results that the local compressive failure in mortar matrix at this location resulted
in failure of normal concrete. For lightweight aggregate concrete, on the other
hand, it was estimated that the compressive failure in coarse aggregate led the
specimen to failure.

2. 3. 3. Relation between progressive micvocracking and charactervistic
stresses on Stress-strain curve of concrete

Several investigators39’31)34) have already pointed out that the stress-strain
curve of concrete is usually characterized by some critical points, such as propor-
tional limit, initiation stress and critical stress (which are termed “characteristic
stresses” in the present paper), and that these points are more or less associated
with the progressive microcracking of concrete. If the fracture process of concrete
can be indirectly estimated by using such characteristic stresses, the time and
effort required for observation of microcracks in concrete will be considerably
saved. For such a point of view, the relation between the internal microcracking
observed by the direct method and the characteristic stresses on the stress-strain
curve obtained by the indirect method is briefly examined here.

Figs. 2. 10. 1 and 2. 10. 2 indicate the relations between ¢/F., and ¢, and between
o/F. and v, obtained by Exp.- . 1, where, ¢, and e, are longitudinal and circum-
ferential strains measured by 67 mm wire strain gages, respectively, and &, is
volumetric strain and v, is Poisson’s ratio calculated by using e, and e,. The
notations of oy, 0;, and o, in Figs. 2. 10. 1 and 2. 10. 2 represent the characteris-
tic stresses generally termed as follows:

op: proportional limit (the stress at which stress-strain curve deviates from

linearity)3 1)

oin: initiation stress (the stress at which Poisson’s ratio begins to increase

rapidly)34
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ger: critical stress (the stress at which the volume of concrete begins to
expand) 30

v

°
o
e

oos CC-NA
o5 CC-LC
WIC=0.35 LY

W/C=0.85

.
-

0 o
[ H -20 01 02 03 o -20 01 02 03
Ten.~& (x10°%) ~ Comp.  * Ve Ten.—E(x10%)-Comp, Ve

Fig. 2. 10. 1. In the case of W/C=0.35 Fig. 2. 10. 2. In the case of W/C=0.65

Fig. 2.10. Relation between relative amount of stress (0/F.) and various strains (e).

1t is not easy to obtain the above characteristic stresses on the stress-strain
curve of concrete and several methods were devised to obtain them. These methods
will be discussed in detail in the next chapter.

The test results obtained in the present chapter for the relation between the
progressive microcracking and the characteristic stresses are summarized as follows:

i) The ratio of the proportional limit to the compressive strength (¢p/F..) was
about 0.55-0.60, independently of the type of coarse aggregate and the strength of
mortar matrix, and the proportional limit was in good agreement with the stress at
which bond cracks began to propagate at the interface between coarse aggregate
and mortar matrix. Therefore, the proportional limit is likely to correspond to the
first change of the macroscopic surface strain due to the microscopic structural
change in concrete.

il) The ratio of the initiation stress to the compressive strength (¢;,/F..) was
about 0.7-0.75 for lightweight aggregate concrete with W/C=0.35 and for normal
concrete, and about 0.85 for lightweight aggregate concrete with W/C=0.65. The
initiation stress correlated well with the stress at which mortar cracks or aggregate
cracks occurred.

iii) The ratio of the critical stress to the compressive strength (o../F..) was
about 0.85-0.9 for lightweight aggregate concrete with W/C=0.35 and for normal
concrete, and about 0.95 for lightweight aggregate with W/C=0.65. The critical
stress was in good agreement with the stress at which the mortar cracks bridged
between bond cracks or aggregate cracks to form continuous crack patterns.

As described above, the characteristic stresses are closely related to the internal
microcracking in concrete. Therefore, it will be possible to estimate the fracture
process of concrete by such a simple and convenient indirect method.

2. 4. Conclusion

In this chapter, the progressive microcracking in concrete was examined with a
microscope and was related to the particular shape of stress-strain curve of con-
crete made with artificial lightweight aggregate and river gravel.

The test results obtained in the present chapter are summarized as follows:

1) The progressive microcracking in concrete varies considerably with the
type of coarse aggregate used and the strength of mortar matrix. The fracture
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process of concrete is generally characterized by the initiation and propagation of
bond cracks, mortar cracks and aggregate cracks, the formation of continuous crack
patterns consisting of these cracks, and the local compressive failure in mortar
matrix or coarse aggregate,

2) The potential bond cracks are present beneath the coarse aggregate particles
even before loading and their maximum width increases with the increase of water-
cement ratio of mortar matrix.

3) Bond cracks between coarse aggregate and mortar matrix cause the first
structural change of concrete, regardless of the type of coarse aggregate and the
strength of mortar matrix.

4) For normal concrete, the order of microcracking or fracture process was
as follows: (1) beginning of bond crack, (2) appearance of longitudinal tensile
cracking in mortar matrix, and (3) local compressive failure in mortar matrix at
the vicinity of coarse aggregate.

5) The order of fracture process of lightweight aggregate concrete varies with
the strength of mortar matrix. The order of fracture process of low compressive
strength concrete with high water-cement ratio was the same to that of normal
concrete, but the fracture process of high compressive strength concrete was as
follows: (1) beginning of bond crack, (2) simultaneous appearance and growth of
tensile crack in mortar matrix and in coarse aggregate, and (3) compressive failure
in coarse aggregate.

6) Proportional limit, initation stress and critical stress on the stress-strain
curve of concrete correlate well with the stresses at which bond cracks begin to
propagate, mortar cracks initiate and continuous cracks are formed, respectively.

" Therefore, the fracture process of concrete can be indirectly estimated by the
measurement of these characteristic stresses.

3. Characteristic Stresses on Stress-Strain Curve of Concrete

3. 1. Introduction

It was clarified in Chapter 2 that the characteristic stresses such as propor-
tional limit, initiation stress and critical stress on the stress-strain curve of
concrete, are closely related to the progressive microcracking in concrete, and that
the fracture process of concrete can be indirectly estimated by the method utilizing
these characteristic stresses.

The object of the present chapter is to examine, by the indirect method, the
effect of variables related to aggregate, such as the type, size, volume fractions of
fine and coarse aggregates, and the effect of variables related to cement paste or
mortar matrix, such as water-cement ratio and volume fraction of cement on the
fracture process of concrete.

Many investigators39>~42> have already studied on the characteristic stresses
of concrete. The summary of previous investigations is indicated in Table 3. 1,
together with the kind, the observation methods and the observed values of charac-
teristic stresses.

Let us discuss briefly on each of characteristic stresses obtained by previous
studies.
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1) Proportional limit; Proportional limit of concrete (op) was defined by
Kaplan3?) as the stress at which the longitudinal strain subtracted by the strain
which is calculated by using “the trial modulus of elasticity” of concrete becomes
larger than 2x10-6, Kaplan has pointed out that the ratio of the proportional limit
to the compressive strength of concrete (op/F..) is about 0.46-0.51, regardless of
the water-cement ratio. On the other hand, Kato?? has reported that the relative
proportional limit (¢p/F..) obtained by a similar method as Kaplan’s increases with
the strength of concrete.

Some investigators32)35)40) have ascertained that the stress-strain curve of
concrete illustrated in a logarithmic graph is generally represented by three straight
lines, namely, two kinks are present on log stress-log strain plots of concrete. It
may be considered that the first kink corresponds to the proportional limit. Yoko-
michi, Kakuta and Ayuta3® have found that the ratio of the proportional limit
obtained by this method to the compressive strength is hardly influenced by the
water-cement ratio, but Okushima et al.41> have reported that this ratio decreases
with the increasing strength of concrete.

2) Initiation stress; Initiation stress of concrete (o;,) is generally defined as
the stress at which Poisson’s ratio of concrete begins to increase continuously.
Shah and Chandra®4 have found that the initiation stress represents the beginning
of significant inelastic behavior of concrete. There have already been several
studies on the initiation stress of concrete. However, the conclusions obtained by
these studies are not necessarily consistent and the following two opposite results
have been reported: the one?” that the relative initiation stress (o;,/F..) increases
with the compressive strength of concrete (F..) and the other*!’ that the value of
oin/F.. decreases with the value of F...

3) Critical stress; Critical stress of concrete (o.,) was first recognized by
Brandtzaeg3?. At the stress level equal to the critical stress, the volume of con-
crete begins to increase rather than continue to decrease. Since the critical stress
correlates well with the ultimate strength of concrete under repeated and long time
sustained loading, this stress has been often called “true ultimate strength” or “real
strength”3?. Many investigators have studied on the critical stress of concrete but
the various conclusions were obtained. For example, Kato 27, Béres3®) and Hasaba
et al.3® have reported respectively that the relative critical stress (o.,/F.) in-
creases, decreases and does not vary with the strength of concrete.

As described above, many investigators have examined the characteristic stresses
on the stress-strain curve of concrete but the results obtained are very conflicting.
This fact is probably resulted from that the method of testing and the materials
used varied with each of investigations and the substantially identical phenomenon
was understood from different standpoints.

Therefore, the following comprehensive investigations were programmed in the
present chapter for the examination of the effect of variables related to coarse
aggregate and mortar matrix on the characteristic stresses of concrete, including
cement paste or mortar matrix.

3. 2. Test procedure
3. 2. 1. Outline of experiments

The following four series and eight kinds of experiment were carried out by
using ¢ 10x20 cm cylindrical specimens.
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1) Experiment- J[. 1; The experiment for cement paste with various water-
cement ratio (W/C). (hereafter called “P-series”).

2) Experiment- [[. 2; The experiment for mortar matrix with various types
and volume fractions of fine aggregate in mortar (V,o/Vum). (“M-series”).

i) Exp.-Il. 2. 1: The one for the examination of the effect of type and
volume fraction of fine aggregate.

ii) Exp.-I[. 2. 2: The one for the examination of the effect of water-cement
ratio.

3) Experiment-JI. 3; The experiment for concrete consisting of cement paste
matrix and coarse aggregate with various types, sizes (¢,) and volume fractions in
concrete (Vio/Vee). (“PC-series”).

4) Experiment-J[. 4; The experiment for concrete cosisting of mortar matrix
and coarse aggregate with various types, sizes (¢,) and volume fractions in concrete
(Vea/Vee). (*MC-series™).

i) Exp.-M. 4. 1: The one in which the effect of type and size of coarse
aggregate and water-cement ratio of mortar matrix is mainly examined. In this
experiment, the effect of restraint from friction at the ends of specimen on the
critical stress is also examined.

ii) Exp.-Jl. 4. 2: The one in which the effect of type and volume fraction of
coarse aggregate is mainly examined.

iii) Exp.-Il. 4. 3: The one in which the effect of water-cement ratio of
mortar matrix is mainly examined by using the concrete specimens with a constant
volume fraction of fine and coarse aggregate.

iv) Exp.-M[. 4. 4: The one in which the effect of water-cement ratio of
mortar matrix is mainly examined by using concrete specimens with some of mix
proportions described in JASS 5.

