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TENSILE PROPERTIES OF RECYCLED AGGREGATE CONCRETE
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ABSTRACT
This study presents the experimental results oycleg aggregate concrete (RAC). The tests included
shrinkage ring tests and uniaxial tensile creefst&three moisture contents for the recycled coarse
aggregate were tested. No visible cracks were védern the surface of ring specimen up to 100days,
which compares favorably to most normal concreteis indicates RAC has potential to develop
enough tensile strength to resist stress from drgimrinkage. The ratio of creep to free shrinkafge o
RAC under fully restraint conditions was similartb@at of normal concrete up to 7days.
Keywords: Recycled Aggregate Concrete, Ring Test, Uniaxgait,TTensile Creep

1. INTRODUCTION Two Stage Mixing
Critical shortages of natural aggregate for

concrete products is an ongoing issue in many urbaT Recycled coarse Mix 2min

areas all over the world. At the same time, quiastiof + cementing material] <.

demolished concrete from deteriorated structures ar Dy

also increasing as a waste material in the samesare

Shortages in both raw materials as well as landfia

will continue to increase. Virgin coarse + Sand
One of the most effective measures against + 50%water

above issue is use of recycled aggregate concret

S

| Add 50%water

Partially dried RA
(80% Saturated)

\,
Mix 3min

B 4
(RAC). However, in most cases, crushed concrete wil ) |
have higher absorption, porous structure [1], avaet ggg‘:&;gi‘stg N | Molding
strength at equal water cement ratio and slumphi@j ] o
concrete made with similar type of virgin aggregdite Single Mixing
addition, drying shrinkage of RAC has been shown to Sand N
be greater than that of normal concrete [3]. TRAC + cementing material| . Mix Zmin
is commonly believed to have lower resistance to + 100% water ;
cracking caused by drying stresses. Such perceyption Virgin coarse or
however, are based on limited work in literaturatth Recycled coarse
has not deeply considered processing options to &

improve performance. | Moldin
To improve the performance of recycled 9

aggregate, two-stage mixing (TSM) was proposed Fig.1 Mixing Procedures of TSM and SM

and developed by Tam et al. [4], [5]. This method absorbed into recycled coarse aggregate at firghmi

divides the mixing process into two parts and Therefore, this study focus on the influence ofianhi

proportionally split the required water into two iai moisture content of recycled coarse aggregate en th

are added at different times shown iRig. 1. various components of tensile creep in RAC madé wit

Improvement of strength has been recorded up toTSM or single mixing (SM).

21.2% for 20% of replacement of recycled aggregate

used after 28 days of curing for TSM in that paper. 2. EXPERIMENTAL PROCEDURE

However, some properties relevant to tensile rscgt 2.1 Materials

were not investigated yet. Materials used in this study are shown in
It is noted that, in some case of using TSM, Table 1 and mixture proportions for one cubic meffer

initial moisture content of recycled coarse aggrega RAC and normal concretes are presentedahle 2,

was controlled as partial dried (approximately 8664 assuming that both fine and coarse aggregateae i

saturated and surface-dry condition) in order tckena saturated and surface-dry condition. As can be geen

the cement paste, which has low water to cemeitt, rat Table 2, 20% of the cement was replaced by fly ash in

< Mix 2min
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Table 2 Mixture Proportion

w/c | Real | Slump kg/m®
WIC | (cm) W C FlyAsh | NFA | NCA-7 | NCA-16 | RCA
N42 0.42 0.42 5.0 220 420 105 1460 1450 406 -
RAC100 0.42 0.42 15 220 420 105 1460 - - 1674
RAC74 0.42 0.47 5.0 220 420 105 1460 - - 1674
RACO 0.42 0.60 6.5 220 420 105 1460 - - 1674
Table 1 Property of Aggregate 10— T —X)
Density Absorption S V?»Coarse Aggregate p Q/ ]
Type Capacity ~ 80 o/ _
(gerd) | (%) g
Natural Coarséggregatse 5 68 273 *;) 60- //<> /,/ i
CA-7 (NCA-7) @ /
Natural Coarséggregatse = 40- / i
2.67 1.90 < /
CA-16 (NCA-16) Q| <
S 20 s |
Recycled Coarse 241 573 g 20 / )z
Aggregate (RCA) By
Natural Fine A t 0 [ R R B
atural 1in® Agaregalt 57 2.43 0 5 10 15 20 25
(NFA) . .
Standard sizes of squared-mesh sieves (mm)
Fig.2 Size Distribution of Coarse Aggregate
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Fig.3 Uniaxial Tensile Loading Device

all mixture proportions. _
. . t ter) / (C + Fly Ash).
The recycled coarse aggregate used in thlscompensa lon water) / ( y Ash)

experiment is estimated with some variability omesi
distribution. The size distribution of recycled cea
aggregate was controlled as same size distribudifon
virgin coarse aggregate used in normal concreig.

