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ABSTRACT: The study investigated the joint effect of freeze—thaw attack and ultraviolet (UV) radiation on
concrete. Mass loss ratio, relative dynamic modulus of elasticity (RDME) and flexural strength of concrete
were experimentally investigated. A two-way ANOVA was used to analyse the effect of UV radiation on the test
results. Water—binder ratio significantly affected the mass loss ratio, RDME and flexural strength. Meanwhile,
UV radiation only had a significant effect on mass loss ratio but had no evident effect on RDME and flexural
strength. Concrete microstructure was demonstrated by microscopic analysis via scanning electron microscope
to explore the insight into the damage evolution of concrete under the joint effect. Prediction models of the
damage degree of concrete were proposed by incorporating the results in this investigation. Comparison results
showed that the prediction values were consistent with the experimental values.
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RESUMEN: Comportamientos de darios de hormigon y modelos de prediccion bajo el efecto conjunto del ataque
hielo-deshielo y la radiacion ultravioleta. Se analiza la relacion, en hormigones, del efecto conjunto del ataque
hielo-deshielo y la radiacion ultravioleta en funcidén de sus parametros de Pérdida de Masa (PM), Modulo
Dinamico de Elasticidad (MDRE) y Resistencia a la Flexion, a partir del tratamiento estadistico de los resul-
tados (ANOVA). Se ha constatado que la proporcién agua/cemento (o aglomerante) (w/c) influyod significati-
vamente sobre la Pérdida de Masa (PM), MDRE y Resistencia a la Flexion. La radiacion UV, tuvo un efecto
significativo sobre PM pero apenas en los otros dos parametros analizados. La evolucion del deterioro en el
hormigoén se evalud estudiando su microestructura a partir de Microscopia Electronica de Barrido de Electrones
Secundarios (MEB-SSE). A partir de esta investigacion se propuso un modelo predictivo del grado de deterioro
del hormigén, concluyéndose que los datos de prediccion tenian una buena relacion con los datos experimen-
tales encontrados.
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1. INTRODUCTION

Material deteriorations caused by durability do
not have immediate safety issues; however, they
progressively lead to structural damage that places
a potential danger to structures (1). In cold areas,
freeze—thaw (F-T) attack is one of the most sig-
nificant factors that leads to concrete deteriora-
tion. Moreover, F-T attack influences the lifespan
of concrete structures. Researchers have conducted
in-depth studies on the frost resistance durability
of concrete. Moreover, two essential damages have
been considered—surface stripping and internal
damage. The former is caused by the freezing of
water in concrete surface, thereby resulting in weight
loss and reduced concrete cover. The latter is caused
by the frosting of internal moisture within concrete
pores. In addition, the primary effects of internal
damage are the generation and disintegration of
microcracks (2). Once internal damage is formed
and developed, concrete properties (i.e. elasticity
modulus, compressive strength and tensile strength)
deteriorate (3).

Scholars have explored the frost damage
mechanism, and several theories have been pro-
posed (4-6). With the development of theoretical
research, experimental studies on the frost resis-
tance of concrete have been developed, and great
progress has been achieved (3, 7-10). However,
concrete structures may not be attacked by F-T
alone. Other factors (e.g. sulphate attack, chloride
attack, fatigue load and ultraviolet (UV) radiation)
combined with F-T attack reduce concrete prop-
erties. Therefore, considering F-T attack alone is
unreasonable. Consequently, several researchers
have conducted different studies to investigate joint
attacks on concrete.

Lietal. (11) investigated the effects of the com-
bined action of F-T cycles and sulphate attack on
concrete resistance. They confirmed that sulphate
solution produces combined positive and nega-
tive effects on concrete subjected to F-T cycles.
Moreover, their results are consistent with those
of Wang et al. (12). Yang et al. (13) studied the
effects of sulphate attack and F-T cycle alter-
nation on concrete microstructure. Their results
revealed that F-T damage is a major effective fac-
tor. Wang and Niu (14) investigated the durabil-
ity of frost and sulphate resistance of ordinary
concrete. They also accelerated shotcrete with
and without steel fibre. They concluded that ordi-
nary shotcrete is more durable than ordinary con-
crete under the action of F-T cycles and sulphate
attack. Moreover, steel fibre-reinforced shotcrete
shows the best durability under the same con-
dition. Piasta et al. (15) reported that the F-T
resistance of air-entrained mortars subjected to
the initial sulphate attack is significantly reduced
and is comparable with that of non-air-entrained

cement mortars. The reduced frost resistance is
caused by ettringite filling the air voids.

