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ABSTRACT. Fly ash has been used more and more often to take the place of
cement as the admixture of concrete in the construction of concrete
buildings. However, with the increase of the carbon dioxide (COy)
concentration in the atmosphere, carbonization damage has become an
essential factor affecting the durability of fly ash concrete. Here a long-term
bending load device was developed to explore how the pouring surface and
the bending load affect the carbonization resistance of reinforced concrete
under rapid carbonization. In addition, the relationship between the bending-
tension and bending-compression loads with respect to the carbonization
damage of test blocks was also investigated. Due to the differences in the
concrete compactness, the carbonization depth of the pouring surface was
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found to be greater than that of the bottom at the same position. To a certain ~Which permits unrestricred use, distribution,
B . . N . . . and reproduction in any medium, provided

extent, with the increasing bending-load stress, different carbonization the original author and source are credited.

resistances were observed in the bending-tension zone and the bending-

compression zone of the concrete test blocks. Meanwhile, to study the

relationship between the carbonization damages in the bending-tension zone

and the bending-compression zone of concrete test blocks, a carbonization

influence coefficient of bending tension-compression load was proposed,

which provides a convenient and scientific guidance for the detection and

evaluation of concrete carbonization damages in practical engineering.

KEYWORDS. Reinforced concrete; Bending load; Pouring surface;
Carbonization depth; Carbonization influence coefficient of bending tension-
compression load.

INTRODUCTION

he replacement of cement with fly ash as the admixture of concrete can not only reduce cement consumption but

also effectively improve vatious properties of concrete [1-3]. Therefore, fly ash has been used more and more

widely in concrete buildings. On the other hand, due to the deterioration of the natural environment and the
increase of the CO: concentration in the atmosphere, carbonization damage has become one of the most significant
factors affecting the durability of fly ash concrete. However, the effect of load on the carbonization resistance of fly ash
concrete was rarely discussed [4-10]. In practical engineering, the structure of a building is subject to the combined action
of both load and environment, especially the former, so studying the environment alone cannot fully solve the
carbonization problem in practical engineering [11-15]. Most of the building components such as beams and slabs ate
mainly subjected to the bending load in concrete structures. So the carbonization analysis under bending loads is still the
focus of the durability study on fly ash concrete. However, the current research conclusions cannot be directly compared
as they were obtained from different experimental platforms. What is more, most of the research focused on plain
concrete, without considering the influence of steel bars on its carbonization, which cannot provide very helpful reference
for the actual engineering, as studies [16-18] have shown that steel bars make the concrete more compact on the setting
and hardening process of the concrete, which inhibits the carbonization damage of the concrete. This paper performed a
rapid carbonization test to investigate how the bending load affects the properties of reinforced concrete blocks with
varying fly ash contents. Then it analyzes the effects of the pouring surface and the bending tension and compression
loads on the carbonization resistance of concrete and the relationship between the tension and compression loads with
respect to their effects on the carbonization resistance of concrete. Furthermore, it proposed a carbonization influence
coefficient of bending tension-compression load with respect to reinforced concrete. In summary, this study can provide
convenient and scientific guidance for the detection and evaluation of carbonization damages in concrete structures in
practical engineering.

EXPERIMENT

Experimental materials
.O 42.5 ordinary Portland cement and Grade II fly ash (type F) were used in the experiment. River sand was used
as fine aggregate, with a fineness modulus of 2.74 and good gradation. The continuously graded crushed stone
with a particle size of 5-20mm was adopted as coarse aggregate. In this experiment, polycarboxylates high-
performance water reducing admixture was adopted. The strength of the concrete blocks was C30, and four fly ash
contents (the mass ratio of fly ash) were selected, namely, 0%, 20%, 30% and 40%. The concrete mix proportions ate
listed in Tab. 1. The test blocks were divided into several groups, each of which contains 51 blocks. In each group, 3
blocks were subjected to the measurement of ultimate bending load, and 48 underwent the carbonization test.
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Fly ash Cement Flyash Sand  Stone Water
Number content (Kg) (Kg) (Kg) (Kg) Sand rate (Kg) W/B Water-reducer
A 0% 373.63 0 682.87 1114.16 38% 179.34  0.48 0.40%
B 20% 29890 7473  682.87 1114.16 38% 179.34  0.48 0.46%
C 30% 261.54 112.09 682.87 1114.16 38% 179.34  0.48 0.52%
D 40% 22418 149.45 682.87 1114.16 38% 179.34  0.48 0.56%
Table 1: Concrete mix proportions
Experimental method