Outline of the experiments is shown in Table 3. 2.

Table 3. 2. Outline of experiments.
Table 3, 2. 1. Experiment-T[. 1.

Cement used w/C
Ordinary Portland 0.25, 0.30, 0.35, 0.40
cement 0.45, 0.50, 0.55, 0.60

Table 3. 2. 2. Experiment-J[. 2.

Notation of | Notation of Type of fine }
experiment |  specimen aggregate wic | Via/Vam
! ]
. M-NA River sand f
Exp.-1. 2.1 | ) Lightweight 0.4 0.0, 0.1, 0.2, 0.3,
P | MLP aggregate (L) 0.4, 0.5, 0.6, 0.7
| M-LC ; ” (LC)
; M-NA | River sand 0.35, 0.40, 0 45|
Exp.-M. 2. 2. | Lightweight T 0.4
x M-LC aggregate (LC) | 055, 0.65 !

[Notation] LP: Pelletized-type lightweight aggregate,
LC: Coated-type lightweight aggregate.
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Table 3. 2. 3. Experiment-I[. 3.

Notatfon of Type of coarse $a (mm) w/C Vea/Vee
specimen aggregate

PC-NA River gravel 15-20 0.40

Lightweight
PC-LP aggregate (LP) 15-20 0.40
R Lightweight _

PC-LC aggregate (LC) 15-20 0.40 0, 0.3, 0.4,

PC-DA Crushed andesite 10-15, 15-20, 20-25 0.40 | 9.5 0.6 0.7

PC-SA Crushed sandstone 10-15, 15-20, 20-25 0.40

PC-LI Crushed limestone 15-20 0.40

PC-G Glass beads 13, 18, 28 0.30

PC-S Steel ball 18 0.30

[Notation] ¢, : Size range of coarse aggregate, W/C: Water-cement ratio by weight,
Vea/Vee: Volume fraction of coarse aggregate,
LP: Pelletized-type lightweight aggregate,
LC: Coated-type lightweight aggregate.

Table 3. 2. 4. Experiment-][. 4.

Notation of |Notation of| Lype of aggregate T% W/
. - . VCG/VCC VSG/VQ«
experiment | specimen Fine Coarse |(mm)| ©
‘ 20-25 0.55 0.3 0.52
! 10-15 0. 45 0.3 0.52
MC-NA |River sand River gravel 10-15 PSS 0.15, 0.3, 0.4 | 0.73, 0.52, 0.60
10-15 0.70 0.3 0.52
Exp-N. 4.1 2.5-50.55 0.3 0.52
o ht' 10-150.45 0.3 0.52
MC-LC  |River sand |22 008 1110-15 0.55) 0.15, 0.3, 0.4 | 0.73, 0.52, 0.60
(LC) 10-15 0.70 0.3 0.52
MC-NA |River sand [River gravel 15-20 0. 40
Lightweight| = o010 40 0 1% 0-20
Exp.-W. 4.2 | MC-LP |River sand| E Ly | 15-200.40 0.5
L?gﬁ'tw(eipi . 0,25, 0.3, 0.35
| MC-LC | River saffi___agé (LE) 15-20 0.40 ne B
0. 35
MC-NA River gravel 10-15 |, 40
Exp.-1. 4.3 |River sand Lightweight o 1510.45 0.3 0.48
MC-LC aggrf ate 0.55
(LC)
B 0. 60|
0.45 0.39 0.41
0.50 0.39 0.43
. : 0. 55 0.39 0.44
Exp.-M. 4.4 | MC-NA | River sand [River gravel 10-15
xp-X IVer sand River grav 0.60  0.39 0.45
0.65 0.39 0.47
0. 70! 0.36 0.48
[ Notation] ¢, : Size range of coarse aggregate, W/C: Water-cement ratio,

Vea/Vee: Volume fraction of coarse aggregate,
Vea/Va: Ratio of fine aggregate to total aggregate by volume,
Ve : Volume of total aggregate in concrete.
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3. 2. 2. Fabrication and curing of specimen

(1) Materials used

1) Cement; Ordinary Portland cement was used in all experiments. The comp-
ressive strength of cement used was 410-418 kg/cm? at the age of 28 days.

2) Fine aggregate; Kiso-river and Machiya-river sands, and coated and
pelletized type lightweight aggregates (maximum size=5 mm) were used for fine
aggregate.

3) Coarse aggregate; Kiso-river gravel, coated and pelletized type lightweight
aggregates, crushed andesite, limestone and sandstone, glass beads and steel ball were
used for coarse aggregate. The properties of aggregate used are shown in Table
3. 3.

Table 3. 3. Properties of aggregates used.

Fine- Water | 10%
Notation of Size |Specific ness Bulk |absorp-| crushing
. ¢ Type range ity (mo- density tion value
experimen (mm) gravity dulus| (kg/m?) %) (ton)
River sand Fine 0-5 2.61 | 3.82 | 1602 1.54 —
Exp-I. 2 | and gravel Coarse | 15-20 | 2.52 | 7.00 | 1570 0.82 | 23.7
Exp.-1I. 3 g;ggil;g;;ght Pine 0-5 | 1.94 | 363 1354 | 870  —
Exp.-1. 4.2 (Peﬂetlzig;)e) Coarse |15-20 | 1.30 | 7.00 867 2.78 | 10.8
Exp.-1I. 4.3 gig};gwgﬁht Fine 0-5 1.40 | 4.01 | 1254 16.72 —
(conted-type) | Coarse |15-20 | 1.35 | 7.00 | 843 |11.85 | 8.9
Crushed Small 10-15 | 2.88 | 6.18 | 1570 0.67 | 21.4
Middle |15-20 | 2.79 | 7.02 | 1560 0.81 —
sandstone Large | 20-25 | 2.67 | 7.67 | 1574 0.82 —
Crushed Small 10-15 | 2.70 | 6.25 | 1595 0.40  25.8
) Middle | 15-20 | 2.72 | 7.06 | 1574 0.55 —
Exp.-W. 3 | andesite Large |20-25 | 2.67 | 7.68 | 1595 0.32 —
Crushed
o rone — 15-20 | 2.91 | 7.25 | 1673 0.39 | 19.2
Glass beads — 13,18,28 2.25 e — o —
Steel ball — 18 7.80 — — — —
River sand — 0-2.5 | 2.59 | 1.99 | 1720 2.10 —
Small | 2.5-5 | 2.57 | 5.00 | 1675 0.98 —
Exp-JI. 4.1| River gravel | Middle | 10-15 | 2.55 | 7.00 | 1642 0.57 —
Large | 20-25 | 2.52 | 800 | 1600 0.58 —
Lightweight
aggregate — 10-15 | 1.32 | 7.00 798 8.16 —
(coated-type)
River sand Fine 0-5 2.59 3.24 1670 2.62 —_—
Exp.-1I. 4.4 and gravel Coarse 5-20 2.58 6.71 1661 1.54 —
Lightweight
aggregate — 5-20 1.35 6.42 849 8.76 —
(coated-type)
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The compressive strength (F..), modulus of elasticity (£,) and Poisson’s ratio
(ve) of Kiso-river gravel, crushed limestone and sandstone were measured by using
4Xx4x8 cm prismatic specimens made by cutting from large boulders taken from
the same location as these aggregates. The measured values are shown in Table
3. 4.

Table 3. 4. Mechanical properties of aggregate.

Compressive Modulus of . s .
Type of strength elasticity Poisson’s ratio
aggregate Feo (kg/cm?) | E. (kg/cm?) Vo
River gravel 670 6.57 x 105 0.17
Sandstone 693 6.24 %105 0.19
Limestone 580 5.72x%105 0.23

(2) Outline of mix proportions

Outline of mix proportions has already shown in Tables 3. 2. 1 through 3. 2. 4.
For concretes in Exp.-[[. 4. 1, the volume fraction of fine aggregate in total
aggregate (V;o/V,) was varied with the volume fraction of coarse aggregate in
concrete so as to obtain a workable mix, whereas for concretes in Exp.-J[. 4. 2,
the value of V,/V, was kept to a constant value so as to examine the effect of
the volume fraction of total aggregate on the characteristic stresses of concrete.
On the other hand, for concretes in Exp.-][. 4. 4, the volume fractions of fine and
coarse aggregates varied with the water-cement ratio, since the mix proportions
were determined in accordance with the recommended values in JASS 5.

(3) Fabrication and curing of specimen

¢ 10x20 cm cylindrical specimens were cast in steel molds and compacted by a
vibrating rod. The specimens were stored in the laboratory during about 48 hours
after casting, then remolded and cured in water of a temperature of 20°+1°C up to
the day before testing. All tests were carried out at the age of 28 days.

3. 2. 3. Methods of loading and measurement

With a few exceptions, the specimens were loaded in accordance with the
specified method in JIS A 1108. The loading rate was kept to about 2-3 kg/cm?2/sec.
Several specimens in Exp.-[[. 4. 1, the lubricating pads consisting of a rubber sheet
(0.3 mm in thickness) and an aluminium film (0.1 mm in thickness) with lubricated
surface by silicon grease were inserted between the ends of specimen and the
loading platens, to minimize the frictional restraint effect of lateral deformation
of concrete. The coefficient of friction between the ends of specimen and the
loading platens in this case was about 0. 005.

The longitudinal strain (e,) and the circumferential strain (e,) were measured
by 67 mm wire strain gages and the volumetric strain (e,=¢y—2¢,) and Poisson’s
ratio (v,=¢e,/ey) were calculated by using the measured values of ¢, and ¢,. A
digital strain meter was applied for the strain measurements.
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3. 3. Test results and discussion

3. 8. 1. Method of determination of characteristic stresses

The previous methods for determining the characteristic stresses have been
already outlined in Table 3. 1. Among them, the method for determining the
critical stress by using the stress (o)-volumetric strain (e,) curve is convenient
and the personal factor is hardly involved in judging the value. However, several
methods in Table 3. 1 are not necessarily applicable for the practical use, since the
characteristic stresses cannot be easily obtained and the personal factor is involved
in determining their values. Especially for the determination of initiation stress,
different methods from that suggested by Shah and Chandra?® will be required.
Therefore, several methods applicable to the determination of characteristic stresses
of concrete will be briefly discussed in this clause.