2 shows controlled size distribution of recycled
aggregate.

In this research, initial moisture content of
recycled coarse aggregate was qualified as 0% (RACO
74% (RAC74) and 100% (SSD:RAC100). In the cases
of 0% and 74%, compensation water was added to fre
water in order to confirm the amount of water t@%)
This compensation water was not expressed in naxtur
proportion, but must have an impact on water toergm defor
ratio of cement matrix. Real water to cement ratio
each case were also shown Table 2, where, real
water to cement ratio is calculated as (W +

2.2 Uniaxial Test

A uniaxial tensile loading device was used to
measure the creep and shrinkage. The system teasts t
identica “dog-bone” samples; one specimen is
restrained and the load developed by drying shgeka
is measured, and thather specimen is unrestrained and
the drying shrinkage is measured.

Each sample is 1000 mm long and 76 x 76 mm
in cross-section. The dimensions of the specimen
@ccommodated a maximum aggregate size of 25 mm.
The general view of specimen was showfim 3.

The computer-controlled test checked shrinkage
mation continuously, and when the threshold
(0.005mm) was exceeded, an increase in tensile load
was applied by the actuator to restore the specitmen
its original length. In this way, a restrained cibiod
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was achieved. Thus, stresses in the restrainednspec Conerete Specimen

were self-induced by restraining shrinkage, which T Stcel Ri
increased with age and led to fracture. Ay TR
Comparison of the free shrinkage results with the L

™

shrinkage of the restrained specimen enabled
discrimination of creep strain from shrinkage strai
The creep strain calculation is based on the hygsigh

that free shrinkage can be simply subtracted frben t
deformation of the restrained specimen as shovigin

(1), an approach that is common in the literatéie [

1Y

b =139 7mm |\

Ecreep =(£total _Z‘Eeiastic) _gfree (1)
. . \\ —150
where, &, :total creep strain, &, :total strain gl

~ \x

" Strain gages

obtained from restricted specimerg,,. : elastic

deformation obtained from restricted specimes,,: g

free shrinkage obtained from non-restrgicted speaim Fig.4 Detail of Ring Specimen
The tests started at the age of 23~24 hours. At

the age of that time, the top surface of samples wa

4

sealed with self-adhesive aluminum foil after ' ' '
demolding and then exposed under drying conditains

50 % RH and 2BC for all mixtures. 30- i

The applied load was increased throughout the
restrained tests as required to maintain the spmmtTim

Compressive Strength (MPa)

length change at near zero. Computer recorded this 20 i

loading regime.

2.3 Ring Test o gi%o
The detail of ring specimen was showrFig. 4. 1 oRAC74

Shrinkage at inside of steel ring was measured with e RAC100.

strain gage attached to the inner steel surface at

mid-height. The size of the concrete ring was 0 L e

determined by the need for the ring to have theesam 1 > 10 >0

thickness (76mm) and height (76mm) with specimens Age (days)

volume/surface area ratio of ring test was diffefeam
that of uniaxial test.

The tests were started at the same age as the
uniaxial test. The top surface of ring specimen alae
sealed with self-adhesive aluminum foil when drying
was started.

2.4 Strength Test
Compressive test were carried out at 1, 3, 7, 2B an
56 days. Split tensile test was carried out atysda

There are a lot of investigations dealing with
strength issue of RAC cured in water or under 100%
RH condition. In this study, all specimens for
compressive and split tensile strength tests waredc , , ,
in sealed condition until 1 day, then exposed under N42 RACC RAC74 RAC10C
drying conditions of 50 % RH and 23 for all Fig.6 Tensile Strength at 7days
mixtures after 1 day in order to simulate similar

N

g .

w

—

T

Split Tensile Strength (MPa)

o

condition to uniaxial and ring test. made with TSM shows higher compressive strength
than RAC100 as well as normal concrete, even though