Tian et al. (16) conducted a test joint effect of
flexural load and salt F-T cycles. They also proposed
a prediction model of damage degree. This model
shows good consistency with the values in their
investigation. Kosior-Kazberuk and Berkowski
(17) studied the surface-scaling resistance under the
combined F-T cycles, sodium chloride solution and
flexural load. Their results showed that the com-
bined attack accelerates the surface scaling of con-
crete. Diao et al. (18) reported that if F-T cycles and
mixed corrosion are combined with persistent load-
ing, then a rapid drop in strength and deformation
capacity of reinforced concrete beams can be identi-
fied. Enfedaque et al. (19) indicated that after 4, 14
and 28 F-T cycles, the fracture energy of concrete
with an air-entraining additive slightly increases. Lu
et al. (20) found that fatigue loading history acceler-
ates strength reduction.

Wang et al. (21) studied the combined effects
of F-T cycling and chloride on rebar corrosion in
concrete. Their results indicated that the factors
correlated with increased risk of rebar corrosion in
concrete rapidly increase with the number of F-T
cycles. Jacobsen et al. (22) reported that internal
cracking caused by frost action increases the chlo-
ride penetration rate by a factor of 2.5-8. Zhang
et al. (23) studied the effects of F-T cycles on chlo-
ride penetration into concrete. They found that F-T
damage significantly influences chloride ingress in
concrete.

Kuosa et al. (24) investigated the manner in which
internal F-T damage affects carbonation. They
found that the depth of carbonation increases from
3.5 mm to approximately 5.5 mm as the F-T dete-
rioration measured by relative dynamic modulus of
elasticity (RDME) increases from 80%-30%. He
et al. (25) reported that the damage caused by alter-
native F-T attacks and carbonation on concrete is
more severe than that by any of their single attack.
Liu et al. (26) developed two types of experiment,
that is, F-T cycles subjected to sulphate (SF) and
those subjected to sulphate and carbonation (SFC).
They reported that specimens under SFC are more
severely damaged than those under SF.

In 2011, investigations at several plateau regions
in China have shown that concrete damage in pla-
teau regions is worse than in plain regions (27). As
typical climatic features in plateau regions, F-T
attack, low air pressure and UV radiation intensify
the destructive effect on concrete. Few investigations
have been performed regarding concrete durability in
plateau regions. However, to the best of the authors’
knowledge, the effects of the combined action of
F-T cycles and UV radiation on concrete resistance
have been rarely studied via experiments. Therefore,
this study aims to evaluate concrete resistance to
the combined F-T attack and UV radiation. In this
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study, mass loss ratio and RDME were selected as
degradation indexes. Furthermore, the effect of
UV radiation on the flexural strength of concrete
after F-T cycles was investigated. Finally, concrete
microstructure was characterised via scanning elec-
tron microscopy (SEM).

2. MATERIALS AND METHODS
2.1. Materials and mixture proportions

The cement used for practical experimentation
was 42.5R general-use Portland cement. Crushed
granite with nominal particle sizes of 5 mm-40 mm
and Weihe river sand with a fineness modulus of
2.35 were used as the coarse and fine aggregates,
respectively. The dosage of Grade I1 fly ash used was
20% by mass of binder. The air-entraining agents
(AEAs) and the superplasticiser (SP) with a water-
reducing rate of 20% by weight were used in the con-
crete mixtures. Table 1 lists the detailed properties
of sand and coarse aggregates.

Three concrete mixtures were developed with
water—binder (w-b) ratios of 0. 35 0.40 and 0.45. A
total water content of 129 kg/m’ was used. Table 2
presents the details of mix proportions and the con-
crete properties.