Fig. 3. 1 shows a typical example of
the relation between the circumferential
strain (e.) and the longitudinal strain (e,) o MC-NA
obtained by Exp.-1[. 4. 3. The relation 5 oMe-Lc
can be generally represented by four st-

~ W/C=0.55 i
raight lines. It is comparatively easy to qg g5l Yeeveeso3 /./
obtain three Kkinks determined by four z { / ,
straight lines. Let us designate these w '/6\/ A /MQB/
three kinks as o431, 042 and o,3 (points A, 257 /—/ j%f"
B and C in Fig. 3. 1, respectively) in the S A
smaller order of strain. 0 .
. 0 -5 -0  -15  -20
On the other hand, Fig. 3. 2 shows a €y (x107%)
typical example of the relation between  pig 3 1. Relation between circumferential
the stress (¢) and the longitudinal strain strain (ez) and longitudinal strain
(ey) illustrated in a logarithmic graph. ().

The relation can be usually represented

by three straight lines, as ascertained by
Desayi?2> and Yokomichi et al.?5> Let us
designate two kinks formed by these st-

4ook raight lines as ¢,, and ¢, in the smaller

300} s order of stress. Determination of the

__200} - f{; values of o,; and o,, is easier than that

& PaN & of the values of 041, 042 and o5 described
§1oo above.

© Next, let us consider how these kinks

50 / relate to proportional limit (op), initiation

* MC-NA stress (o0;,) or critical stress (o,,). Table

° MC-LC 3. 5 indicates the ratios of observed values

WIC055 VealVeer03 of op, Gin, Ocr, Ga1, Gaz, Oas, 077 and 012

a2 3 4E a0 20 3040 to the compressive strength (F..) for

Ey(x10%) normal concrete (MC-NA) and lightweight

Fig. 3. 2. Relation between log ¢ and aggregate concrete (MC-LC) with W/C=

log 5. 0.55 in Exp.-I[. 4. 3. As shown in Table

3. 5, the observed values of o¢,; and o,
are in good agreement with proportional
limit (op), and the values of 0,3 and o, with critical stress (g..). Whereas, the
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value of g,, approximately coincides with initiation stress (o).

Table 3. 5. Characteristic stresses obtained by various methods.

Type of concrete op/Fee | 6a1/Fee | 0611/ Fec 6in/Fee | 0aa/Fee | Ger/Fee | 0a3/Fee | 012/ Fec

MC-NA 0.58 0.58 0.57 0.75 0.78 0.84 0.86 0.86
MC-LC 0.64 0.65 0.65 0.84 0.82 0.94 0.96 0.96

Consequently, in the present paper, the characteristic stresses on the stress-
strain curve of concrete were determined by using e,-e, curve, logo-loge, curve
and ¢-¢, curve, in which the characteristic stresses can be determined without
difficulty and personal factor.

3. 3. 2. Characteristic stresses of cement paste

(1) Properties of characteristic stresses

The relation between op/Fep, 0in/Fep and o.,/F.p and W/C obtained by Exp.-II.
1 for cement paste is indicated in Fig. 3. 3, where, F.p is the compressive strength
of cement paste. As in Fig. 3. 3, the relative proportional limit (¢p/F.») of cement
paste increases slightly as the water-cement ratio is increased. The proportional
limit of concrete was approximately con-
sistent with the stress at which the bond
cracks at the interface between coarse 10— @o—g=e o= P
aggregate and mortar matrix begin to e <
propagate, as described in Chapter 2. The
proportional limit was observed even in
cement paste which has no aggregate.
This is probably resulted from that ce-

Q.
Sof e/

ment paste is considered as one kind of S e—s o Ger/Fep
composite material consisting of cement 07 © gin/ Fep
gel and unhydrated cement particles and ® COp/Fep
microcracks occur at .the vicinity of un- OA%'Z 3 T o5 o8 o7
hydrated cement particles or air voids W/C
prior to failure of specimen. Fig. 3. 3. Relation between relative cha-

The relative proportional limit (op/ racteristic stresses (o/F¢p) and water-
F.p) is plotted in Fig. 3. 4 against the cement ratio (W/C) of cement paste.
volume fraction of cement particles in
cement paste (V./V.p), where, V./V.p is
related to W/C by the following equation.

Vc/vcp:;_‘l—'— <3. ]_)

p.(W/C)+1

where, o, : specific gravity of cement.
The relative proportional limit of cement paste (op/F.p) tends to decrease with
the increase of V./V.», as shown in Fig. 3. 4.
On the other hand, the initiation stress (s;,) and the critical stress (o.,) of
cement paste were approximately equal to the compressive strength (F.p). This
fact may be resulted from that the cement paste specimen fails immediately after
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the propagation of the microcracks parallel to the longitudinal axis, since there is
no aggregate as a crack arrestor in cement paste.

0.9
8 0.8 '\v.\./*
o o
él Sy — \
0.7
0.6 : .
0.3 0.4 0.5 0.6

Ve I Vep

Fig. 3. 4. Relation between relative proportional

limit (op/Fep) and volume fraction of

cement

(2) Empirical equations for characteristic stresses
The following equations for the characteristic stresses of cement paste were

obtained by Exp.-T[. 1.

0p/Fop=1—0.5(V,/V,p)

O'in/l;‘cp:1
JCT/FCp:]'

3. 3. 3. Characteristic stresses of mortar

(1) Properties of characteristic stresses of mortar

The relation between 0p/Fim, 0in/Fem and c.r/Fem of mortar made of various
fine aggregates, and V,,/V, obtained by Exp.-[[. 2. 1 is indicated in Fig. 3. 5, where,
Fen and Vio/V, are the compressive strength of mortar and the volume fraction

of fine aggregate, respectively.

(Ve/Vep) of cement paste.

3. 2)
3. 3)
@G 4

The relative characteristic stresess (op/Fem, 0:in/

Fen and o../F.;) decrease as the volume fraction of fine aggregate (Vso/Via)

is increased. This phenomenon may be
caused by that the bond cracks are likely
to initiate and propagate at the interface
between fine aggregate particles and ce-
ment paste matrix, because the area of
interface increases with the value of V,./
Vo

The relative initiation stress (o;n/Fem)
and the relative critical stress (Oer/Fem)
of mortar are approximately constant, in-
dependently of the volume fraction of
cement in cement paste (V,./V.p), as
shown in Fig. 3. 6. However, the relative
proportional limit (op/F.n) slightly dec-
reases as the volume fraction of cement
in cement paste (V./V.p) is increased,
because the value of ¢,/F.p of cement

1-00g=—g—* 2 =T O e
5:\@:_\)* Sdfgkgkikﬁ
A
0\5;\'\0\
X 2N .
° .\\'>~'>{g§-§®\
~ ~ N 3
L R
£ NoNa. ~ o
(3] e ~ L]
w ~zoa
~ \o\:\.,s\:,g
© ERN
0.6 o M-NA - gecriFem \\2
OM=-LP  —-— ginffcm
oM-LC —=—~ gplfem W/C=0.4
0-4 . .
0 0.2 0-4 0.6 0.8
Vsa/Vm
Fig. 3. 5. Relation between relative cha-

racteristic stresses (g/Fcn) and
volume fraction of fine aggre-
gate (Vsa/Vm) of mortar.
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paste matrix decreases with the increase of Ve/Ven.
(2) Empirical equations for characteristic stresses
The following empirical equations were obtained by Exp.-I[. 2.

0p/Fon=1—0. 5(V./Ve)—0.3(V/Vw) (3. 5)
o.in/ch:]-"—O' 35(Vsa/vm> (3' 6>
e/ Fen=1—0.05(V 0/ V) - 3.7

Egs. (3. 5), (3. 6) and (3. 7) correspond to Egs. (3. 2), (3. 3) and (3. 4) for
cement paste, respectively, when the value of Vi/Vn is zero.

Lo
g =10 N e
- (3_— e >\ cl
E0-8 .
i “‘"'\\ P .
S| el
T
061 o M=NA gcrjgcm
T m cm " . . . . .
©M=LC ~m e & p/Fem - Fig. 3. 6. Relation between relative characteristic
os Vsa/Vm=0.4 stresses (0/Fn) :and volume fraction
0.30 0.35 0.40 0.45 0.50 of cement (V./ Vep) of mortar.
Ve / Vep

3. 3. 4. Characteristic stresses of concrete

(1) Properties of characteristic stresses

1) Effect of volume fraction of coarse aggregate

Figs. 3. 7 and 3. 8 show the relation between 0p/Fee, 0in/Foe and o.r/Fce, and
Veo/Vee obtained by Exp.-I[. 3 for PC-series concretes consisting of cement paste
with W/C=0.4 and river gravel (NA), coated type lightweight aggregate (LC) or
pelletized type lightweight aggregate (LP), where, F.. and V../V. are the comp-
ressive strength of concrete and the volume fraction of coarse aggregate in
concrete, respectively. Each of the relative characteristic stresses (¢/F..) tends to
decrease with the increasing volume fraction of coarse aggregate (Vea/Vee). This
reason may be considered as follows: As the area of interface between coarse
aggregate particle and cement paste and the stress concentration in cement paste
or coarse aggregate become larger with the increasing value of Vea/Vee, the various
microcracks are likely to initiate and propagate at the smaller stress level.

On the other hand, the proportional limit and the initiation stress of concrete
with W/C=0.4 as shown in Figs. 3. 7 and 3. 8 are hardly affected by the type
of coarse aggregate used, but the critical stress is slightly larger in lightweight
aggregate concrete than in normal concrete at the same compressive strength.
This fact is probably resulted from that the energy required from the occurrence
of continuous cracks up to failure of concrete is larger in normal concrete, since
the continuous cracks in normal concrete generally propagate around the coarse
aggregate. While, the continuous cracks in lightweight aggregate concrete with
W/C=0. 4 usually penetrated the coarse aggregate, as described in Chapter 2.

Figs. 3. 9 and 3. 10 show the relation between o»/Fc., Gin/Fee and o¢r/Fee, and
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Fig. 3. 7. Relation between relative charac- Fig. 3. 8. Relation between relative critical
teristic stresses (o/F¢) and volume stress (g¢r/Fe) and volume fraction
fraction of coarse aggregate (Ves/ of coarse aggregate (Vea/Vee) of PC-
Ve) of PC-series concrete. series concrete,

Vea/Vee obtained by Exp.-I[. 4. 2 for MC-series concrete. The ratios of charac-
teristic stresses to the compressive strength of concrete (¢/F,.) decrease with
the increase of volume fraction of coarse aggregate (V../V..). However, the
proportional limit and the initiation stress of MC-series concrete are smaller than
those of PC-series concrete at a given compressive strength and volume fraction of
coarse aggregate. This phenomenon can be explained as follows: The characteristic
stresses of PC-series concrete are influenced by only the volume fraction of coarse
aggregate, because PC-series concrete was made with cement paste matrix. While,
the characteristic stresses of MC-series concrete are influenced by the volume
fractions of both fine and coarse aggregates, because the volume fraction of fine
aggregate in total aggregate was kept to 0.5. As described previously, the charac-
teristic stresses of mortar matrix decrease with the increase of volume fraction of
fine aggregate in mortar matrix. Accordingly, the characteristic stresses of MC-
series concrete become smaller than those of PC-series concrete.
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I © o 0.9r
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3 AN — <
= NN g 5 e MC-NA
o TSI, S s
-~ B b =] -
06[ « MC-NA DA MC-LP
o
o MC-LP 6in/ Fec \\\2 ° Mc-Lc W/C=0.4
e MC-LC — — — 6p/ Fec WIC=0.4 0 ’ l .
045 01 0.2 03 0-4 0 01 02 03 0.4
Vea/ Vee Vea/ Vec
Fig. 3. 9. Relation between relative charac- Fig. 3. 10. Relation between relative critical
teristic stresses (0/F¢) and volume stress (0c¢r/Fe) and volume fraction
fraction of coarse aggregate (Via/ of coarse aggregate (Vea/Ve) of MC-
Ve) of MC-series concrete. series concrete.