Preparation of test blocks: 100mmX100mmX*300mm rectangular concrete test blocks were used in the experiment. The
reinforcement diagram of a test block is shown in Fig. 1.
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Figure 1: Reinforcement diagram of the reinforced concrete block

Load device: A long-term bending-load device was developed in the experiment by reference to the other load devices
[16-17, 19-24]. As shown in Fig. 2, the device consists of two screws with a diameter of 12mm, eight nuts, four shims and
a steel column support. If two torque wrenches are used to twist the nuts at the same time and with the same speed to
produce a tightening force, the screw will bear tension, forming pressure on both sides of the block, thereby exerting
bending load on the test block. The bending tension load generated on the side of the block away from the support is
defined as the tension surface, while the bending compression load generated on the side of the block near the support is
called the compression surface. In this experiment, the compression load is directly applied on the pouring surface. The
bending load stress of the block can be adjusted by using the torque wrench to apply the torque. This loading strategy is
highly reliable, as evidenced by its extensive application in the research of concrete durability under bending stress.
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Figure 2: Long-term bending-load device
Experimental procedure

The three-point bend loading test was first performed on the concrete blocks using a universal testing machine. The
ultimate bending load I (i.e. the pulling force of the screws at both ends of each block) of the three blocks in each mix
ratio were measured separately on the universal testing machine. To ensure the reliability of measured results, the average
value was taken as the final I¥ value of reinforced concrete under this mix ratio. The corresponding I was 37.88 kN, 33.16
kN, 34.18 kN and 32.04 kN when the fly ash content of the test blocks was 0%, 20%, 30% and 40%.

Each group of test blocks were loaded with 0%, 20%, 40% and 60% of the ultimate bending load based on the formula
T=KeI*D|25] (T is the torque magnitude; K is the torque coefficient, which was set to 0.19; and D is the screw diameter,
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which was set to 12mm). The carbonization experiments were carried out on the reinforced concrete test blocks with four
mix proportions under long-term bending load.

The carbonization test was carried out in the standard fast carbonation box in the laboratory. The environmental
parameters in the carbonization box include CO; concentration of (20 + 3) %, relative humidity of (70 + 5) %, and
temperature of (20 + 2) °C. The concrete blocks were carbonized for three different periods, namely, 7, 14 and 28 days.
During the test, the concrete blocks were put into the carbonization box and carbonized to the corresponding period.
After that, they were taken out for the measurement of carbonation depth. Specifically, each test block was split along the
mid-span direction, and phenolphthalein, 1% w/v in alcohol, was dripped evenly on the block surface with a rubber head
dropper. The carbonized part of the block did not change color, while the non-carbonized part became purple red.
According to the change of cross-section color, the carbonation depths at 9 points were measured within 60mm in the
middle of tension zone and the compression zone, and the average value was taken as the final carbonization depth of the
area.

To prevent the stress loss of the long-term load device, two preventive measures were taken in this experiment:

(1) The pre-tension was carried out before the bending load was applied. First, a torque which was 1.05-1.1 times the
corresponding stress was applied to the test block for 2-5min, and then the load was removed and the corresponding
torque was applied.

(2) During the carbonization process, the applied torque was measured every 7 days and any reduction of torque would be
compensated.

