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ABSTRACT: Soime favarable gropenties of lightweight aseregate
coRcrele are shown {o originzte from its nternal structure, which
combines relatively Hexible aggregate with more rigid cement paste

matrix. Scanning electron microseopy (SEM) was used to analyze the

trarking partarn which developed under ayelie loading, The cravhe
appear to originate in the hard brittle matri and progress inic the
ageregate. Al low load levels, some gracks seem 1o deflest and lose
energy a5 they pensirate ihe agpregates, with many never ¢inerging
from the other side or emerging as thinner eracks,

A process of hesling of rrarks through the formation of new prod-
uets appears fo restors integrity and enhance strength of = previously
¢racked conerete which was alfowed 1o rest for a long period after
crackisg. Micrographs of the healad eracks are presented,
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Recently the results of o comprehensive study of the fatigue
behavior of high-strength concretz ware repotted by Mor et al.
I1i. The study compared the fatigue Iife of high-strength rein-
forecd conerete beams subjected to 3 large number of fully re.
versible cycles of high-magnitude loads. Tt was ohserved that the
performance of light-weight concrete was simitar or superior to
the performance of equivalent concrete made with normal-
weight aggregate, Some of the pssible reasons ave: (i) & betier
compatibility of the elastic moduli of the matrix and the aggre.
gate: (2) an improved transiton zons between the aggrepaie and
cement paste when light-weight aggregate is used; (3) 2 superior
bond batwean the Light-weight eoncrets and the reluforeing steel
(which js greatly affecied by the two previcus reasons),

Holm et al. [2] suggested that a betier transition zone between
light-weight aggrepate and cement paste matrix is due 10 poz-
zolanic reaction at the intarface. The tmproved interfaee results
in the intergranular (through the aggregate) failure of lght-
weight concrete as opposed to interfacial (around the agmrepate)
failure in normal-weight concrete of similar strength. This ob-
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szrvation was also gvident throughout our experimental work.,
where all failures in lightwsight high-strength concretc voourred
through the sggregate, and no aggregate debonding was ob-
served.

In the past, the possibility of autogenous healing of cracks in
toncrete was raised by researchars and fisld engineers baced op
obscrvations at the macro level, This phenomenon is of grest
interest beczuse of its potential for partial strength and integrity
recovery of structures after developing cracks due 1o some un-
usiral overloads, Mehta and Gerwick {3] suggest that far nffshore
concrete -structuces, the major henefit of autogenous healing
would be confined to fully saturated and undisturbed parts of
the structure,

I this work, 2 healing process was experimentaily observed
when cracked concrete regained a large percentage of its com-
pressive strength throngh 2 process of filling the cracks with new
products. Yor instance, specimens which wers cracked through-
out during loading were allowed to heal for more than three
monihs and regained 65 to 85% of the uncracked COMPrassive
strength,

The purpose of this paper 5 to réport on the microsecopic
characterization of the cracking pattern which developed during
fatigue testy un reinforced beams mads with high-strength light-
weight concrete, Observations sre presented from selected sec-
tions of light-weighi concrete beams which fatied under fatigne
loading. Scanning eleciron microscopy {SEM) was used to char-
aeterize the eracking patiern, particeiarly as the transtion zone
between aggregate and cement paste and between agpregate and
reinforcing stecl. The healing proesss was also investigated.

Materials

A Type UVTT low-alkali portland cement was used, Expanded
shale light-weight aggregate {LWA) from 2 loca! source was used
with normaleweight vand, The maximam size of the aggregate
was 3/8 in. (10 mm), the absorption capacity 14%, and specific
gravity (S8 basig) 1,38, Tl ugETagate was stored and used in
the saturated-surface-dry condition, Desired workability was
maintained by 2 high dosage of a naphibisicne-based hiph-range
water reducer (HRWR). Conerete mixtares were designed 1o
achieve 9000 to 10 000 psi (52 to 65 MPaj 28-day compressive
strength, and 4 to 6in, (100 to 130-mm) slamp.