2) Effect of strength of mortar matrix
In this clause, the effect of the strength of mortar matrix on the characteristic
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stresses of concrete is examined in terms of the volume fraction of cement in
cement paste (V./V.p). The value of V./V.» is approximately proportional to the
compressive strength of concrete, since it is inversely proportional to W/C, as
shown by Eq. (3. 1).

Figs. 3. 11 and 3. 12 indicate the relation between the relative characteristic
stresses (¢/F..) and V./V.» for MC-series concrete obtained by Exp.-I[. 4. 3. The
results obtained from Figs. 3. 11 and 3. 12 are summarized as follows:

10 -0
* MC-NA Omme . N
@\ ° MC-LC .1\—*13;4,/ °
08f o o o9 ./
8 . ° 8
0.6 ;:::-O::x:€}\—<;:><f 0:8 - ® MC-NA
@ MC-LC Veca/Vee=0.3
Oin / Fee
e Gfp/ Fee Vea/Vee:0-3 07 { , ‘
O o o35 040 o4 os0 030 035 040 045 050
Ve/ Vep Ve/Vep
Fig. 3. 11. Relation between relative cha- Fig. 3. 12. Relation between relative critical
racteristic stresses (o/F¢) and volume stress (0er/Fe) and volume fraction of
fraction of cement (V. V) of MC- cement (V./Vep) of MC-series concrete.

series concrete.

i) Relative proportional limit (op/F.) is hardly influenced by the volume
fraction of cement (V./V.p) for both of normal concrete (MC-NA) and lightweight
aggregate concrete (MC-LC).

ii) The relative initiation stress (o:n/F..) of normal concrete is not affected
by the value of V./V.. However, the value of o;n/F.. of lightweight aggregate
concrete increases slightly with the decreasing value of V./V.p. This appears to be
resulted from that the heterogeneity in concrete becomes smaller as the modulus of
elasticity of mortar matrix approaches to that of lightweight aggregate, with the
decreasing value of V,./V.p in the range of V.V .p=0.33-0.48. The results for
the initiation stress of lightweight aggregate concrete in Exp.-J[. 4.3 correlated
well with results for the progressive microcracking described in Chapter 2.

iii) The relative critical stress (o../F..) varies with the type of aggregate
used. The value of o../F.. of lightweight aggregate concrete is approximately
constant, irrespective of the volume fraction of cement (V./V.p). On the other
hand, the value of ¢../F.. of normal concrete tends to increase with the increasing
value of V./V.», because the modulus of elasticity of mortar matrix approaches to
that of river gravel in the range of this experiment, as the value of Vo/Vep is
increased.

(2) Empirical equations for characteristic stresses

As described above, the characteristic stresses of concrete are influenced by
the volume fractions of cement in cement paste (V./V.p), fine aggregate in mortar
(Vsa/Vm) and coarse aggregate in concrete (Veo/Vee). Therefore, the characteristic
stresses of concrete can be generally represented by the following formulas;

dp/Fec:]-'—pkc<Vc/ch> —‘pksa(Vsa/Vm) _pkca(vca/vcc> (3' 8)
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ain/Fcc: 1 _ikc(Vc/ch) ‘-iksa<vsa/vm) ’"ikca<vca/vcc> (3' 9)
O'cf/Fcc:]-"ckc (Vc/vcp) —cksa(Vsa/Vm) _ckuz(Vca/Vcc) (3 10)

where, pke, ike, ok.: empirical constants related to the volume fraction of cement

pEBsas iksa, okse: empirical constants related to the volume fraction of fine
aggregate

pkea, ikeay ckea: empirical constants related to the volume fraction of coarse
aggregate

The empirical constants in these equations represent the degree of the effect
of volume fractions of cement, fine aggregate or coarse aggregate on the charac-
teristic stresses of concrete. Therefore, they are called the “influence factors” for
the characteristic stresses in the present paper.

Egs. (3. 8) through (3. 10) must be consistent with the empirical equations for
cement paste and mortar, when V../V. and V/V. equal to zero and V.o/V..
equals to zero, respectively. Therefore, the values of »ke, ke, ke, pkea, k50, and
«kse can be obtained by Egs. (3. 5) through (3. 7). On the other hand, Egs. (3. 8)
through (3. 10) are rewritten as follows by using the empirical equations (3. 5)
through (3. 7).

dp/Fcc:O'p/ch”"pkca(Vca/Vcc) (3 11)

Gin/Fcc:ain/ch“’ikca<Vaa/V00> (3' 12)

O-C?'/FCCZUCT/FCm—CkCQ<VCG/VCC> (3' 13)

Accordingly, the values of pkeq, ikco and k.. can be represented by

__ GP/chmdp/Fcc

A VA S
— Gin/chvgin/Fcc

ikca”“ Vca/Vcc (3. 15)
f Gcr/ch_Gcr/Fcc

Rea= Vv (3. 16)

The values of right side in Egs. (3. 14) through (3. 16) can be calculated by
using the observed values in Exp.-1[. 2 and 1. 4. Therefore, the values of pkeq; ikea
and .k., can be obtained.

Finally, these empirical constants could be expressed by the following equa-
tions for normal concrete and lightweight aggregate concrete.

For normal concrete;

Rea=0.7—1.2(V./Vp) 3. 17)

k..=0.3 (3. 18)

kee=0.7—1.3(V./V.p) 3. 19
For lightweight aggregate concrete;

2Rea=0.7—1.2(V,/Vp) (3. 20)

kee=—0.84+2.5(V./V.p) 3. 21)
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kea=0.3 (3. 22)

Accordingly, all the influence factors in Egs. (3. 8) through (3. 10) were
determined and the empirical equations for the characteristic stresses of concrete
are represented as follows:

For normal concrete ;

6,/ Foe=1-0.5(V,/V.) —0.3(Vo/V)—[0.7—1.2(V,/V )]
X (Via/Viee) 3. 23)
0/ Foe=1—0.35(V,0/V,)—0.3(Veo/ Vo) (3. 24)
00/ Foe=1—0.05(Vy/V,)—[0.7—1.3(V./Vp) J(Vea/Vee) (3. 25)
For lightweight aggregate concrete ;
0,/ F..=1—0.5(V./V.) —0.3(VW/V,)—[0.7—1.2(V,/V )]

X (Vea/Vee) (3. 26)
Tin/ Fee=1=0.35(Vsa/ V) =[=0.8+2.5(Ve/Vep) J(Vea/ Vee) 3. 27)
0,/ Fee=1-0.05(V/V,) —0.3(V.o/Vee) (3. 28)

The above equations may be called the general equations for the characteristic
stresses of concrete, including the variables related to mix proportions of concrete.

(3) Application of empirical equations for characteristic stresses of concrete

As described previously, test results for the characteristic stresses of concrete
vary extremely with investigators and the reason for this conflict has been left
unknown. However, this reason can be explained by applying Egs. (3. 23) through
(3. 25).

Table 3.6 indicates the mix proportions and the characteristic stresses of normal
concrete observed by Exp.~l[.4.1 and I[.4.4 in the present chapter, and by Kato?”
and Okushima et al.4D, together with the calculated characteristic stresses by Egs.
(3. 23) through (3. 25). 1In Exp.-I[. 4. 4 and Kato’s experiment, the volume frac-
tions of fine aggregate (V./V.) and coarse aggregate (V../V..) were varied with
W/C. While, in Exp.~I[. 4. 1 and Okushima’s experiment, the volume fraction of
coarse aggregate (V../V..) was kept to constant. As indicated in Table 3. 6, the
relative proportional limit (¢p/F.) and the relative initiation stress (o:n/Fec)
obtained by Exp.-I[. 4. 4 and Kato’s experiment decrease with the increasing value
of W/C. On the other hand, the value of op/F.. and ¢;./F.. obtained by Exp.-][.
4. 1 and Okushima’s experiment slightly increase with the increasing value of W/C.
These observed values were in good agreement with the calculated values. That is,
the characteristic stresses of concrete decrease or increase, according to the mix
proportions.

(4) Effect of type of coarse aggregate

Figs. 3. 13 through 3. 15 show the relation between ¢p/Fcc, 0in/Fee and oor/Fee,
and V../V.. obtained by Exp.-I[. 3 for PC-series concrete made with cement paste
matrix and river gravel (NA), crushed sandstone (SA) or limestone (LI) with
15-20 mm size range, and glass beads (G) or steel ball (S8) with 18 mm particle
size. The influence factors of coarse aggregate in these concretes represented by
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Egs. (3. 14) through (3. 16) and the modulus of elasticity (E,) of the above aggre-
gates are given in Table 3. 7. As shown in Figs. 3. 13 through 3. 15 and Table 3.
7, the relative initiation stress (¢:n/F..) and the relative critical stress (o.r/Fec)
were usually smaller the larger the modulus of elasticity of aggregate. Especially,
each of characteristic stresses of concrete made with steel ball aggregate (PC-S
specimen) were considerably smaller than those of concretes made with river gravel
or crushed limestone (PC-NA or PC-LI specimen, respectively). This is probably
caused from that the heterogeneity in concrete increases as the difference of elastic
moduli in coarse aggregate and matrix is increased. On the other hand, the value
of pkes, ie., the influence factor of coarse aggregate for the proportional limit of
concrete made with crushed limestone aggregate (PC-LI specimen) is considerably
smaller than that of concrete made with river gravel (PC-NA specimen), although
the modulus of elasticity of crushed limestone is approximately equal to that of
river gravel. This phenomenon can be explained as follows: The bond between
coarse aggregate and cement paste matrix for PC-LI specimen is strengthened by
the chemical bonding effect between cement paste and silica in the limestone.
Therefore, the initiation of bond cracks in PC-LI specimen was delayed, compared
with PC-NA specimen.

