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Zhao Yasong

Gao Jianming

Qi Bing Liu Chuanbei

(School of Materials Science and Engineering, Southeast University, Nanjing 211189, China)

(Jiangsu Key Laboratory of Construction Materials, Southeast University, Nanjing 211189, China)

Abstract: The degradation progress of recycled aggregate
concrete (RAC) subjected to sulfate attack under wetting-
drying cycles and flexural loading is studied. Three different
stress ratios (0, 0.3 and 0.5) were applied in this test. The
variations of relative dynamic elastic modulus E,; and water-
soluble SO;” contents in RAC were used to evaluate
degradation progress. The changes in mineral products and
microstructures of interior concrete were investigated by means
of X-ray diffraction ( XRD),
electron microscope (ESEM) and X-ray computed tomography
(X-CT). The results indicate that flexural loading accelerates
the degradation of RAC under sulfate attack and wetting-
drying cycles by expediting the transmission of SO, into
interior concrete.

the environmental scanning

Furthermore, the accelerated effect of
flexural loading is more obvious with the increase of stress
ratio, that is because higher stress ratios can accelerate the
extension of microcracks and generate more channels for the
transmission of SO, . Also, more expansive products ( gypsum
and ettringite) are generated by the reaction of Ca(OH), with
SO;", which can further accelerate the degradation of RAC.
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ver the past decades, vast amounts of construction
O and demolition wastes (C& DW) have been genera-
ted due to the urbanization in China, and waste concrete
has accounted for a large proportion of C& DW. It was
reported that 100 million tons of waste concrete were gen-
erated every year, and occupied about 1/3 of total C&
DW" . Therefore, the disposal of waste concrete has been
an extremely urgent problem currently.
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Some studies on properties of recycled concrete aggre-
gate (RCA) have been carried out. Compared with natu-
ral aggregate, RCA from waste concrete has the proper-
ties of higher porosity, lower strength and more compli-
cated microstructure on the surface. However, those RCA
still can be used to prepare RAC"”™ . Furthermore, some
studies on high-performance concrete made with RCA al-
so have been published”” . The mechanical properties of
RAC have been investigated for many years, and results
indicate that adding RCA in concrete can result in the de-
terioration of mechanical properties®'”'. Some research
on durability of RAC has been carried out™ ™ but there
is very little study on the degradation of RAC subjected to
sulfate attack'”™"™. Especially in practical engineering,
the RAC structure not only suffers from sulfate attack,
but also will be subjected to flexural loading, which will
largely affect the degradation progress of RAC under sul-
fate attack. Meanwhile, the status of RAC is not always
be water-saturated, the wet and dry status will occur al-
ternately. Therefore,
effect of flexural loading on the degradation progress of
RAC subjected to sulfate attack and wetting-drying cy-
cles.

it is necessary to investigate the

The purpose of this work is to evaluate the effect of
flexural loading on the degradation process of RAC sub-
jected to sulfate attack and wetting-drying cycles. Three
different stress ratios (0, 0.3 and 0.5) were applied in
this test, and RAC were exposed to a sodium sulfate solu-
tion (50 g/L) and wetting-drying cycles. The whole test
lasted for 9 months, and during this period, samples were
taken out to measure relative dynamic elastic modulus E
and water-soluble SOZ' contents. Meanwhile, the meth-
ods of XRD, ESEM and X-CT were used to analyze
changes in mineral products and micro-structures of interi-
or concrete.

1 Experimental Program
1.1 Materials and mix proportions

42.5R (I ) Portland cement was used in this study,
complying with GB 175—2007. The chemical composi-
tions of cement are shown in Tab. 1. RCA was from a
demolition site in Nanjing with the maximum size of
20 mm. The properties of RCA are shown in Tab.2, and

Tab. 3 shows the mix proportion of RAC.
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Tab.1 Chemical compositions of cement %
w(SiO,) w(Al,0;) w(CaO) w(MgO) w(SO;) w(Fe,0;) Loss
21.20 5.32 64.37 0.55 2.00 4.42 1.50