RESULTS AND DISCUSSION

Effect of the pouring surface on the carbonization resistance of concrete

n the experiment, the carbonization depths of each block were measured from four longitudinal sides, and it was

found that the carbonization depths were different from different sides, showing the different carbonization

resistances of the concrete. Through analysis, it was found that the carbonization resistances of the pouring surface
(top surface) and the non-pouring surface (bottom surface) were different. Some literatures [26-30] have found that the
segregation of concrete during vibration lead to the unevenness of the block from the top to the bottom, and that the
pouring surface of the concrete in actual construction has a certain effect on the carbonization resistance of concrete. To
compare the difference in the carbonization performance between the pouring surface and the non-pouring surface, the
carbonization influence coefficient of the pouring surface, denoted as K, is defined as follows:

K=—2~ 1)

where X is the carbonization depth of the pouring surface (top surface) while X}, is the carbonization depth of the non-
pouring surface (bottom surface).

With the data in Tab. 2, the variation curve of the carbonization influence coefficient K of the pouring surface with
different fly ash contents can be determined (as shown in Fig. 3).

As shown in Fig. 3, K decreased as the carbonization period increased. In the first 14 days, the decreasing rate was
relatively fast, while in the subsequent 14 days, the declining trend became relatively gentle. In addition, the value of K was
always greater than 1. This shows that the carbonization speed of the pouring surface was greater than that of the bottom
surface under the same mix proportion. As both the top and the bottom wete reinforced in the same way, the difference
in the carbonization depth might be caused by the different compactness of the top and the bottom sutrfaces of the
concrete. Therefore, the cross sections of the concrete test blocks were selected and the tops and the bottoms of the cross
sections were observed, as shown in Fig. 4.

As indicated in Fig. 4, the top of the cross section showed less coarse aggregate and denser pores, compared to the
bottom of the test block. In addition, there was a thin layer of mortar at the top of the block. Due to the gravity and
vibration when the block was poured and vibrated, the cohesion between the cement paste and the aggregate was not
enough to resist against the external vertical downward force acting on the aggregate, so the heavy aggregate would sink
and the light cement slurry would float. As a result, there was an increase in the coarse aggregate and a decrease in the
cement paste from top to bottom along the cross section of the block. The water-to-cement ratio at the top became larger
and that at the bottom smaller. There were more capillary pores and larger cracks at the top in comparison with those at
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the bottom. This suggests that the compactness at the top is worse than that at the bottom. Through measurement of the
electric flux at the tops and bottoms of other test blocks, it was also noticed that the electric flux at the top was much
larger than that at the bottom [26], further proving the widespread phenomenon of higher permeability at the tops of the
concrete blocks after setting and hardening. As a result, CO2 can more easily and rapidly enter and erode the inner part of
the block from the top. Furthermore, the carbonization depth at the top was greater than that at the bottom, so the
coefficient K was greater than 1. However, when the carbonization depth reached a certain value, the closer the central
carbonization zone of the cross section was, the smaller the difference in the concrete compactness would be. Thus, the
carbonization depths at the top and bottom would be closer, making the curve change more gently.

Fly ash . Carbonization depth/ mm
content Cocefficient 7d 14d 28d
X, 4.74 5.48 7.94
0 X 4.50 5.34 7.93
K 1.05 1.03 1.00
X 7.13 8.71 9.58
20% X 5.40 7.20 8.26
K 1.32 1.21 1.16
X, 7.61 8.76 9.98
30% X 5.90 7.30 8.60
K 1.29 1.20 1.16
X 8.00 9.25 10.63
40% X 6.20 7.84 9.75
K 1.29 1.18 1.09

Table 2: Carbonization depths of the pouring and bottom surfaces of concrete/mm
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Figure 3: Curve of the carbonization influence coefficient K of the pouring surface at different fly ash contents

o
Bottom

Figure 4: Comparison between the top and bottom surfaces of the concrete test blocks

As shown in Fig. 3, the K values of the blocks without fly ash were always lower than those of the blocks with fly ash.
When the blocks are vibrated, the fluidity and segregation of the cement paste will increase under the action of shaking
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table and vibrating rod, that is, the “shear-thinning” feature in fluid dynamics. Fly ash is a microscopic particle whose
shape is similar to a globule. However, the shapes of cement particles are irregular. Therefore, when fly ash is added into
the cement paste (with a fly ash content of less than 50%), the friction of cement mortar will be reduced under the rolling
effect. Since less water is needed for the smooth surface of the fly ash sphere, the free water in the mortar will increase,
diluting the cement mortar and increasing the shear thinning degree [31]. As a result, when the fly ash concrete is vibrated
and the density difference between the top and the bottom becomes larger, the course aggregate moves downward faster.