1.0 1.0 ;
® PC-NA (W/C=0.4)
© PC-SA( -~ )
< PC-L1 (. )

0.8

® PC- NA (W/C=0.4)
ePC-SA( + )
061 Lpc-L1( s )
o PC-G (W/C=0.3)

)

&in/ Fec

© pC-G (WiC=03) X PC-S (
X PC-S ( )
0.4 4 - . 04 '
0 0.2 0.4 0.6 0.8 0 02 0-4 06 08
VealVee Veal Ve
Fig. 3. 13. Effect of type of coarse aggre- Fig. 3. 14. Effect of type of coarse aggre-
gate on relative proportional limit gate on relative initiation stress (0ia/
(op/Fc) of PC-series concrete. F.) of PC-series concrete.
1.0¢
.\,:0
0.9 S
i3}
W
~ ot
g e PC-NA (WIC:0-4)
0.8k © PC-SA (» 20.4)
< PC-LI (» «0.4)
; ig:g f :33 Fig. 3. 15. Effect of type of coarse aggregate on
07 ] . . relative critical stress (g¢r/Fee) of PC-
“o 02 0.4 06 0.8 series concrete.

Vea/ Vee



Mechanism of Fracture and Failure of Concrete as a Composite Material 243

Table 3. 7. Influence factor due to coarse aggregate.

Type of coarse Notation Ea ohen e s
aggregate (kg/cm?)
River gravel NA 6.57 %105 0.33 0.38 0.17
Limestone LI 5.72x105 0.20 0.31 0.11
Sandstone SA 6.24 <105 0.33 0.36 0.13
Glass beads G (7x10%) 0.24 0.52 0.26
Steel ball S (21x105) 0.46 0.59 0.33

(5) Effect of size of aggregate

Figs. 3. 16 and 3. 17 indicate the relation between the relative characteristic
stresses (o/F..) and the size of aggregate (¢,). As shown in these figures, each
of characteristic stresses of concrete is fairly smaller than that of cement paste
illustrated at ¢,=0. However, the decrease rate of the relative characteristic
stresses with the increasing size of aggregate is relatively small. In general, with
the increasing size of aggregate, bleeding beneath the coarse aggregate particles
increases®® and the bond cracks begin to propagate at the smaller stress level.
Therefore, it is considered that the characteristic stresses, such as proportional
limit (op) become smaller with the increasing size of aggregate. On the other hand,
with the increasing size of aggregate, the area of interface between coarse aggre-
gate and matrix decreases for the concrete with a constant volume fraction of
coarse aggregate, that is, the possibility of the occurrence of bond cracks become
smaller. Therefore, it seems that the characteristic stresses becomes larger with
the increasing size of aggregate.

The fact that the relative characteristic stresses decreased with the increasing
size of aggregate may be caused by that the effect of the former is dominant,
compared with that of the latter.

® MC=-NA (Vca/Vee=03) AN
sPC-G ( + =03) B O
: N
>\<§\¢ o 0.9 -&o‘"m ----- 0
AS
e, & E=—.
T--3oIIT N ~e
e T T T ® \80 8 e MC-NA (VealVee =0.3)
__________ . ’ oPC-G ( » =04)
© PC~DA (Vca/Vec=0.4) &inl Fee % OPC-DA( . =04)
< PC-SA ( 2 ) ———6plFc
04 . 0.7
0 10 20 30 0 10 20 30
$a(mm) P$a(mm)
Fig. 3. 16. Effect of size of aggregate (85) Fig. 3. 17. Effect of size of aggregate (¢q)
on relative proportional limit (6p/Fec) on relative critical stress (ger/Fec).

and relative initiation stress (din/
Fee).
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(6) Effect of end condition of specimen

As described in Chapter 2, critical stress approximately coincides with the
stress at which the long continuous cracks are formed. Consequently, when the
frictional restraint effect of the ends of specimen is eliminated, it is expected that
the specimen fails simultaneously at the formation of continuous cracks. This ex-
pectation was ascertained in Exp.-I[. 4. 1. Fig. 3. 18 indicates the stress (o)-
strain () curves of PA-series specimen which was loaded by inserting the lubri-
cating pads between the ends of specimen and the loading platens, and NO-series
specimen which was loaded under the normal loading condition specified in JIS A
1108. As shown in Fig. 3. 18, the stress-strain curves of both specimens are hardly
different at the lower stress than the critical stress (o.,). At the higher stress
than the critical stress, NO-series specimen can sustain the load, but PA-series
specimen failed simultaneously at the critical stress.

Fig. 3. 19 shows the relation between F./F.. and o../F., where, pF. and
F.. are the compressive strengths of PA-series specimen and NO-series specimen,
respectively. The compressive strength of PA-series specimen is approximately
consistent with the critical stress of NO-series specimen. Accordingly, it may be
concluded that the critical stress is a basic characteristic property of concrete
which is not affected by the loading method,

10
e
o
./.
‘Glkg/em’) i L]
408 V4
T ® ./‘.o
200} S ‘e &
w S
[y .
08f /e
-« NO-Series 100r /
°PA-Series /
i n O 1 1 O 7 1 i
0 - -2 01 02 03 0.7 0.8 0.9 1.0
Ten.+£(x10%)+Comp. Ve Ger ! Fec '

Fig. 3. 18. Effect of end condition of spe- Fig. 3. 19. Relation between relative com-
cimen on stress (¢) - strain (¢) and pressive strength (pF¢/Fe) of PA-
stress (o) - Poisson’s ratio (v.) rela- series specimen and relative critical
tions. stress (ger/Fee) of NO-series specimen.

3. 4. Conclusion

In this chapter, the fracture process of concrete was represented indirectly by
the characteristic stresses, such as proportional limit, initiation stress and critical
stress on the stress-strain curve of concrete, and the effect of various factors
related to aggregate and matrix was examined by a series of experiments.

The main results obtained in the present chapter are summarized as follows :

1) The ratio of the proportional limit to the compressive strength of cement
paste (op/F.p) decreases with the increasing volume fraction of cement in cement
paste (V./V.p), but the initiation stress and the critical stress of cement paste
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approximately coincide with the compressive strength. ' :

2). The ratio of the proportional limit to the compressive strength of morta
(0p/Fcn) decreases with the increasing volume fractions of cement in cement paste
(V¢/Vep) and fine aggregate in mortar (Vso/Vm). On the other hand, the ratios of
the initiation stress and the critical stress to the compressive strength of mortar
(0in/Fen and o../F ., respectively) decrease with the increasing value of Vio/V .

3) The ratios of the proportional limit, the initiation stress and the critical
stress to the compressive strength of concrete (69/Fec, 0in/Fee and o,,/F,,, res-
pectively) decrease with the increase of volume fractions of coarse aggregate in
concrete (V.o/V..) and fine aggregate in mortar matrix (Vsa/Vm). The effect of
V./V.» on these characteristic stresses varies with the type of coarse aggregate
used and the mix proportions. The relative characteristic stresses of concrete
decrease or increase according to the change of mix proportions.

4) The relative characteristic stresses (09/Fec, 0in/Fe. and 6.,/F,.) are re-
presented by the empirical equations (3. 23) through (3. 25) for normal concrete
and (3. 26) through (3. 28) for lightweight aggregate concrete. These equations
are also applicable to estimating the characteristic stresses of cement paste and
mortar, when the values of V.o/V.. and V,,/V. equal to zero and the value of Vea/
V.. equals to zero, respectively.

5) The difference of test results for the characteristic stresses of concrete
obtained by previous investigators was resulted from the difference in the mix
proportions of concrete used in each of investigations.

6) The relative characteristic stresses (09/Fee, 05n/F.. and 0../F.) increase
as the elastic modulus of matrix approaches to that of coarse aggregate.

7) The critical stress of concrete obtained under the normal testing condition
specified in JIS A 1108 ‘correlates well with the compressive strength of concrete
obtained under the test in which the frictional restraint effect of the ends of
specimen is eliminated.

4, Model Analysis of Fracture and Failure of Concrete

4. 1. Introduction

There have been many attempts over the years to explain the mechanical pro-
perties of concrete with the help of various structural and interparticle models39~
2. Especially in recent years, many structural models for the examination of
mechanical properties of concrete under uniaxial compression have been proposed, as
shown in Table 1.1,43)~55) Among them, Shah and Winter¢?® have used a prismatic
mortar specimen having a cylindrical aggregate, and pointed out that the progressive
microcracking in concrete at the structural level closely relates to the particular
shape of the stress-strain curve of concrete at the phenomenological level. Wischers
and Lusche®® have used a prismatic plate model having two cylindrical or prismatic
aggregates, and found that the stress concentration in concrete is noticeably affected
by the shape of aggregate and the clear distance between two aggregates. Buyukoz-
turk, Nilson and Slate® have indicated that the bond cracks initiate at the load
of about 45 percent of ultimate and are interconnected to mortar cracks at the
load of about 82 percent of ultimate, by using the model having nine cylindrical



246 Y. Tanigawa and Y. Kosaka

aggregates embedded regularly in mortar matrix. Liu, Nilson and Slate?3’ have
applied a plate model embedded many aggregates randomly, and obtained the
following results: 1) Bond cracks initiate at the load of about 65 percent of
ultimate, 2) mortar cracks bridge between bond cracks to form the continuous
crack patterns at the load of about 85 percent of ultimate, and 3) the specimen
shows the splitting failure caused by the longitudinal continuous cracks.

As described above, there have been many investigations used the structural
models but in most of investigations, a fixed quality of aggregate was applied.
Therefore, few studies have examined in detail the effect of the mechanical pro-
perties of aggregate on the fracture and failure of concrete by the model analysis.

In addition to the studies used a simplified model specimen as described above,
there have been several investigations in which were used ordinary shaped concrete
specimens having various model aggregates with known qualities and were examined
the effect of the mechanical properties and the surface texture of aggregate on the
properties of concrete45’5455)6364)  Among the investigators who have examined
the effect of the surface condition of coarse aggregate on the compressive strength
of . concrete, Darwin and Slate®? and Soshiroda et al.5®) have found this effect to
be negligible, while Nepper-Christensen and Nielsen®4> and authors®%> have indicated
this effect to be noticeable.

On the other hand, Okajima5+’ and authors4%> have ascertained that the comp-
ressive strength of concrete is affected by the modular ratio of mortar matrix
and coarse aggregate. But a detailed examination for this reason has not been
made.

The main object of the present chapter is to examine the effect of the
mechanical properties and the surface condition of coarse aggregate on the fracture
and failure of concrete. This chapter is characterized by using a simplified model
with an aggregate made of mortar whose mechanical properties and surface condition
can be easily changed. '

4. 2. Test procedure

4. 2. 1. Outline of experiments

The following three series and five kinds of experiment were conducted in the
present chapter. Outline of the experiments is shown in Tables 4. 1. 1 through 4.
1. 3

1) Experiment-Iy. 1; The object of Exp.-IV. 1 is to examine the bond pro-
perties between mortar matrix and coarse aggregate and to obtain fundamental
data for analyzing the test results of Exp.-IV. 2 described later. In Exp.-lV. 1. 1,
the effects of the water-cement ratio (W/C) and the surface condition of coarse
aggregate on the flexual bond strength were examined. The specimen and the loading
method in Exp.-[¥. 1. 1 are shown in Fig. 4. 1. 1. Five types of surface condition
of aggregate were prepared, as shown in Table 4. 2. The thickness of epoxy resin
used in B-series specimen with a bonded aggregate was kept to about 1 mm.