The: hasic mix design parametor was taken a4 the compressive
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strength since it most practical applications it is common to
specify concrete by its compracsive strength, and soms correla-
tion between strengih and other mechanical properties is usually
expected. The design procedure followed the ACIE method and
resulted in slightly over-sanded conerete with good interna! cohe-
ston and workability, The concresahad low water-tencement ratio
and required substantisl dosages of superplasticizers to achieva
the desired workability {Table 1}.

Experimental Methods

Loading Condition

Reinforced coperete beam specimiens were cycled reversibly
under loads that were 64 to 80% of their capacity until failure
occurred, Loads were applicd at a slow rate of 1 Bz (1 complete
cycie persecond). At these load levels, all majer cracks appezred
and progressed completely through the concrete within the first
10 000 eycles. These cracks were spaced 4 to 5 in, (102 to 127
mm) apart in the central third of the beam, Smaller secondary
wracks developed during the test, mostly around the reinforcing
bars as the bond deteriorated.

Curing Conditions

Conerete specimens were cast in reusable plywood forsns and
allewed to cure in the forms for the st 48 h covered with plastic
sheets and wet burlap. The specimens were demolded after 48
k and transferred to a slandard fog reom whe:e they were kept
under 100% relative humidity and temperature of 73 (23°C)
for 60 days. The specimens were then moved to the voniroiicd
environment of the main testing ares where they were stored for
a period of 60 10 90 days before testing. Previous experiente al
our [aboratory showed that similarly impermeable conercte re-

tamed 99% of its internal humidity for longer periods of time,
and e vnly moisture loss was from 4 thin skin layer directly
cxposed 1o the dry air.

Beams were tested to faflure, which oconrred as one or two
rebars fractured in fatigue, resulting in complete ioss of oad
capacity. Prior te the failure, with cach cydle ihe major cracks
would open 2and close up to 1 mm at the suter fiber. When load
was semnoved after failure, the remaining steel buss pulled the
cracks closed, so that it was difficult 1 see a crack unless it was
previously marked (all cracks were markad with colored nheTs
€uring the test).

Fatipnie loading took two to three days, after which the frac-
tured beams were stored in the same controfled environment for
2 minimum additional perind of 90 days. No externel moisture
was applied to the concrete during that time,

Compressive Strength Testing of Cubes

The basic mechanical properties of the concrete are given in
Table 2. An unreinforced conerete beam was extracted from the
bottom of the failed reinforced beam (see Fig. 1) by cutting it
with a diamond blade saw. The cutting process removed the
reinforcing bars which were holding the cracked concrete to-
gether, and it was expected that the unreinforced beam wili
scparate at the cracks. Upon examination of the cut surface, the
cracks appeared to be filled with lighter materials with consid-
crable strength, which allowed them to retain their integrity
through the procass of vigorous sawing and vibrating. Tha ex-
tracied bearn was then cut into small cubes, approximately 2 by
2 iz (350 by 50 mem) using a slow action precise diamond blade
saw. The cubes were tested for their denaty and uitrasonic pulse
velocity and thea capped 2nd tested for compressive strength.

Ultrasonic pulse veloctty was measured on the extracted beam
befors cutting 2nd on the small cubes prior to compressive load-

TABLE \—Conerete proportions used in the program,

Batch Cement| Coarse | Sand |HAWR'| water | wic Dansit
kg/cis.m. kgiew.m,
Lw-2a £50.8 769,59 €11.8 g4 t38.2 6.25 2077
ey gt
. LW-2a 230 1360 1030 10,4 | 234 Q.25 | 1 34?