Effect of bending load on the carbonization resistance of concrete
The carbonization depths of the reinforced concrete blocks in the bending-tension and bending-compression zones under
different bending loads are shown in Tab. 3.

. 7d 14d 28d
Fly ash Bending load stress Tensi Tension/ Tension/
content level ens1on/ compre ension/compre ension/compre
ssion ssion ssion
0% 4.74/4.50 5.48/5.34 6.64/7.93
0% 20% 4.56/5.99 5.32/6.54 6.25/9.65
40% 4.01/7.32 4.88/8.56 5.33/10.28
60% 3.55/8.86 4.21/9.77 4.56/11.26
0% 7.13/5.40 8.71/7.20 9.58/8.26
20% 20% 6.02/7.55 6.57/8.38 8.23/9.95
40% 5.55/7.92 6.26/8.78 7.05/11.45
60% 4.55/9.57 5.32/10.95 5.88/12.50
0% 7.61/5.90 8.76/7.30 9.98/8.60
30% 20% 6.87/7.99 8.76/9.26 9.35/9.98
40% 6.74/8.45 7.44/9.87 8.05/12.00
60% 5.52/9.85 6.38/11.20 7.52/12.98
0% 8.00/6.20 9.25/7.84 10.63/9.75
40% 20% 7.50/8.24 9.24/10.24 10.25/12.99
40% 6.85/9.57 8.82/10.55 10.01/13.21
60% 6.02/10.45 7.22/11.98 9.00/13.90

Table 3: Catbonization depths of concrete test blocks under different bending loads/mm

Effect of bending-compression load on the carbonization resistance of concrete

The variation curve of the carbonization depth in the bending-compression zone of concrete with the bending load stress
level is shown in Fig. 5.

Fig. 5 shows that with the bending load stress increasing, the carbonization depth of the concrete in the bending-
compression zone decreased under the same fly ash content. This indicates that the bending-compression load inhibits the
erosion of CO; and improves the carbonization resistance of concrete.

To quantify the effect of bending load stress on the carbonization depth of concrete blocks, the carbonization influence
coefficient of bending-compression load stress was used, by reference to Niu Jiangang's method [16].

K == @

where K. is the carbonization influence coefficient of bending-compression load stress; X, is the carbonization depth of
concrete under bending load in the compression zone; and X, is the carbonization depth of concrete without load in the
comptession zone.

Through regression analysis, the fitting equation between the carbonization influence coefficient of bending-compression
stress and bending load stress level under different fly ash contents can be determined, as shown in Tab. 4, where Kc is
the carbonization influence coefficient of bending-compression stress and Scis the bending load stress level.

As shown in Tab. 4, the relationship between the carbonization influence coefficient of the bending-compression stress
and the bending load stress level can be described using a quadratic polynomial. The coefficient of this formula is
different from the results of the quadratic polynomial fitting in reference [16]. The main reason may be that the
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experimental materials in the reference were plain concrete blocks and that the research did not consider the effect of steel
bars. In actual practice, the steel bars affect not only the concrete compactness but also the transmission channels of CO»
in the concrete and enlarge the stiffness of the components, affecting the carbonization resistance of concrete.
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Figure 5: Relationship between carbonization depth in the concrete compression zone and bending-compression load stress level in
different carbonation periods

Fly ash . . Corttrelation coefficient
Fitting equation
content R
0% K, =-0.432657 —0.1921S_ +1.0035 0.99
20% K. =0.358387 —0.82115, +0.9923 0.99
30% K, =0.362657 —0.22855. +1.0017 0.98
40% K. =-0.567557 +0.00555, +0.9971 0.99

Table 4: Equation of the carbonization influence coefficient of bending-compression stress

However, when the bending-compression stress increases to a certain extent, the concrete in the compression zone will be
almost crushed and the carbonization damage will increase dramatically. Therefore, the carbonization influence coefficient
of bending-compression stress is only applicable within the range of 0% to 60% of the ultimate bending stress level.