2.2. Mixing procedures

All specimens were cured under the standard
curing condition. The preparation steps for con-
crete material are as follows. (i) Add cement, fly
ash, gravel and sand into the concrete mixer and
mix for 30 s. (ii)) Add water together with the given
concrete admixture and mix for 3 min. (iii) Pour the
fresh concrete into steel moulds and then vibrate for
30 s on the vibrating table. (iv) Cure each specimen
under 20 °C and 95% relative humidity.

2.3. Experimental procedures

UV radiation is intense at high elevations. For
example, UV radiation can reach 356-444 MJ-m 2!
in Xinjiang, China. Therefore, the cons1dered
radiation 1ntens1ty in this 1nvest1gat10n was
365 MJ'm >a”' (i.e. 1 MJ'm >d™"). In this test,
UVA-340 UV lamps were selected to simulate uv
radiation in sunlight due to their consistency with
the UV spectrum of sunhght The UV intensity
of UVA-340 UV is 200 W-m ~, which can be calcu-
lated as follows [1]:

jl

where 7'i is the radiation intensity at L from the
lamps, W-m~ T’ is the theoretical radiation inten-
sity, 0.5 W-m™?; L is the distance from the surface
of specimens to UV lamps, 0.05 m; and L’ is the
distance corresponding to the theoretical inten-
sity, 1 m.

On the basis of T calculated by Eq. [1], the value
of UV radlatlon that can be calculated by Eq. [2]
was 17.3 MJ-m ™ per day in the test box (i.e. speci-
mens exposed in the test box for 1 day is equal to
17.3 days under natural conditions).

LI

T=T’(—

; (1]

0=Tx1 2]

where Q is the UV radiation, J ‘m ™% and ¢ is the
UV exposure time, s.

The concrete was exposed to the UV radiation
during the curing period and subjected to F-T cycles
during the operation period. On this basis, the spec-
imens were UV-treated for 5 days (approximately
90 days under natural conditions) before the F-T
test. Figure 1 illustrates the UV radiation equipment
for achieving UV exposure.

In this study, six groups (three experimental
groups and three control groups) of specimens were
prepared. For the experimental groups (A(E), B(E)

TABLE 1. Properties of aggregates and C(E)), 100 mm x 100 mm X 400 mm specimens

Water Loose bullk  Apparent were cured for 23 days and then UV-treated for

absorption dens‘ty density 5 days. For the control groups (A(C), B(C) and

(%) (kgim’) (kgim®) C(C)), the same specimens were cured for 28 days.

The mass and initial transverse frequencies of the
Sand 0.79 1675 2593 . . .

c . 076 1496 2665 specimens were measured after curing or exposing

oarse aggregates : to UV radiation.
TABLE 2. Mixing proportions and concrete properties

w-b Water Cement Gravel Sand Fly ash AEA SP Slump i, 284 (10 cm)
Group ratio (kgm®)  (kgm®)  (kg/m’) (kg (%) (%) (%) (mm) (MPa)
A 0.35 129 295 1234 691 20 0.03 1.0 45 48.77
B 0.40 129 258 1251 716 20 0.03 1.0 54 41.90
C 0.45 129 229 1261 738 20 0.03 1.0 65 33.82
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FIGURE 1. Schematic drawing of the UV radiation equipment.

Sequentially, a rapid F-T test was conducted
in an F-T apparatus according to the Chinese
standard GB/T50082-2009 (similar to ASTM
C666/C666M-03). These specimens were immersed
in clean water to investigate their frost resistance.
Afterwards, they were placed in the F-T apparatus
and subjected to F-T cycles. In each cycle, the speci-
mens were frozen at 5 °C to —20 °C and thawed at
5 °C for 4 h. This process was repeated 275 times.
Mass and initial transverse frequencies were mea-
sured to calculate mass loss ratio and RDME.

Finally, a flexural test was conducted to inves-
tigate the difference of flexural strength among
groups. Figure 2 shows the loading equipment for
bending loads.

2.4. Analytical method

Mass loss ratio and RDME were selected to mea-
sure the frost resistance of concrete. Both were cal-
culated by using Eqs. [3] and [4], respectively.

w =25 100 3]
G

0

where W is the mass loss ratio at n F-T cycles, %;
G, is the mass after n F-T cycles, N; and G, is the
mass at the beginning of the F-T cycle test, N.