Tab.2 Physical properties of RCA

Apparent density/ Water adsorption/ Crushing index value/

(kg -m~%) % %
2 580 3.6 15.5
Tab.3 Mix proportion of RAC kg/m’
Water Cement Sand RCA Super plasticizer
195 390 740 1024 0.49

1.2 Test setup and instrumentation

In this study,51 RAC specimens with the size of 70
mm x 70 mm x 280 mm were prepared and six of them
were used to test ultimate flexural strength, the others
were separated into three groups to determine E; and the
SO; " content of RAC with different stress ratios. All
specimens were demolded after 24 h of casing and then
cured in standard curing (T = (20+2) C, RH=95% ).
After 60 d curing, specimens were covered with epoxy
resin except for two opposite profiles (70 mm x 280 mm )
to obtain the one-dimensional SO transmission.

The four-point bending load device as shown in Fig. 1
was used to apply flexural loading. According to Hooke’s
law, the deformation of the spring can generate load to
the steel plate, and this load will be transferred onto the
specimens to form the four-point bending effect. Mean-
while, the relationship between the spring deformation
and the value of generated load was determined. Hence,
three stress ratios (0, 0.3 0.5) corresponding to 0, 30%
and 50% of the ultimate flexural load were conducted to
RAC and remained in the whole exposure period.
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() o—]‘— Roller

||

— —
=
=
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Fig.1 Equipment for applying flexural loading

Sodium sulfate solution with the content of 50 g/L was
used in this study to simulate the sulfate attack environment.
As for wetting-drying regime, all specimens with applying
flexural loading devices were immersed in a sodium sulfate
solution for 21 h first, then followed by air-drying for 3 h.
After that, they were dried for 45 h at a temperature of 60
C, then followed by air cooling for 3 h. The whole period
of 72 h was regarded as a wetting-drying cycle.

The relative dynamic modulus of elasticity of the speci-

men, E_,, was measured by a nonmetal ultrasonic analy-
zer (NM-4A, transducer frequency is 50 KHz) . The sur-
face of specimens will be uneven as a result of the erosion
process; therefore, vaseline was used as a coupling agent
to ensure the accuracy of measured values. The test
length of specimens is 280 mm. The dynamic modulus
elasticity of specimens E, was determined by Eq. (1) be-
fore the wetting-drying cycles. Then, the changes of E|
were monitored after every 3 times of wetting-drying cy-
cles. E, can be calculated by

=(1+v)(1 —2V)pV2=(1 +v) (1 =2v)pl’

E 1
¢ I-v (1-v)7F (D
E, V: ¢
E — n :7":7 2
rd Edo V(z) ti ( )

where E, is the dynamic modulus of elasticity of the spec-
imen; E , is the relative dynamic modulus of elasticity of
the specimen; V is the ultrasonic velocity, m/s; p is the
density of the specimen, kg/m’; v is the Poisson ratio; ¢
is the sound interval, ws; L is the test distance of the
specimen, m; ¢, is the sound-interval for the specimen
before erosion, ws; t, is the sound-interval for the speci-
men during the erosion test, s.

The method of ultra-violet and visible spectrophotome-
ter (UVPC) was used to determine the SO,  content.
The dried RAC sample was taken out from the bending
load device, and then was drilled from the sulfate transfer
side by the bench drilling machine. The sample powders
from the depths of O to 5,5 to 10,10 to 15,15 to 20 mm
were collected. Then, the powder was dried until con-
stant weight at 60 C. After that, 2 g powder was taken
out to dissolve into 50 mL deionized water and stored for
24 h, then the mixture was filtered, and 25 mL solution
was extracted into colorimetric cylinder. 2.5 mL hydro-
chloric acid (2.5 mL/L) and 10 mL BaCl’” PVA mixed
solution were added into the colorimetric cylinder in turn.
Then, 25 mL deionized water was added into the color-
imetric cylinder and the solution was blended fully. Final-
ly, the solution was moved into cuvette and tested. The
SO; " content of the sample can be calculated by taking
absorbance of the prepared solution into Eq. (3).