Effect of bending-tension load on the carbonization performance of concrete

Fig. 6 shows the analysis of the carbonization depth of concrete with different fly ash contents in the bending-tension
zone with the bending load stress level.

As shown in Fig. 6, the carbonization depth of concrete increased with the increase of the bending load stress level under
all four conditions. The bending-tension stress promoted the entry of CO; into the concrete and aggravated the
carbonization damage of concrete in the tension area.

To quantify the effect of bending-tension stress on concrete carbonization, the carbonization influence coefficient of
bending-tension stress is defined as follows:
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X, ©)

where K;is the carbonization influence coefficient of bending-tension stress, X, the carbonization depth of concrete under
bending load in the tension zone; and X, the carbonization depth of concrete without any load in the tension zone.
Through regtression analysis, the equation describing the carbonization influence coefficient of bending-tension stress and
bending load stress level under different fly ash contents is shown Tab. 5, where K;is the carbonization influence
coefficient of bending-tension stress and S7 the bending load stress level.
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Figure 6: Relationship between carbonization depth in the concrete compression zone and bending-compression load stress level in
different carbonation periods

Fly ash content Fitting equation Correlation coefficient R
0% K, =1.0234¢""%% 0.91
20% K, =1.0266¢"7*" 0.92
30% K, =1.0356¢"7%" 0.95
40% K, =1.0614¢"%" 0.91

Table 5: Equation of the carbonization influence coefficient of bending-tension stress

Tab. 5 shows the exponential relationship between the carbonization influence coefficient of bending-tension stress and
the bending load stress level, which is different from the results of the quadratic polynomial relationship in reference [1l.
This is probably due to the fact that the test materials in the reference were plain concrete blocks and that the research did
not consider the effect of steel bars.

Carbonization influence coefficient of bending tension-compression load

To study the relationship between the bending-compression zone and the bending-tension zone of the reinforced
concrete block under bending loads, this paper analyzed and compared the different mechanical characteristics, crack
development mechanisms and carbonization depths of the two zones under bending loads.
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There were a few initial micro-cracks and pores in the concrete, which were produced during the non-uniform shrinkage
of coarse aggregate. These pores made CO; penetrate the concrete and cause the carbonization damages of the concrete.
When the reinforced concrete was subject to the bending load, cracks first appeared in the tension zone as the load
increased. Meanwhile, the steel bar began to bear part of the tension force. CO> mainly entered and eroded the inner part
of the tension-zone of the concrete component along these cracks. With the increase of the bending load stress, the
neutral axis of the block began to move towards the compression zone, and cracks appeared in the tension zone of the
concrete. As the load further increased, the cracks became wider. This accelerated the erosion of the concrete by CO; and
thus increased the carbonization rate. There were still cracks below the neutral axis, but the tension force in the tension-
zone is mainly borne by the steel bars. At this time, the compression stress in the compression zone also increased. With
the further increase of pressure, the cracks and pores in the concrete were closed, hindering the diffusion of CO; into the
concrete and inhibiting the carbonization of concrete. However, the development of micro-cracks was very weak, and
there was no macro change on the surface of the concrete. Therefore, the carbonization depth of concrete decreased as
the load increased, but the change was relatively gentle.

As the bending stress further increased, the cracks in the tension-zone developed faster. As shown in Fig. 6, the slope of
the curve and the carbonization damage to the concrete tension zone increased significantly under 40%-60% of the
ultimate bending load. Meanwhile, under this load, an obvious crack was found in the middle span of the test block. This
significant crack damage in the tension zone aggravated the diffusion of CO; into the concrete to a greater extent and
made the carbonization more setious. In addition, the curve declined more significantly under 40%-60% of the ultimate
bending load, as shown in Fig. 5. When the strain in the compression zone increased, the concrete in this zone became
mote compact.