RDME = f”j [4]
/i

0

where RDME is the RDME at n F-T cycles, %;
f, 1s the initial transverse frequency at n F-T cycles,

N

i e et !

|

—f B -1 =
| |
p
bearing
50 h h h 50
| =
L=3h+100

FIGURE 2. Schematic diagram of loading equipment.

Hz; and f; is the initial transverse frequency at the
beginning of the F-T cycle test, Hz.

To understand the significance level of UV radia-
tion for the frost resistance of concrete, a two-way
ANOVA was applied to analyse the effect of UV
radiation on the test results.

For one-way ANOVA, three important mea-
sures of variability similar to regression theory were
applied to test the population means (28).

SST = Zi( ¥y =5 [5]
SSA = ni(,v,, -y.) [6]
SSE=YY (3, 7,) 7]

i=1 j=1

where y; represents the jth observation from the
ith treatment; y.. is the mean of all nk observations
(n: number of samples per treatment; k: number of
treatments); 7. is the mean of all observations in the
sample from the ith treatment; SS7 is the ‘total sum
of squares’; SSA is the ‘treatment sum of squares’;
and SSE is the ‘error sum of squares’.

The sum of squares can be conveniently identi-
fied by Eq. [8], which expresses how the between-
treatment (SSA4) and within-treatment (SSE)
variations added up to the total sum of squares.

SST = SSA + SSE 8]

For two-way ANOVA, Eqgs. [5] and [8] can be
directly used. However, Egs. [6] and [7] must be
modified to characterise the responses correctly
(29). Specifically, the treatment (level) component
of variance was broken down into sums of squares
for each factor and can be calculated by Eq. [6]. The
modified SSA for two-way ANOVA is the sum of
the separate sums of squares for each factor, and the
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modified SSE can be deduced by Eq. [8] only if SSA4
is replaced by modified SSA4.

To quantify the idea of statistical significance of
evidence, the significance of UV radiation for two-
way ANOVA was determined on the basis of asso-
ciated p-values. For the statistical significance level
of all analyses, the p-value of 0.05, which is mostly
offered for experimental analysis, was selected (28).
If the p-value was less than or equal to 0.05, then the
means of two or more independent groups were sta-
tistically significantly different from each other for
the two-way analysis. Therefore, the null hypothesis
that all the group population means of cooperation
are equal was rejected. Otherwise (i.e. if the p-value
is greater than 0.05), the means were not statisti-
cally significant. For convenience, F-ratio (i.e. ratio
of between-group variability to within-group
variability) was compared with F,sto determine

(b)

(d)

whether the p-value was greater than 0.05. If the
F-ratio was greater than or equal to F s, then the
p-value was less than or equal to 0.05. Otherwise,
the p-value was greater than 0.05. Mean square
represents an estimate of population variance. This
estimate was calculated by dividing the correspond-
ing sum of squares by the degrees of freedom (DF).

3. RESULTS AND DISCUSSION
3.1. Surface scaling

Specimens in group C(C) were selected to illus-
trate the surface changes of concrete specimens.
Figures 3(a)-3(g) show the concrete deterioration
in group C(C) under the cyclic F-T condition. The
surface of concrete specimens significantly changed
with the increase of F-T cycles. The surface mortar

(9)

(h)

FIGURE 3. Deterioration of concrete specimens under the cyclic F-T condition. (a) C(C) at 0 cycle (b) C(C) at 50 cycles (¢) C(C) at
100 cycles (d) C(C) at 150 cycles (e) C(C) at 200 cycles (f) C(C) at 250 cycles (g) C(C) at 275 cycles (h) A(C) at 275 cycles (i) B(C) at
275 cycles (j) C(E) at 50 cycles (k) C(E) at 150 cycles.
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of specimens showed gradual stripping, and the
coarse aggregates were exposed after 100 cycles.
Thus, serious F-T damage occurred.