First, the standard SO;  solution was prepared by
adding certain anhydrous sodium sulfate into deionized
water, and then the standard curve of SO, content with
absorbance of ultra-violet was determined and shown in
Fig.2. A nonlinear model of SO,  content with absor-
bance of ultra-violet is

F(A) =8.715 26A” +3.383 241A —0.256 43R* =0.971 29
(3)

2 Results and Discussion
2.1 Variations of E , for RAC

The variations of E ; with time for RAC under different
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Fig.2 Standard curve of sodium sulfate solution

stress ratios are shown in Fig. 3. It can be seen that the
curves of E  for different stress ratios are similar, which
are also quite similar to the curve of E ; for ordinary con-
crete under sulfate attack. Three degradation stages under
sulfate attack and wetting-drying cycles can be ob-

") The first stage is called the initial damage

served'
stage as a result of wetting-drying cycles; this stage can
last about 30 d and E,, decreases to about 0.9. The reason
is that when the RAC was taken out from the sulfate solu-
tion and dried in oven (60 C), the sulfate ions in con-
crete will gradually reach the supersaturation and generate
the crystallization, which will lead to the internal stress
and microcracks generated in the concrete'™ ", The sec-
ond stage is a linear increasing stage and E increases in
this stage. This phenomenon can be attributed to the gen-
eration of expansive products when SO  penetrates into
RAC and reacts with internal hydration products, which
can fill in the pores and interfacial transition zones (ITZ)
to make the microstructure denser, so E, can increase
over the time. However, when the expansion stress gen-
erated by expansive products exceeds the tensile strength
of RAC, micro cracks will be generated and cause the ac-
celerated penetration of SO; |, so a vicious circle is crea-
ted and the decreasing stage will appear.

1.05-

Stress ratio;
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Fig.3 E,, variations for RAC under different stress ratios

Fig. 3 shows that the application of flexural loading can
increase the deterioration of specimens under sulfate
attack and wetting-drying cycles. After 270 d, the E
values of specimens with stress ratios 0.5 and 0. 3 are
0.593 and 0. 626, respectively, which are 17. 1% and
12.5% lower than those of the specimens without load-
ing, respectively. The reason can be that microcracks are

more easily generated when the flexural loading is higher,
so the expansive products can penetrate into concrete more
quickly and result in acceleration of degradation progress.

2.2 SO; diffusion in concrete

Fig. 4 shows the water-soluble SO~ content of speci-
mens under different stress ratios calculated by Eq. (1)
on different degradation days. It can be observed that the
higher the stress ratio, the higher the water-soluble SO;~
content with the same attacking time and depth. For ex-
ample, after a 30 d sulfate attack, the water-soluble SO; "
content with stress ratios 0. 3 and 0.5 is 0. 58%
0.67% at the depth of 0 to 5 mm, respectively, which
increases by 9.4% and 26.5% compared with that of the
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Fig.4  Water-soluble SO;” content for RAC under different

stress ratios on different immersion days. (a) 30 d; (b) 90 d;
(¢) 180 d; (d) 270 d
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specimen without loading, respectively. The reason is that
the application of flexural loading can generate microcracks
in concrete. Meanwhile, the sustained loading will accel-
erate the expansion of microcracks, and thus more chan-
nels for transmission of SO;  are generated. The increase
of stress ratio can cause more microcracks to be generated
and then accelerate the transmission of SO . This result is
in accordance with the E,, variation of RAC.

Meanwhile, the water-soluble SO}~ content at the same
depth becomes greater with the increase of immersion
time. For example, when the stress ratio is 0.5, the wa-
ter-soluble SO~ content at the depth of 0 to 5 mm is
0.67% after 30 d immersion. After 270 d immersion,
the water-soluble SO;~ content is 1. 86% at the same
depth, which is attributed to the surface degradation and
crack propagation of RAC under a sulfate attack.