3. RESULTS AND DISCUSSION RAC74 has higher real water to cement ratio than

3.1 Strength Test RAC100. This result revalidated that TSM can imgrov

Fig. 5 shows results of compressive strength compressive strength as the previous paper meutione
with ages up to 56 days. As can be seen, RAC show#4].
lower strength than normal concrete for all ageaup6 From standpoint of long term compressive
days. There is a big difference between each RA® T strength, N42, RAC74 and RAC100 show almost the
difference was mainly caused by varying of the realsame compressive strength at 56 days. Especially,
water to cement ratio. The RACO, which has a highes RAC100 shows biggest developing in 28 days to 56
real water to cement ratio, shows lowest compressiv days. The larger amount of water in the pores of
strength from early age up to 56 days. While RAC74 recycled coarse aggregate can facilitate interaahg.
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Due to this effect, RAC can be expected to haveoaim
same compressive strength with normal concrete with
same water to cement ratio in long term drying
condition.

Fig. 6 shows the test result of split tensile
strength at 7 days. RAC74 shows the highest split
tensile strength in all RAC specimens, as with
compressive strength.

3.2 Uniaxial Test

Fig. 7 shows restrained stress caused by
drying shrinkage. The tensile stress developedady e
age was substantial, and led to fracture of atraesed
specimens before 7 days. As shown, the time taurac
varied from RAC100 to other mixture proportions.
However, there is no big difference between oth&€R
and normal concrete.

The tensile stress at fracture of each specimen
was 1.94 MPa for normal concrete and 1.71 MPa, 1.61
MPa, 1.51 MPa for RAC100, RAC74 and RACO
respectively. As described above, the tensile stets
fracture of RAC was slightly lower than that of nwd
concrete. The relaxation effect is not immediatdéar
from Fig. 7.

The measurement of free shrinkage and creep
strain was shown ifig. 8 andFig. 9 respectively. The
free shrinkage in this test consisted of autogenous
shrinkage and drying shrinkage.

All specimens made of RAC shows the lower
initial rate of free shrinkage than that of normal
concrete up to 7 days. This indicated larger anmuont
water (total of absorbed water in aggregate and fre

water) suppress shrinkage caused by hydration or

drying. From the viewpoint of mixing procedure,
RAC74 made with TSM shows higher ratio of free
shrinkage than that of other RACs. In the case of
applying TSM, water to cement ratio of mortar matri
could be reduced due to half amount of water was
added at different timing. Therefore, autogenous
shrinkage of RAC74 could be larger than RAC made
with SM.

Fig. 9 shows total tensile creep strain obtained
in the uniaxial testln this study, the total tensile creep
was considered to the sum of at least two compsnent
an intrinsic drying creep with its own mechanismsl a
a structural drying creep resulting from micro-diag
effect due to the non-uniformity of the free drying
shrinkage in the concrete specimen.

It can be observed that the total tensile creep
strain of RAC was lower than that of normal coneret

in 7 days and creep behavior of RAC74 was analogous

with that of normal concrete. This tendency is &mio
strength behavior and free shrinkage behavior ity ea
ages.

M. V. Gomez-Soberon and A. Domingo-Cabo
et. al. [7], [8] reported that the compressive prée
RAC showed higher value than that in normal comcret
And lIriya et. al. mentioned that the differencecoéep
behavior in compression and tension was similar in
normal concrete [9]. The obtained data in these
experiments disagree with previous knowledge. This
result might be caused by difference of method to
obtain total creep. In this study, tensile strefssniaxial
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specimen was induced by drying shrinkage. Sinca tot
creep develops with increase of free shrinkage.nThe
the ratio of total tensile creep to free shrinkagas
used for evaluation of creep behavior in these ;s
shown inFig. 10.

Apparently, the initial ratio of creep to
shrinkage in RAC was equal to that of normal cotecre
up to 7 days. This indicates tensile resistandeA in
early age was determined by tensile strength, Ysung

modulus and magnitude of free shrinkage as well as

normal concrete.
3.3 Ring Test

The steel strain with ages up to 100 days is
shown inFig. 11. At the ring test, steel strain was
determined by Young’s modulus and free shrinkage of
concrete ring, Young’s modulus of steel ring and th
ratio of the cross-sectional area of the steel timg
concrete ring. Due to the volume/surface area radis
different in each test, average drying shrinkage of
concrete ring was different from that of uniaxial
specimen. But general trend, which RAC shows lower

free shrinkage in early age, may be not changed. In

addition, Young's modulus of RAC is much lower than
that of normal concrete [10]. Therefore, steelistat