However, when the load exceeded a threshold, the tension steel bar began to yield, the cracks in the tension-zone
expanded and went upwards, and the curve of the carbonization depth in this area increased more sharply. The rapid
development of cracks led to the crush of the concrete in the compression zone. This made the CO; erosion more rapid
and aggravated the carbonization damage of the concrete.

To study the relationship between the bending-compression load and the bending-tension load with respect to their
effects on the carbonization damage of reinforced concrete blocks, the ratio between the carbonization depth of the
bending-compression zone and that of the bending-tension zone in the same block was fitted with the bending stress
level, but no significant correlation was found. However, a more stable and accurate relationship between these two
parameters was noticed, so the carbonization influence coefficient of bending tension-compression load is defined as
follows:

Xl‘
LX) @

1
where R, is the carbonization influence coefficient of bending tension-compression load; X; the carbonization depth of
concrete under the bending-tension load; and X,, the carbonization depth of concrete under the bending-compression
load.

The relationship between the carbonization influence coefficient of bending tension-compression load K and the bending
load stress level § of reinforced concrete with different fly ash contents is shown in Tab. 6, where R,. is the carbonization
influence coefficient of bending tension-compression load and  is the bending load stress level.

Fly ash content Fitting equation Cotrelation coefficient R
0% R, =2.66575° +4.61615 +3.3387 1.000
20% R, =2.094557 +4.1555 +3.3189 0.991
30% R, . =0.57155" +4.14455 + 3.3625 0.998
40% R, =2.06665° +5.24145 +3.606 0.988

Table 6: Equation of the carbonization influence coefficient of bending tension-compression load

As shown in Tab. 6, there is a quadratic polynomial relationship between the carbonization influence coefficient of
bending tension-compression load and the bending load stress level. In actual concrete engineering, some parts of the
bending members are difficult to measure. By using the carbonization influence coefficient of bending tension-
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compression load proposed in this study, the carbonization damage degree of the lower part can be derived from the data
obtained from the upper part of the block. This not only makes the operation easy but also ensures the accuracy of the
data. However, it should be noted that the compression zone of the concrete will be crushed and nearly damaged under
high pressure, which will show different carbonization performance from those in the study, so the carbonization
influence coefficient is only applicable under 0%-60% of the ultimate bending load level.

CONCLUSION

affect the carbonization resistance of reinforced concrete under rapid carbonization. In addition, the relationship
between the bending-tension and bending-compression loads with respect to their effects on the carbonization
damage of test blocks was also investigated. The following conclusions are drawn:
(1) There is less coarse aggregate in the reinforced concrete pouring surface than at the same position in the bottom
surface, with poorer compactness and lower carbonization resistance. The effect of the pouring surface is greater than that
without fly ash on the carbonization resistance of fly ash concrete.
(2) When the fly ash content is constant, the bending-compression load has a significant effect on the carbonization of
reinforced concrete blocks. The larger the bending load is, the smaller the carbonization depth will be. The carbonization
influence coefficient of the bending-compression load and the bending load stress level follows a second-order
polynomial relationship.
(3) When the fly ash content is constant, the bending-tension load has a significant effect on the carbonization of
reinforced concrete blocks. The larger the bending load is, the greater the carbonization depth will be, which is typical
under 40%-60% of the ultimate bending load. There is an exponential relationship between the carbonization influence
coefficient of bending-tension load and the bending load stress level.
(4) The carbonization influence coefficient of bending tension-compression load of reinforced concrete under the
bending load is defined. There is a second-order polynomial relationship between the carbonization influence coefficient
of bending tension-compression load and the bending load stress level. In practical engineering, for those parts of the
buildings that are difficult to measure, the degree of carbonization damage can be estimated using the carbonization
influence coefficient. It provides scientific guidance for the detection and evaluation of carbonization damages in concrete
structures.

I n this study, a long-term bending load device was developed to explore how the pouring surface and bending load
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