2.3 XRD analysis

The reaction products of specimens were identified by
the method of XRD. Fig.5 shows the XRD patterns of
RAC under different stress ratios after 270 d immersion.
It can be clearly found that the main phases of specimens
have no change. However, compared with a no-loading
specimen, specimens with stress ratios 0.3 and 0.5 have
a higher peak intensity of ettringite and gypsum and a
lower peak intensity of Ca(OH),. It is revealed that the
application of flexural loading can obviously accelerate
the damage to the microstructure and provide more availa-
ble spaces for expansive products ( gypsum and ettring-
ite) generated by the reaction of Ca( OH), with SO; .
Thus, the formation of expansive products will accelerate
the degradation of RAC and cause E , reduction under a
sulfate attack and wetting-drying cycles. The same chem-
ical products have also been found in ordinary concrete

under a sulfate attack and wetting-drying cycles'"® >’
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Fig.5 XRD patterns of RAC under different stress ratios after
270 d immersion

o

2.4 Environmental scanning electron microscope (ESEM)

The variations of the microstructure of RAC under dif-

ferent stress ratios after 270 d immersion were observed
by ESEM.
products (ettringite) and short rod-like corrosion products
(gypsum) can be observed in Fig. 6. Compared with the
no-loading specimen, the amount of corrosion products in
specimens with stress ratios 0.3 and 0.5 is much higher,

It is clear that some needle-like corrosion

and the short rod-like gypsum is the main corrosion prod-
uct. The main reason is that SO;  in RAC increases under
the influence of flexural loading, and those SO,  will react
with C; A and its hydration products first. After that, the
gypsum will be generated by the reaction of Ca(OH), with
SO;". Therefore, the results of ESEM can provide a micro-
scopic evidence for the phenomena in Sections 2.1 and 2.2.

Ettringite
P 2
s

AT VR

Fig.6 ESEM images of RAC under different stress ratios after

270 d immersion. (a) Stress ratio is 0; (b) Stress ratio is 0. 3;

(c) Stress ratio is 0.5

2.5 X-ray computed tomography (X-CT)

X-CT was used to analyze the distribution of pores and
cracks of RAC. After 270 d sulfate attack, the middle
part of the experimental specimen (70 mm x 70 mm x
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70 mm) was cut out to be used as X-CT samples. The
3D stereograms and 2D slice diagrams of RAC under dif-
ferent stress ratios are shown in Fig. 7. The specimen in
Figs.7 (a) and (b) is RAC without flexural loading. It
can be observed that the damage of RAC under sulfate at-
tack and wetting-drying cycles is concentrated on the sur-
face of the specimen, and a small number of cracks can
be found in the interior of RAC. The cracks of RAC with-
out loading are mainly caused by the salt crystallization
and the formation of expansive corrosion products. Figs. 7
(c) to (f) reveal that the number of cracks of RAC rises

Defect volume/

mm?:
105.5

84.4

63.3

(d)
X-CT images of RAC under different stress ratios after 270 d immersion. (a) 3D stereogram without stress ratio; (b) 2D slice di-
agram without stress ratio; (c) 3D stereogram under stress ratio 0.3; (d) 2D slice diagram under stress ratio 0. 3; (e) 3D stereogram under stress ra-

Fig.7

tio 0.5; (f) 2D slice diagram under stress ratio 0.5

3 Conclusions

1) The degradation progress of RAC under sulfate at-
tack and wetting-drying cycles can be divided into three
stages; The initial damage stage caused by wetting-drying
cycles, the increasing and accelerated decreasing stages
caused by expansive products generated by sulfate attack.

2) Flexural loading can accelerate the degradation pro-
gress of RAC. The expansion of microcracks will be ac-
celerated as a result of applying flexural loading, and thus
more channels for the transmission of SO}~ are generated
inside the RAC and more corrosion products are pro-
duced.

3) The main corrosion products of RAC subjected to
sulfate attack under drying-wetting cycles and flexural
loading are gypsum and ettringite. The flexural loading
can accelerate the generation of corrosion products.

obviously with the increase of stress ratio. In particular,
more cracks are found inside the specimen when the stress
ratio is 0. 5. Therefore, when the flexural loading is ap-
plied on RAC, the degradation of RAC is not only caused
by the salt crystallization and the formation of expansive
corrosion products, the flexural loading can also acceler-
ate the expansion of microcracks generated by corrosion,
and this effect will be more pronounced with the increase
of corrosion time. Hence, flexural loading can accelerate
the degradation progress of RAC under a sulfate attack
and wetting-drying cycles.
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