On the other hand, the shear-compressive bond strength between mortar matrix
and aggregate was obtained in Exp.-IV. 1. 2, by using 4x4 %16 cm prismatic specimen
shown in Fig. 4. 1. 2. The variables in Exp.-lV. 1. 2 are as follows: five kinds of
6 (the angle of inclination of the interface between mortar matrix and aggregate
to the lateral axis of specimen), three kinds of W/C and four kinds of surface
condition of aggregate (N-series, B-series, R-series and P-series in Table 4. 2).
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Table 4, 1. Outline of experiments.
Table 4. 1. 1. Experiment-Jy. 1.
Notation of Surface condition W/C of W/C (S/C2)
. . 0 (deg)®
experiment of aggregatel) matrix of aggregate
0.3 (0.2)
Exp.-T¥. 1. 1 N,O,B, R P 0.6 0.6 (2.0) —
0.9 (3.5
0.3 (0.2)
N, R, P 0.6 0.6 (2.0) 30, 45, 55, 65, 75
Exp.-TV. 1.2 0.9 (3.5)
B 0.6 0.6 (2.0) 15, 30, 45, 60, 75

[Notation] 1) see Table 4. 2.
2) Sand-cement ratio by weight.
3) Angle of inclination of boundary layer to horizontal plane.

Table 4. 1. 2. Experiment-Iy. 2.

Notation of Surface condition W/C of Type of W/C of
experiment of aggregate matrix aggregate aggregate
’ Mortar 0.3
Exp.-¥. 2. 1 N, R, P 0.6 Mortar 0.6
Mortar 0.9
Mortar 0.3
E 2. 2 N O B 0.6 Mortar 0.6
xp-IV. 2. T ) Mortar 0.9
Steel —
Table 4. 1. 3. Experiment-Jy. 3,
Notation of W/C of ) W/C (Vsa/Va?)
. Vea/ Ve .
specimen aggregate of matrix
MC-MH 0. 40 0.30 (0.11), 0.35 (0.28), 0.40 (0.57)
0.3 0.45 (0.59), 0.55 (0.61)
MC-ML | 0.55 | 0.65 (0.62), 0.75 (0.63)
[Notation] 1) Volume fraction of coarse aggregate.
2) Ratio of fine aggregate to total aggregate by volume.
]r-—— bem —-{ —
a—ra—Matrix '
P 5§ ¢
] f“ £ I ~—~~Aggregate
g 2 —Baundary f
-t ayer P » i
Matrix Aggregate - l Matrix
- - L
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Fig. 4. 1. 1. Exp.-[V. 1. 1

Fig. 4. 1. 2. Exp.-F¥. 1. 2

Fig. 4. 1. Specimen.

Fig. 4. 1. 3. Exp.-TV. 2
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Table 4. 2. Surface condition of mortar aggregate.

Notation of

. Type of specimen
specimen yp P

Specimen having an aggregate with a normal surface texture which has
N-series been left alone after removed from the mold until being cast in mortar
matrix

Specimen having an aggregate whose surface is covered with a
O-series polyethylene sheet (20x in thickness) to eliminate the bonding effect
- between mortar matrix and aggregate

Specimen having an aggregate adhered to mortar matrix by epoxy

B-series
resin
. Specimen having an aggregate with a jagged surface (Imm in depth
R-series . . .
and 1.5 mm in distance of jaggedness)
B . Specimen having an aggregate whose surface is ground by sand-paper
-series

(480)

2) Experiment-]y. 2; The object of Exp.-lV. 2 is to examine the effect of
the mechanical properties and the surface condition of aggregate on the fracture
and failure of model concrete. Prismatic model concretes of 5x10cm in section and
20 cm in height embedded a cylindrical mortar aggregate of 5 cm in diameter in
mortar matrix were prepared. Three kinds of water-cement ratio (W/C) were
chosen for mortar aggregate, while the value of W/C for mortar matrix was kept
to 0. 6. .

Exp.-lV. 2 was subdivided into Exp.-IV. 2. 1 and Exp.-lV. 2. 2. In Exp.-lV. 2. ],
N-series, R-series and P-series (see Table 4. 2) were applied and in Exp.-lV. 2. 2,
N-series, B-series and O-series (see Table 4. 2) were applied for the surface
condition of coarse aggregate. That is, the bond properties between mortar matrix
and aggregate in Exp.-lV. 2. 1 and Exp.-IV. 2. 2 were changed by changing the
surface roughness of aggregate and by inserting a different material from mortar
matrix or aggregate between them, respectively.

H-series specimen, i. e., the specimen with a cylindrical hole of 5 cm in
diameter in the central portion of specimen was also prepared in Exp.-[V. 2.

3) Experiment-]y. 3; The object of Exp.-IV. 3 is to examine the effect of
the mechanical properties of coarse aggregate on the compressive strength of
concrete. The cylindrical specimen of 10 cm in diameter and 20 cm in height was
used and the spherical mortar aggregate of about 2 cm in diameter was prepared
for coarse aggregate. The aggregate was made by grinding the edges of 2 cm
mortar cube. The volume fraction of coarse aggregate in concrete was kept to 0. 3.
The variables of Exp.-]V. 3 are as follows: two kinds of W/C of mortar aggregate
and seven kinds of W/C of mortar matrix as shown in Table 4. 1. 3.

4. 2. 2. Fabrication and curing of specimen

(1) Materials used
i) Cement; High-early strength Portland cement was used. The compressive
strength of cement was 398-422 kg/cm? at the age of 28 days.
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i) Fine aggregate; Kiso-river sand (maximum size = 2.5 mm, specific gravity
= 2.59, fineness modulus = 1.99, water absorption at 24 hours = 2. 1 percent) was
prepared for fine aggregate.

iii) Coarse aggregate; Mortar aggregate was used as coarse aggregate. In
addition, steel aggregate was also used in Exp.-IV. 2. 2. The compressive strength
(F.), tensile splitting strength (F,) and modulus of elasticity (E) at a stress level
of one-third the compressive strength obtained by ¢10x20 cm cylinders are shown
in Table 4. 3. Subscripts “m” and “4” in Table 4. 3 represent mortar matrix
and aggregate, respectively. ,

The modulus of elasticity of epoxy resin used for adhering the aggregate to
mortar matrix in B-series specimen was of the order of 4x 103 to 7x103 kg/cm?
at the age of test.

Table 4. 3. Mechanical properties of mortar matrix and aggregate,

Notation of Matrix Aggregate Ny
ceriment | W/C o B L (ega | Ea “Fen BalBm
experimen / ! ,
rpenm cr%?) c;gxﬂ)!(kg/cmz) c§12) c?n/2) (kg/cm?)
Bxp-T. 1. 2 279 | 23.0 | 2.05x105 0.3 | 557 | 38.2 | 2.47x105 | 2.00 | 1.20
C O 10.67 290 |26.2 | 1.89%105 0.6 | 292 | 27.0 | 1.92x105 | 1.01| 1.02
Exp-lV. 2.1 1 | 9260 26.3 | 192105 0.9 161 13.1| 1.06x105 | 0.62 | 0.55
| 252 | 23.5 | 2.00x105 0.3 = 640 | 44.0  2.74x105 | 2.57 | 1.37
Exp.-IV. 1.1 0.6 | 259 2.8 2.07x10° 0.6 | 269 |25.6| 2.08x105 1.04 1.0
Exp-IV.2.2 | | 242|21.0 | 1.96x105 0.9 | 104 | 11.9| 1.19%105  0.43 0.61

250 | 22.3 | 2.12x 105 (Steel) | — — | (21.0x105)] — 1(10.3)

0.30 | 632 42.0  2.65x105
0.35 | 530 | 37.2 | 2.52105
v 0.40 | 461 | 36.0 | 2.31x105
Exp-IV. 3 | 0.45 389 30.3 | 2.21x105
0-55 308 27.0 | 1.98x10% 55| 18| 95,2 | 2.05%105
0.65| 249 | 23.1 | 1.93x105
0.75| 204 |20.1| 1.75x105

0.40 | 465 | 36.5 | 2.48x105 | — —

[Subscript] m: Matrix. a: Aggregate

(2) Fabrication and curing of specimen

The procedure of the fabrication of specimens in Exp.-lV. 2 is as follows:
Mortar matrix was cast in steel mold after a cylindrical aggregate was carefully
fixed to the central portion of mold. The direction of casting was vertical to the
loading axis. In Exp.-l. 3, the following procedure was applied to keep the volume
fraction of coarse aggregate in concrete to the fixed value. Initially, mortar matrix
was mixed by a pan-type mixer. The coarse aggregate corresponding to the volume
fraction in a ¢10x20 cm concrete cylinder and the premixed mortar matrix were
again mixed by hand and cast in steel mold. }

All specimens were cured in the room at a temperature of 20°+1°C and a
relative humidity of 90+5 percent until the tests. The tests were carried out at
the age of 7 days of mortar matrix (corresponding to the age of 10 days of mortar.
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aggregate).

4. 2. 3. Methods of loading and measurement

The specimens were loaded in' a hydraulic testing machine and the loading rate
was kept to about 2-3 kg/cm?/sec. up to the failure of specimens. In Exp.-IV. 2,
the lubricating pads described in Chapters 2 and 3 were interposed between the
ends of specimen and the loading platens, to minimize the restraint effect of the
lateral deformation of specimen.

67 mm and 10 mm length wire strain gages were applied for the measurement
of strain distribution in the specimen.

4. 3, Test results and discuséion

4. 8. 1. Bond strength between mortar matvix and coarse aggregate

(1) Flexual bond strength

Fig. 4. 2 indicates the relation between F, and W/C obtained by Exp.-IV. L. 1,
where, Fy and W/C are the flexual bond strength between mortar matrix and aggre-
gate and the water-cement ratio of mortar

aggregate, respectively. As shown in Fig. 30

4. 2, the flexual bond strength (F,) is

hardly affected by the value of W/C but $—+ +
varies noticeably with the surface condi- € 20t G’\'\@Mo
tion of aggregate. That is, the flexual % 8——

bond strengths of B-series specimen with = # B-Series —2
a bonded aggregate, R-series specimen & 10 © R-Series

with a rough-textured aggregate, N-series o Nogeres

specimen with a normal-textured aggregate 0 . . .
and P-series specimen with a smooth-tex- 03 WO/% 09

tured aggregate were about 24‘.26’ 18-21, Fig. 4. 2. Relation between flexual bond
13-16 and 12-15 kg/cm?, respectively. The .
. N strength (Fp) and water-cement ratio

flexual bond strength of O-series specimen of mortar aggregate (W/C).
with a bond-reduced aggregate was negli-
gible.