Specimens in groups A(C), B(C) and C(C) were
selected to illustrate the influence of w—b ratio on the
frost resistance of concrete. As shown in Figures 3(g)-
3(i), the surface damage of specimens in group A(C)
with the lowest w—b ratio (0.35) was the lightest when
subjected to 275 F-T cycles. The surface damage of
specimens in group C(C) with the highest w—b ratio
(0.45) was the most serious. Therefore, under the
same conditions, the higher the w—b ratio, the more
serious the F-T damage. Moreover, w—b ratio had a
great influence on pore structure (30). Furthermore,
high w-b ratio led to poor compactness and internal
bond of concrete. Thus, the ratio had a significant
effect on the frost resistance of concrete.

Specimens in group C(C) and C(E) were selected
to illustrate the influence of UV radiation on the
frost resistance of concrete. Figures 3(c) and 3(j)
show the specimen deterioration after 50 cycles. The
surface damage of group C(E) was more serious than
that of group C(C) after 50 F-T cycles. However, the
surface damage of both groups gradually increased
with the number of F-T cycles. Moreover, the dif-
ference in surface damage between groups C(E) and
C(C) was gradually reduced. After 150 F-T cycles,
the surface damage of the two groups were the same
(Figures 3(d) and 3(k)), which could be attributed
to the UV radiation only affecting a certain depth
of concrete surface. Therefore, in the early stage of
F-T cycle test, specimens in group C(E) more likely
suffered from F-T damage, and the surface dam-
age of group C(E) was more serious than that of
group C(C). As the number of F-T cycles increased,
the surface mortar of specimens showed gradual
stripping. Furthermore, the effect of UV radiation
gradually disappeared. Afterwards, the damage of
the two groups gradually approached the same level.

3.2. Mass loss ratio

Figure 4 shows the concrete deterioration in
the mass loss ratio under F-T cycles. As shown in
Figure 4, the testing data reveal that mass loss was
strongly reduced and was consistent as the w—b ratio
decreased. In the three control groups, the mass
loss ratio of group A(C) was the lowest, whereas
that of group C(C) was the highest. Specimens in
group A(C) began to lose mass after 100 F-T cycles,
whereas the mass loss ratios of specimens in groups
B(C) and C(C) were 0.56% and 1.21%, respectively.
After 200 F-T cycles, the mass loss ratios of speci-
mens in groups A(C), B(C) and C(C) were 0.58%,
1.72% and 3.56%, respectively. When subjected to
275 F-T cycles, the mass loss ratios of specimens
in groups A(C), B(C) and C(C) were 0.88%, 2.88%
and 4.72%, respectively. Thus, under the same F-T
cycles, high w—b ratio resulted in high mass loss and

—m— Group A(E)
BEE ~—&— Group A(C) 8
E — Group B(E) :" i
g af Group B(C) ._7._/,3«_;..'
S [ —eGonpcm P —
E e +— Group C(C) ‘)'r""
& F /
= 2
"3 —— F.
& .f-r-';::’-r'-""’
e alib — -

- —— |
p e g
P ’ _oa—

b -

T S S T 0 A R I

0 25 50 75 100 125 150 175 200 225 250 275 300
Number of cycles

FIGURE 4. Mass loss ratio of concrete under F-T cycles.

poor frost resistance of concrete. This result was
consistent with the conclusions in Section 3.1.

The mass of specimens in group A increased
at the beginning of the F-T test because these
specimens had good frost resistance, and the sur-
face damage was extremely low that it was negli-
gible. In addition, a certain level of moisture could
be absorbed into the specimens in the early F-T
test. Therefore, the mass of specimens in group A
slightly increased initially and then decreased. In
each group, the mass loss ratio gradually increased
with the number of F-T cycles. Nevertheless, the
increase rate of the mass loss ratio in different
groups had minimal difference. The increase rate
in the mass loss ratio of the specimens in group
C(C) initially accelerated and then decelerated.
However, the mass loss ratio of the specimens in
group C(E) initially reached a high level and then
slowly increased during the early stage and quickly
increased in later F-T cycles. This occurrence
might be due to the UV radiation affecting the sur-
face mortar of the concrete specimens in group C,
thereby resulting in F-T damage at the early stage
of F-T cycles.