RAC shows lower shrinkage in early age as shown in
Fig. 11. Then, rate of steel strain of RAC developed
after 10days. Finally steel strain of RAC100 and of
RAC74 reached that of normal concrete at 68 dags an
86 days respectively. RACO shows lowest value in al
ages. Developing of steel strain approximately

converged about 100 days. Macro cracking was not

observed in this term.
The theoretical distribution of  the
circumferential stress in the steel and concretgsris

(x16)

Steel Strain

Age (days)
Fig.11 Steel Strain with Ages

r——N42
-—°— RACO

L —— RAC74
_—— RAC100

Restrained Stress (MPa)

50 100

Age (days)
Fig.12 Restrained Stress in Concrete Ring

Table 3 Tensile Stress Condition at 7days

parabolic and may easily be computed accordingeo t

theory of elasticity. N42 RACO | RAC74|RAC100
b2 Fracture Stress
o= 2P fr+a?r?) 2) in Uniaxial Tes 1.94 | 151 [ 1.61| 171
(b*-2a?) (MPa)
Restrained Stre
where g, :circumferential stress at radius,p :external inRing Test | 1.47 0.56 1.08 0.92
applied stress, a: inner radius of steel ring, b: (MPa)
outer radius of-steel ring, andr : radius of steel r-lng. Split Tensile 3.08 1.83 274 2 45
The compressive steel stress at the outer fageis Strength (MPa
then given by Eq. (3) Stress/ Strength 4 | 930 | 039 0.38
s 1o ratio in Ring Test
(& +b?)
Oy =5, ®)

2b°

Hence, the average steel stress, assuming linesssst
distribution across the steel section is given Qy (&)

g={1+ﬂ}gﬂ_a

2b? 2
The compressive stress at the inner face is knoem f
the measured steel strain and the Young’s modulus o
steel (E,=2.05*10 MPa was used). And the ratio of

the cross-sectional area of the steel ring to @iaaing

(4)

At early ages, high local stresses occur at both
the inner and outer surfaces of the concrete. Tiegl
and residual stress distributions should be consitio
depict the stress in the concrete ring. With titheugh
the stress distribution in the ring becomes moiitotm
through the cross-section, then the average stfebe
specimen is a reasonable approximation. Previous
paper indicated that when the average stress in the
concrete exceeds 80% of the tensile strength, macro
cracking would occur on the outer surface of the
concrete ring [11].

Calculated restrained stress in each concrete

is also known. Then average restrained stress irring at 7 days was put down with stress at fractage

concrete was calculated from Eg. (2) ~ (4) as shiown
Fig. 12. .

in uniaxial test, split tensile strength and th&oraf
restrained stress to tensile strength in concrietg in
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Table 3.

By comparing these figures, it can be seen that
stress/strength ratio at 7 days in ring test was
comparatively low. These results correspond toféice
of non-visible crack was observed in ring specin@n.  [1]
the other hand, fractured stress in uniaxial ®sbwer
than split tensile strength at 7 days. This indisaf the
system can provide a greater degree of restramtisk
of cracking could be larger. [2]

In this research, this relation ship between ok
cracking and degree of restraint was not clear.
Therefore, it should be considered essential tavkiie
level of restraint provided by the system and tooaat [3]
for it properly. For example, the thicker steelgrin
provided a greater degree of restraint and causes a
greater residual stress in the concrete.

(4]
4. CONCLUSIONS

Ring and uniaxial tests were conducted to
characterize the drying shrinkage stress of thypest
of RAC, which used recycled coarse aggregate with
different initial moisture contents. From this [5]
investigation, the following conclusions are obéain

(1) It was revalidated that RAC made with a
two-stage mixing had the same compressive
strength as normal concrete up to 56 days undef6]
drying condition. And tensile split strength was
also improved by using TSM.

(2) The ratio of creep to free shrinkage of RAC was
similar to that of normal concrete up to 7 days [7]
under fully restrained condition.

(3) The risk of cracking in RAC is dependent upon
restraint conditions. In the case of high restraint
condition as achieved using the uniaxial test, RAC[8]
and normal concretes fractured under drying
stresses after about 7days. In the case of the ring
test, which exerts somewhat less restraint than the
uniaxial test, the RAC remained uncracked at 100[9]
days.

(4) RAC can perform similarly to normal concrete of
the same w/c ratio when appropriate mixing
techniques and pre-saturated aggregate are used.

comments and suggestions.
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