* HRWR designates High Ranga Water Bedycer

TADLE 2—Compressive strengih, tensile strengh (sphitting tast),

ord modulus of elasticity (Ee) of 3 by 6-in,

eylinders, and modulus of rupure of 3 by 3 by 2-in, unreinforced beams,

BATCH |7 days 94 days] 25 dayel250 days|FINAL Fo|l Tensits || Rupture || £o
st | e} | fpsh | fesy | ppsy Ips]] Ipsi] fies]
LW-2a 2025 9500 o650 | 88s0 , 10 1900 pas nam
o 'z " ; TRSPSaL+
£5. PR L0 £@d 912 AT ldE WIL )
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FIG. 1—Details of full-size reinforced concrete beams and unreinforced cancrete beam which was cut out of ihe Jractured
bear. The unreinforced beam was laser cut into small cubes which were wsed in the microseapic evaluation described in

the paper.

ing. It was found that the pulse velarity acrnse the eracked sore
faces did not deviate from the pulse velocity of the uncracked
concrete, indicating a complete filling of the crack with matagia
comparable in density to the concrete,

Compressive strength of the cracked cubes was between 65 to
83% of the compressive strength of the uncracked concrete
cubes. The variation in strength appears to be a function of the
orientation of the cracks (vertical or diagonal) and the number
of healed cracks in a cube. Failure of cracked cubes origisated
in the healed crack, but did not necessarily follow the path of
the original crack,

Resnlis

Crack Arresting in WA Concrete

Figure 2 is 2 low magnifieation micrograph showing & typical
ciacking patwrn in high-strength Hght-weight concrete tested
undet cyclic loading. The aggregate is the porous material at the
centyal part of the wicrograph, suuownded by dense hardened
cement paste (HCF) matrix. Due to the high density of the HCP,
7o defined crystal strusture can be discered even at very high
magnification. A system of microcracks can be observed in the
matrix elose to the aggregate. A closer view of a erack branchiug
as it penetrates the Jight-weight aggregate can be seen in Fig, 3,
The crack eplits into at least two distinet thinner cracks which

‘Propagate into the aggregate. Similar thinning of a crack upon

Penetration can also be observed in Fig, 4, In thic cose, the
thinning occurred without tiny ‘observable branching, which

rad 3T

FIG. 2—Typical eragking pattern.

seems o indicate that during the propagation of the crack
through the porous light-weight agsregate material there is 2
significant absorption of energy.

A mechanism of crack arresting by the porous structuze of the
light-weight aggregate is revealed in Fig. 5, where a erack which
penetrates the aggregate disappears completely.
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F¥e 4 Crack peserrgtion e the agerepar.

Cracking ai Steel-Concrew ingerface

Reseurchers [4,53] observed ua intense cracking around the
reinioreing steed ribs after loading » reinforeed concrets spevimen
W fmlyre, This phenamena can be seen in Fig, 6. where the steel
rib is in the upper left corner. The ronsequences uf thes intense
Stuess concentrution anu subsequent eracking can ke seen in Fig,
7, where the crack runs through the aggregate without any major
deflection,

Healing

In Figure 8w can see o largs erack flied with new material
which appears lighter in the micrograph, It is interesting to ub-
serve that smaller cracks in the Wone vicinity were nof tlled with
the szme ruperial. Two explanations zre possible: (1) the healing
SBd STE

Fiti, a—( Yaeking af the cieel-ponerore Labsrfees,

smaller cracks were induced during the specimen preparation for
the SEM (exposed o vacuam), Figure ¥ appears to indicate tha
the Latier sssumption is more realistic because secondury ¢racks
can fo seen In the “healed” area. It was interesting 10 observe
that 4 similar healing process took place in the steclconerote
inted luce sirown i Flg, 10,

Conclasions

The experimental results indicate that in high-strength con-
erele. eracks induced by foading propagate mostly thraugh the
light-waight aggregate particles, as opposed o the expeeted in-
terfacial hond failures. The crack path is deflosted when a crack
penetrates the aggregate, and craeck brunchi ng and crack aerest
at lhe ageregate inlerfiee wern conn
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FIG. 10 eativeg of the eracks at the stovievent o i fuee futeel qp
the ten ef tire le.c'f'url,;r(:,‘.lh,‘.

ning clectron microscony analysis of broken concrere sumples.
The hoaling procons miay explain why oluasome puise veloTity
aerons ericked surfuce did not deviste from the Pl velovity of
the wneracked conerete and give no indication ol the present
craeking and desrdation.
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