For the mass loss ratio of groups A(E) and A(C),
no evident difference was found before 125 F-T
cycles and after 200 F-T cycles. From 125 to 200
F-T cycles, the mass loss ratio of group A(E) was
higher than that of group A(C). The mass loss ratio
of group B(E) was also higher than that of B(C)
before 175 F-T cycles and was the same after 175
F-T cycles. In addition, the mass loss ratio of group
C(E) was higher than that of C(C) before 150 F-T
cycles and was the same after 150 F-T cycles. The
largest difference of mass loss ratio between experi-
mental and control groups was 0.49% in group C
at 50 F-T cycles. The effect of UV radiation on
the frost resistance of high w—b ratio concrete was
reflected in the early stage of F-T test, whereas that
of low w-b ratio concrete was reflected after a cer-
tain number of F-T cycles. This result might be due
to the adverse effect of UV radiation on the con-
crete surface, which accelerated the surface mortar
stripping at the beginning of F-T damage. The F-T
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damage of high w—b ratio group occurred later than
the low w-b ratio group.

Table 3 shows the results of two-way ANOVA of
mass loss ratio. The analytical method mentioned in
Section 2.4 demonstrated that UV radiation statis-
tically significantly affected the mass loss ratio (p <
0.05). The mass loss ratio primarily reflects the sur-
face damage. Therefore, UV radiation significantly
affected the concrete surface. As discussed in Section
3.5, the microstructure of the surface mortar was ana-
lysed by SEM to verify the reliability of the analysis.

3.3. RDME

Figure 5 illustrates the concrete deterioration in
the RDME under F-T cycles. From the figure, the
testing data indicated that RDME slightly decreased
with the increase of w—b ratio. In the three control

groups, the RDME of group C(C) was the lowest,
whereas that of group A(C) was the highest. After 25
F-T cycles, the RDME of specimens in group A(C)
only began to decrease, whereas that of specimens in
group C(C) had already decreased to 92.25%. When
subjected to 150 F-T cycles, the values of RDME
of specimens in groups A(C), B(C) and C(C) were
90.41%, 84.9% and 84.32%, respectively. After 275
F-T cycles, the values of RDME of specimens in
groups A(C), B(C) and C(C) were 84.5%, 75.32%
and 67.32%, respectively. In summary, under the
same F-T cycles, high w—b ratio resulted in low
RDME and poor frost resistance of concrete. This
result was consistent with the previously mentioned
conclusions.

In each group, RDME gradually decreased with
the increase in the number of F-T cycles. At the
beginning of the F-T test (050 cycles), the reduction

TABLE 3. Results of ANOVA of mass loss ratio
Group Source of variation Sum of squares DF Mean square F P
A UV radiation 0.0234 1 0.0234 4.89 0.0491
F-T cycles 3.0385 11 0.2762 57.64 0
Error 0.0527 11 0.0048
Total 3.1146 23
B UV radiation 0.0315 1 0.0315 8.80 0.0128
F-T cycles 19.3928 11 1.7630 492.05 0
Error 0.0394 11 0.0036
Total 19.4638 23
C UV radiation 0.1520 1 0.1520 7.51 0.0192
F-T cycles 55.8053 11 5.0732 250.76 0
Error 0.2225 11 0.0202
Total 56.1799 23
105
S ———a —#— Group A(E) —#8— Group A(C)
\ By Group B(E) Group B(C)
9 | ! —e— Group C(E) —e— Group C(C)
o) 90 =3
g '““:-“1‘.::::!::—-5:%_%___ .
E 85 [ Sl =~
z 80 [ e
75 [ N -
70 F \'}:::
i ~
e

0 25 50 75 100 125

500 175 200 225 2500 275 300

Number of cycles

FIGURE 5.

RDME of concrete under F-T cycles.
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rate of the decreased RDME in group C was faster
than that in groups B and C. However, no difference
was evident in the reduction rates among the groups
after 75 F-T cycles. For the RDME of groups A(E)
and A(C), no difference was observed in the early and
late stages of the F-T test. The RDME of group A(C)
was also slightly higher than that of group A(E) in
the middle stages. For groups B and C, the RDME of
the control group was higher than that of the experi-
mental group in the early stage of F-T test. The result
was the same for the later stage. The largest difference
of RDME between experimental and control groups
was 2.8% in group C at 150 F-T cycles.