(2) Shear-compressive bond strength

R-series, N-series, B-series and P-series specimens with various inclination
angles (6) of the interface between aggregate and mortar matrix were uniaxially
compressed to obtain the bond strength under combined compression and shear. The
relations between r, and o, obtained by Exp.-IV. 1. 2 are given in Figs. 4.3.1 through
4. 3. 3, where, r, and o, are the tangential stress and the normal stress at the
interface, respectively. The figures of 30, 60 and 90 in Fig. 4. 3 represent the
percentages of water-cement ratio of mortar aggregate. As indicated in Fig. 4.3, the
relation between r, and ¢, can be approximately expressed by the following formula.

T,=C—tan ¢.q, 4. D

where, ¢ and ¢ are empirical constants generally termed cohesive strength

and angle of friction, respectively.
The observed values of ¢ and ¢ in Eq. (4. 1) are indicated in Table 4. 4. As
indicated in Table 4. 4, the observed angle of friction (¢) is largest in R-series
specimen with a rough-textured aggregate and is smallest in B-series specimen with
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Fig. 4. 3. Relation between shear stress (tp) and normal stress (o,) at the interface
between aggregate and mortar matrix at failure.

a bonded aggregate at a given water-cement ratio of mortar aggregate. Besides the
value of ¢ slightly decreases with the increasing value of W/C at a given surface

condition of aggregate.

On the other hand, the cohesive strength (¢) of the specimens with W/C=0.3
is approximately equal to that of the specimens with W/C=0.6. This may be
resulted from that the water-cement ratio of mortar matrix was kept to 0.6 and

Table 4. 4. Measured values of ¢ and ¢ (Exp.-IV. 2).

Surface condition wW/C=0.3 wW/C=0.6 wW/C=0.9
of aggregate ¢ (kg/cm?)| ¢ (deg.)| ¢ (kg/cm?)| ¢ (deg.)| ¢ (kg/cm?2)|¢ (deg.)
N-series 32 33 35 34 22 30
B-series - — 35 22 — —
R-series 33 | 51 30 48 26 45
P-series 29 | 36 29 33 18 30
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the sliding failure at the interface of both specimens was mainly dependent on the
failure of mortar matrix.

The sliding at the interface was not appeared in N-series, P-series and R-series
specimens with =30 deg. and in B-series specimen with #=15 deg.

The relative deformation between mortar matrix and aggregate was measured
by a microscope with 100 powers magnification and wire strain gages, but was not
appeared prior to the sliding failure of specimen.

4. 3. 2. Stress-strain relation of model concrete

It is important for understanding the fracture process of concrete to examine
the 'state- of strain at aggregate, mortar matrix and the interface between mortar
matrix and aggregate in model concretes under the increasing load.

In the present clause, the effect of the mechanical properties and the surface
condition of aggregate on the fracture process of model concrete will be discussed,
in terms of the stress-strain relations of model concrete obtained in Exp.-lV. 2.

Photo. 4. 1 shows the typical fracture mode of model concrete. A few cracks
in the photographs occurred after the maximum load.

w/ C of aggregate
0.9

O-series N-series B-series

W/C of aggregate
0.6

O-series N-series  B-series

W/C of aggregate
0.3

N-series O-series B-series

Photo. 4. 1. Typical failure mode of model concrete (Exp.-IV. 2. 2).
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(1) Effect of mechanical properties of aggregate

Typical stress (o) - strain (e) relations for N-series specimen with a normal-
textured aggregate obtained by Exp.-lV. 2. 1 are shown in Figs. 4. 4. 1 through 4. 4.
3. Hereafter the longitudinal and the lateral directions of specimen are termed
y- and x-directions, respectively.

G {kg/em?)

O {kglem?)

GH| @

[} 0
Ten.— E{x107%)— Comp. Ten—E(x10)— Comp.

Fig. 4. 4. 1. 90 N-specimen. Fig, 4. 4. 2. 60 N-specimen.

Fig. 4. 4, 3. 30 N-specimen.

o -10 T
Ten.—€(x10%) —~ Comp
Fig. 4. 4. Stress (o) - strain (&) relation of model concrete (Effect of quality of
aggregate).

The results obtained from Fig. 4. 4 are as follows:

i) Specimen with smaller strength of aggregate than that of mortar matrix
(90N-specimen) ; As shown in Fig. 4. 4. 1, the strains at various locations in the
specimen increase linearly with the increasing stress up to the stress smaller than
about 80 kg/cm? (corresponding to 40 percent of the compressive strength: F..)
and the largest strain in this range of stress is the strain at the location of Gage
No. 3, i. e., the aggregate strain in y-direction. When the stress (o) becomes
larger than 80 kg/cm? (0.40 F..), the strains of Gage No. 6, No. 7 and No. 8, i. e,
the strains at the interface between mortar matrix and aggregate increase rapidly
and the bond crack is formed at the interface. At the stress level of about 150 kg/
cm? (0.75 F..), the strains of Gage No. 5, i. e., the mortar strain in x-direction at
the location 1 c¢cm distant from the top surface of aggregate and the strain of Gage
No. 10, i. e., the aggregate strain in x-direction increase noticeably. Namely, mortar
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crack and aggregate crack begin to propagate simultaneously. It can not be decided
in Fig. 4. 4. 1 that either of these cracks is first formed in 90 N-specimen. How-
ever, it is estimated from a previous paper by authors5” in which the stress
distribution in x-direction of model concrete was examined by the finite element
analysis and an experiment, that the mortar crack will first occur and later cause
the aggregate crack in 90 N-specimen.

At the stress level larger than 150 kg/cm?, the strain of Gage No. 3, i. e., the
aggregate strain in y-direction increases more rapidly and the local compressive
failure in aggregate occurs. Finally, the compressive failure in aggregate appears
to cause the. whole disruption of 90. N specimen.

ii) Spemmen ‘with nearly equal strength of aggregate and mortar matrix (60
N-specimen) ; 60 N-specimen was made with a mortar - aggregate with the same
water-cement ratio as that of mortar matrix. Therefore, it is assumed that 60 N-
specimen is primarily homogeneous at the smaller stress level. At the stress level
smaller than 120 kg/cm? (0.42 F..), the strains in y-direction (Gage No. 1, 3 and 4)
and the strains in x-direction (Gage No, 2, 5, 6, 9 and 10) show approximately inden-
tical values, respectively,

At the stress level of about 120 kg/cm? (0.42 F..), the strain of Gage No. 7, i.
e., the strain at the interface between mortar matrix and aggregate begins to
increase rather "than continuing to decrease under the increasing stress. Simul-
taneously, the average strain in x-direction (Gage No. 2) increases rapxdly and the
bond crack begins to propagate.

At the stress level of about 220 kg/cm?® (0.78 F,.), the increase rate of strain
of Gage No. 9, i. e, the mortar strain in x-direction at the vicinity of coarse
aggregate becomes larger and the mortar crack occurs at that location. At the
stress level larger than 220 kg/cm?, the local compressive failure in both mortar
matrix (Gage No. 4) and aggregate (Gage No. 3) occurs and finally causes the
failure of 60 N-specimen.

iii) Specimen with larger strength of aggregate than that of mortar matrix
(30 N-specimen); The relations between the stress and the strains at various
locations are approximately represented by straight lines at the stress level smaller
than about 140 kg/cm? (0.54 F..). At the stress level of about 140 kg/cm? (0.54

F..), the increase rate of the strains of Gage No. 6 and No. 8, i. e., the strains at
the interface show considerable changes and bond crack is formed.

At the stress level of about 180 kg/cm? (0.70 F..), the strain” of Gage No. 5,
i. e, the mortar strain in x-direction at the vicinity of aggregate shows a rapid
change and mortar crack is formed. As the stress is more increased, the strain
of Gage No. 4, i. e., the mortar strain in y-direction at the vicinity of aggregate
becomes very large and it seems that the local compressive failure in mortar matrix
causes the failure of 30 N-specimen.

The results described above are summarized as follows:

(D Bond crack is the first structural change, regardless of the strength of
aggregate. (@ For the specimen with smaller strength of aggregate than that of
mortar matrix, mortar crack and aggregate crack begin to propagate simultaneously
parallel to the longitudinal axis and the local compressive failure in aggregate causes
the failure of specimen. (3 For the specimen with nearly equal strength of aggre-
gate and mortar matrix, bond crack at the interface is interconnected to mortar
crack and the compressive failure in both aggregate and mortar matrix causes the
failure of specimen. @ For the specimen with larger strength than that of mortar
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matrix, bond crack is interconnected to mortar crack parallel to the longitudinal
axis and the local compressive failure in mortar matrix at the vicinity of top and
bottom surface of aggregate causes the failure of specimen.

As described above, the fracture process of concrete is considerably affected
by the mechanical properties of aggregate.

(2) Effect of surface condition of aggregate

Fig. 4. 5 shows the stress (o) - strain (e¢) relations of R-series specimen with
a rough-textured aggregate and N-series specimen with a normal-textured aggregate
obtained by Exp.-I¥. 2. 1. Both specimens shown in Fig. 4. 5 are consisted of mortar
matrix and aggregate with W/C=0.6 and the surface roughness of aggregate varies
with them. The stress-strain curves of these specimens show a similar shape,
with the exception that the stress .at which bond crack begins to propagate varies
with the specimens. Especially, the strain of Gage No. 1, i. e., the average strain
in y-direction of N-series specimen is
hardly different from that of R-series
specimen. The stress at the initiation of o (kglert') L.
bond crack for R-series specimen is larger :
than that for N-series specimen, since
the bond strength between aggregate and
matrix of R-series specimen is larger as
shown in Fig. 4. 3. However, the mecha-
nical properties of mortar matrix and
aggregate in both specimens and their
topology are approximately identical after
the bond crack is formed. The fact that
the stress-strain relation is hardly affected
by the surface roughness of aggregate
may be resulted from the above reason. Fig. 4. 5. Stress (0) - strain (¢) relation of

. . model concrete (Effect of surface con-

The stress-strain relations for O- diti )

R . . ition of aggregate (Exp.-IV. 2. 1)).
series specimen with a bond-reduced agg-
regate and B-series specimen with a
bonded aggregate obtained by Exp.-]y. 2. 2 are given in Figs. 4. 6. 1 and 4. 6. 2,
respectively. The specimens shown in Fig. 4. 6 are also consisted of mortar matrix
and aggregate with W/C=0.6. But a different material from mortar matrix or
aggregate was interposed between them, so as to change the bond properties. As
shown in Fig. 4. 6, the strains at the various locations in both specimens increase
linearly at the stress level smaller than about 40 percent of the compressive
strength (F..). The strains of Gage No. 3 and No. 4, i. e, the strains at the
interface between mortar matrix and aggregate are very large, while the strains of
Gage No. 6 and No. 7, i. e., the aggregate strains are very small in both specimens.
Consequently, it can be estimated that the stress is not adequetely transmitted to
aggregate in these specimens.

At the stress level of about 60 kg/cm? (0.65 F..) for O-series specimen and
about 40 kg/cm? (0.45 F,..) for B-series specimen, the strain of Gage No.5, i. e,
the mortar strain in x-direction at the vicinity of the top and bottom surface of
aggregate increases noticeably and the mortar crack is observed at that location.
After the stress becomes larger, the strain of Gage No.7, i. e., the aggregate strain
in x-direction becomes larger and the splitting in the aggregate was appeared in a
few specimens. Finally, these specimens were failed by longitudinal splitting.

Gage No.

| |en

0
Ten. — £(x107%) - Comp.
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7 100

1 0 =1 -2 -3
€ (x1073) € (x103)

Fig. 4. 6. 1. 60 O-specimen Fig. 4. 6. 2. 60 B-specimen

Fig. 4. 6. Stress (o) - strain (g) relation of model concrete (Effect of surface
condition of aggregate (Exp.-IV. 2. 2)).

As described above, the stress-strain relation obtained by Exp.-JV. 2. 1 was
hardly affected by the surface condition of aggregate, but these relations of O-
series and B-series specimens obtained by Exp.-lV. 2. 2 were different from that of
N-series specimen. This reason may be explained as follows: In Exp.-lV. 2 .1, the
surface roughness was changed by changing the bond strength between mortar matrix
and aggregate. It is considered in such specimens that the mechanism of stress
transfer to aggregate may be hardly influenced by the surface condition of aggre-
gate. On the other hand, in Exp.-|V. 2. 2, a material with low elastic modulus was
interposed between mortar matrix and aggregate. In such specimens, the stress can
not been adequetely transmitted to aggregate.

4. 3. 3. Compressive strength of model concrete

The relations between the compressive strength of model concrete (F..) and
that of aggregate (F.,) obtained by Exp.-[V. 2 and Exp.-[V. 3 are plotted in Figs.
4. 7. 1 through 4. 7. 3, in terms of ratios to the compressive strength of mortar
matrix (Fen).

(1) Effect of strength of aggregate; Fig. 4. 7. 1 shows the relation between
the relative concrete strength (F../F..) and the relative aggregate strength (F../
F.,) obtained by Exp.-IV. 2. 1 for N-series specimen with a normal-textured aggre-
gate, R-series specimen with a rough-textured aggregate and P-series specimen
with a smooth-textured aggregate. The value of F../Fen at Feo/Fen=0 in Fig. 4.
7. 1 represents the ratio of the compressive strength of H-series specimen with a
cylindrical hole to that of mortar matrix. Fig. 4. 7. 2 shows a similar relation
obtained by Exp.-[V. 3, where, the notations of “MC-MH"” and “MC-ML” shown in
Fig. 4. 7. 2 represent the specimens having mortar aggregates with W/C=0.40
and with W/C=0.55, respectively. As indicated in these figures, the compressive
strength of model concrete (F..) closely relates to that of aggregate (F..). For
the specimens with smaller strength of aggregate than that of mortar matrix (in
the range of F../F.n<l), the relative concrete strength (F../F.n) increases in
proportion to the relative aggregate strength (F../F.»). That is to say, the agg-
regate strength contributes appreciably to the concrete strength in the range of
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Fig. 4. 7. Relation between relative concrete strength (Fe./Fen) and relative
aggregate strength (Fee/Fem).

Feo/Fen<ll.

On the other hand, for the specimens with larger strength of aggregate than
that of mortar matrix (in the range of F../F..>>1), the relative concrete strength
never increases but slightly decreases with the increase of relative aggregate stren-
gth (Feo/Fen). That is to say, aggregate has not a role to strengthen the mortar
matrix in the range of F../F.n>1. As described above, it is noticed that the “law
of mixture” is not necessarily existed for the compressive strength of concrete.

The test results of the compressive strength of model concrete can be corre-
lated to the results of the stress-strain behavior described previously. That is, the
fracture of specimen with smaller strength of aggregate than that of mortar matrix
was caused by the compressive failure in aggregate. Accordingly, it is estimated
that the compressive strength of concrete increases with the increase of that of
aggregate. On the other hand, the failure of specimen with larger strength of
aggregate than that of mortar matrix was caused by the local compressive failure
in mortar matrix at the vicinity of aggregate. It is considered in such a case that
the stress concentration in mortar matrix increases as the modular ratio of aggre-
gate and mortar matrix (E./En) or the relative aggregate strength (Foo/Fem) is
increased. Accordingly, the compressive strength of concrete appears to decrease
with the increase of that of aggregate.

It is of interest to note from the above discussion that the use of larger
strength of aggregate than that of mortar matrix is not necessarily efficient for
fabricating the high strength concrete.
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(2) Effect of surface condition of aggregate

The relation between the relative concrete strength (F../F..) and the relative
aggregate strength (F../F..) obtained by Exp.-IV. 2. 2 is plotted in Fig. 4. 7. 3,
together with the previous results.t®) A straight line (1) in Fig. 4. 7. 3 represents
the lower limit of F.. which corresponds to the compressive strength of model
concrete with a cylindrical hole, and straight lines (2) and (3) represent the upper
limits of F.. which correspond to the compressive strength of model concrete with
an aggregate bonded perfectly to mortar matrix. The compressive strengths (Fe.)
of O-series specimen with a bond-reduced aggregate and B-series specimen with a
bonded aggregate hardly increase even if the compressive strength of aggregate
(F.o) is increased. This fact may be caused by that few amount of stress is trans-
mitted to aggregate, as described previously.

As reported by authors®®> and Nepper-Christensen et al.64), the compressive
strength of concrete made with aggregate coated by a thin layer of paraffin or
soft plastic was considerably smaller than that of concrete made with uncoated
aggregate. This fact can be explained by the above discussion.

On the other hand, the compressive strength of concrete was not affected by
the surface roughness of aggregate as shown in Fig. 4. 7. 1. Let us consider the
reason of this fact in more detail.

The mortar failure criterion of Cowan's type5> and the bond failure criteria
between mortar matrix and aggregate obtained by Exp.-[V. 1. 2 are schematically
drawn in Fig. 4. 8. The notations of 60 M, 60R and 60 N represent Mohr’s stress
circles for the uniaxial compressive strength of mortar matrix, the shear-compre-
ssive bond strength of R-series specimen and that of N-series specimen with W/C
=0.6, respectively. As shown in Fig. 4.

8, the bond failure occurs at the stress
considerably smaller than the compressive T (kglem?)

Criteria for_bond

strength of mortar, even if the bond st- 150 Y, Cowan's criterion
rength is fairly improved by increasing the P 60M
surface roughness of aggregate. There- 100 y \/'/
fore, it will be reasonable to consider that V= 80R
the surface roughness of aggregate will 7 60N
little affect the behavior of concrete af- 0
ter the occurrence of bond crack.

Soshiroda et al.58) have reported that

. 50 0 -50 100  -150  -200

the compressive strength of concrete made & (kglemt)
with glass ball aggregate was hardly affe- Fig. 4. 8. Schematic failure criteria of
cted by the surface roughness of glass mortar matrix and bond at the
ball. This reason will be explained by the interface.

above discussion.

4. 4. Conclusion

In the present chapter, the effect of the mechanical properties and the surface
condition of coarse aggregate on the fracture process and the compressive strength of
concrete was examined by a model analysis. Summary of this chapter is as follows:

1) The flexual bond strength between mortar matrix and aggregate is not
affected by the strength of aggregate but the shear-compressive bond strength
between them varies considerably with the strength and the surface condition of
aggregate.
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2) Bond crack is the first structural change in the model concrete under
uniaxial compression, independently of the quality and the surface condition of
aggregate used.

3) For model concrete with smaller strength of aggregate than that of mortar
matrix, mortar crack and aggregate crack begin to propagate simultaneously after
the occurrence of bond crack. Finally, the local compressive failure in aggregate
causes the failure of model concrete. Accordingly, the compressive strength of
model concrete is greatly influenced by that of aggregate.

4) For model concrete with larger strength of aggregate than that of mortar
matrix, mortar crack is interconnected to bond crack and the continuous cracks
parallel to the loading axis are formed. Finally, the local compressive failure in
mortar matrix at the vicinity of aggregate causes the failure of model concrete.
Accordingly, the compressive strength of model concrete is greatly affected by that
of mortar matrix.

5) In the range of the relative aggregate strength smaller than 1 (Fea/Fen<l),
the relative concrete strength (F../F..) increases with the increase of the relative
aggregate strength (F../F.n), while in the range of F../F..>1, the relative con-
crete strength (F../F.n) slightly decreases with the increasing value of F.o/Fem.
Accordingly, the use of high-strength aggregate is not necessarily efficient for
obtaining the high-strength concrete.

6) The surface roughness of aggregate affects the occurrence of bond crack
but hardly affects the compressive strength of model concrete.

5. Concluding Remarks

In the present paper, the effects of the mechanical properties and volume frac-
tion of aggregate and the water-cement ratio of mortar matrix on the mechanism
of fracture and failure of concrete as a two-phase composite material were investi-
gated at both the phenomenological and the structural levels. The following three
approaches were adopted for the investigation.

At first, the progressive microcracking in concrete was directly observed with
a microscope, as described in Chapter 2, and the effects of the type of coarse
aggregate and the water-cement ratio of mortar matrix were clarified.

Secondly, the internal fracture process of concrete was indirectly estimated
from the aspect of the change of external surface strain, as described in Chapter 3,
and the relationships between the characteristic stresses on the stress-strain curve
of concrete, such as proportional limit, initiation stress and critical stress, and the
progressive microcracking of concrete were clarified.

In the third investigation, i. e., the model analysis described in Chapter 4, the
mechanical behavior of model concrete made with mortar matrix and a simple shaped
mortar aggregate under uniaxial compression was investigated, and the effects of
the strength and surface texture of aggregate on the fracture process and the
compressive strength of concrete were clarified.

The results obtained in the above mentioned studies will rather contribute to
the better understanding of the mechanism of fracture and failure of concrete as a
composite material. However, it is necessary to perform the more experimental
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and theoretical investigations for the complete understanding of the mechanism of
fracture and failure of concrete under various loading conditions.

(A few applications of test results obtained in Chapter 4 and some theoretical
analyses of test results obtained in Chapters 2 and 3 are reported in literature®®).
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