Table 4 shows the results of two-way ANOVA of
RDME. As shown in the table, UV radiation statisti-
cally insignificantly changed the RDME of concrete
(p > 0.05) because the RDME is a measurement of
the inner compact degree (31, 32). Moreover, given
that the specimens were UV-treated after they were

moulded, only the surface of specimens was exposed
to UV radiation. As a result, UV radiation had diffi-
culty in affecting the interior of specimens. Ultimately,
UV radiation insignificantly affected the RDME. The
results of RDME were consistent with those of previ-
ous works (33, 34). However, these previous studies
have not considered the effect of UV radiation.

3.4. Flexural strength

Figure 6 demonstrates the flexural strength of the
concrete after 275 F-T cycles. As shown in Figure 6,
no evident difference was observed in the flexural
strength between the control and experimental
groups after 275 F-T cycles. The largest difference
of flexural strength between control and experimen-
tal groups was 0.04 MPa. Therefore, UV radiation
showed no evident effect on the flexural strength of
concrete after F-T cycles.

TABLE 4. Results of ANOVA of RDME

Group Source of variation Sum of squares DF Mean square F P
A UV radiation 0.3432 1 0.3432 1.77 0.2104
F-T cycles 775.4268 11 70.4933 363.46 0
Error 2.1334 11 0.1939
Total 777.9035 23
B UV radiation 0.2440 1 0.2440 0.52 0.4848
F-T cycles 1767.4110 11 160.6737 344.20 0
Error 5.1349 11 0.4668
Total 1772.7899 23
C UV radiation 0.5046 1 0.5046 0.79 0.3932
F-T cycles 2190.1053 11 199.1046 311.66 0
Error 7.0273 11 0.6388
Total 2197.6822 23
45
4 F

[¥¥]
A
T

[¥5]
T

[

Flexural strength (MP a)
[
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FIGURE 6. Flexural strength of concrete after 275 F-T cycles.
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TABLE 5. Results of ANOVA of flexural strength Table 5 presents the results of two-way ANOVA

Source of Sum of Nean of the flexural strength of concrete. As shown in the
u u . .

riaion___squres_DF_squne__¢__p bl theellect of UV radiation on flexural strength
UV radiation  0.00004 1 0.00004 0.81 0.4639 & e
w-b ratio 110252 0.55125 1066.94 0.0009 3.5. Microstructure characterisation
Error 0.00103 2 0.00052
Total 1.10395 5 Figure 7 presents the specimen microstructure

in group B characterised by SEM. The concrete

(b) (c)

e )

FIGURE 7.  SEM micro-photographs of specimens. (a) Surface mortar of B(C) before test (b) Surface mortar of B(C) after 100 F-T
cycles (c) Internal mortar of B(C) after 100 F-T cycles (d) Surface mortar of B(E) after 100 F-T cycles (e) Internal mortar of B(E)
after 100 F-T cycles (f) Surface mortar of B(C) after 275 F-T cycles (g) Surface mortar of B(E) after 275 F-T cycles.
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specimens without damage history (i.e. Figure 7(a))
were smooth and dense, whereas varying degrees of
damage were observed on concrete after UV radia-
tion and F-T cycles (i.e. Figures 7 (b)-7(g)). As the
number of F-T cycles increased, the surface of mor-
tar was no longer smooth. Moreover, the number
of cracks and pores increased. This result explains
the damage degree increment and RDME reduc-
tion. For example, Figures 7(f) and 7(g) show that
specimens after 275 F-T cycles seemed rough and
uneven, accompanied by several microcracks and
pores.

As shown in Figures 7(b)-7(e), no evident dif-
ference was found between Figures 7(c) and 7(e),
whereas slight differences were observed between
Figures 7(b) and 7(d). In Figure 7(b), the particle
fraction of concrete was more uniform and com-
pact than that in Figure 7(d) because UV radiation
had certain hindrances to the hydration reaction.
The comparison of Figures 7(b) and 7(d) demon-
strated that the damage degree of surface mortar
of the specimens exposed to UV radiation followed
by 100 F-T cycles was slightly higher than that of
the specimens subjected to 100 F-T cycles without
UV radiation. UV radiation could only affect the
surface mortar of specimens, and this phenomenon
was consistent with the results of mass loss ratio
and RDME. No difference was observed between
Figures 7(f) and 7(g). Thus, the effect of UV radia-
tion on concrete could be ignored at 275 F-T cycles
because of the increased damage degree of concrete
with the increased number of F-T cycles. Moreover,
the effect of UV radiation on concrete could eventu-
ally be negligible.

3.6. F-T damage model considering UV radiation

On the basis of damage theory, various micro-
cracks and microdefects in concrete structures can
be regarded as a continuous distribution of damage
field in a material. RDME is easy to measure and
analyse in F-T cycle test. Moreover, RDME is an
important index to describe the internal damage of
concrete materials (35). In addition, RDME can be
used to analyse the internal damage degree of con-
crete materials quantitatively. Therefore, damage
degree is defined as follows:

D, =1-Ln [9]

n
0

where D, is the damage degree after n F-T cycles,
E, 1s the dynamic modulus of elasticity after n F-T
cycles and E, is the initial dynamic modulus of
elasticity.

Table 6 shows that the F-T damage model of each
group was obtained by linear regression analysis of the
experimental data. Moreover, the model fitted by each

group was in good agreement with the experimental
results. In addition, the coefficient of determination
of each model was all above 0.92. On this basis, the
models and experimental results had a high-fitting
accuracy. Therefore, the damage model of F-T cycles
was reasonable for the experimental results. Figure 8
the comparison of the fitting curves of the groups with
the experimental data. The damage degree of group A
initially accelerated and then decelerated as the num-
ber of F-T cycles increased, whereas that of group
C rapidly developed at the beginning of the test. The
reason for this difference might be that the surface of
specimens in group C was significantly affected by UV
radiation. Furthermore, the surface mortar was rap-
idly damaged at the beginning of F-T cycles.

4. CONCLUSIONS

This study experimentally investigated the mass
loss ratio, RDME, flexural strength and microstruc-
ture of concrete under the joint effect of UV radia-
tion and F-T attack. The following conclusions
were drawn on the basis of the results.

1. The mass loss increased and RDME decreased
with the increase of F-T cycles. In addition, the
w-b ratio had significant influence on mass loss
ratio, RDME and flexural strength. Moreover,
the high w-b ratio caused high mass loss ratio,
low RDME and low flexural strength.

2. For concrete with high w-b ratio, the effect
of UV radiation on the mass loss ratio was
reflected in the early stage of F-T test, whereas
that of low w-b ratio concrete was reflected
after a certain number of F-T cycles. However,
the effect of UV radiation on the RDME and
flexural strength of concrete was insignificant.

3. SEM analysis on the microstructure of the sur-
face mortar of the specimens showed that UV
radiation could make the surface mortar suffer
further serious F-T damage in the early stage of
F-T test. However, UV radiation had no effect
on internal mortar. In addition, the results of
microscopic analysis obtained from SEM were
consistent with the macroscopic results.

TABLE 6. Damage models and coefficients of
determination

Coefficient
Group Damage model of determination R*
A(E) D =0.0006x — 0.0076 0.9281
A(C) D =0.0006x — 0.0087 0.9469
B(E) D =0.001x - 0.0075 0.9953
B(C) D =0.001x — 0.0146 0.9863
C(E) D =0.0011x + 0.0226 0.9901
C(C) D =0.0011x + 0.0106 0.9903
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FIGURE 8. Comparisons of experimental values of damage degree with its prediction models. (a) Group A(E) (b) Group A(C)
(¢) Group B(E) (d) Group B(C) (e) Group C(E) (f) Group C(C)

Prediction models of the damage degree of
concrete under the joint effect of UV radia-
tion and F-T attack were proposed on the
basis of linear regression. The comparison
results indicated that the prediction values
had good consistency with the experimental
values. Therefore, the models could be used to
predict the damage degree of concrete under

the joint effect of UV radiation and F-T
attack.
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