
1. Introduction

Dams are permanent structures that must be made from highly 

durable concrete. Because they are mass concrete structures 

that are constructed in one continuous build using large amounts 

of concrete, they have a high risk of cracking from both the 

effects of hydration heat produced while the concrete hardens 

and the very large surface area of the structures. Examination of 

the causes of cracks in dam concrete has revealed that plastic 

shrinkage cracking results from rapid evaporation of moisture 

from hydration heat in the initial stage of hardening. Plastic 

shrinkage cracking in concrete is affected by environmental 

conditions such as temperature, relative humidity and wind 

speed, as well as factors such as the internal concrete temperature 

and bleeding. At the time of concrete pouring, loss of moisture 

due to foundational or moulding material and the internal loss 

of water due to surface evaporation during the hydration period 

provide, to a certain degree, the initial stage of binding of the 

concrete surface, and thereby make the occurrence of plastic 

shrinkage cracking possible. When a crack, either internal or 

external, occurs in dam concrete, water permeability increases 

and causes the durability of the structure to deteriorate. This may 

have a serious impact on the safety of dams. Durability rapidly 

deteriorates under environmental conditions such as repeated 

freezing and thawing in winter, abrasions from flowing water 

and repeated drying and wetting from increases and decreases 

of water volume in the summer(Woo et al., 2009). Table 1 lists 

the causes of damage to concrete dams in the USA, Canada, 

Japan and Korea(An, 1998).

The major causes of damage are freezing, water penetration, 

degradation and erosion. Therefore, the durability of dam concrete 

must be enhanced.

One method for reducing crack occurrence and maintaining 

the durability of a concrete dam is to use fly ash, a pozzolan 

material that can retard hydration heat production and add fiber 

as a reinforcing material for the concrete(Lee et al., 1998; Neville, 

1995; Naik et al., 1995; Naik, Singh and Mohammad, 1995; 

Malhotra et al., 1994; Naik and Singh, 1997). The use of fly ash 

retards the hydration reaction in mass concrete and thus inhibits 

temperature cracks from hydration heat production. In the long 

term, the use of fly ash makes the interior of the concrete very 
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dense, thus decreasing the water permeability and improving 

the long-term durability of the structure. As a substitute for cement, 

fly ash also improves the economic efficiency of the structure. 

The addition of fiber significantly reduces the width of cracks 

by inhibiting fiber bridging, debonding, pullout, destruction 

and fracture, and affects other factors that would lead to the 

occurrence and development of various cracks. Fiber therefore 

provides superior resistance against increases in water permeability 

and decreases in durability caused by fine cracks in the concrete. 

A method to improve the durability of concrete-faced rock-filled 

dams(CFRDs) is to add poly vinyl alcohol fiber and pozzolan 

fly ash to the face-slab concrete. These materials provide superior 

economic efficiency and crack control and are used widely in 

concrete structures such as bridge deck slabs, road pavements 

and hydraulic structures. In general, fly ash should be used as a 

substitute for a given amount of cement by weight, and an 

appropriate amount of fly ash improves the durability of concrete. 

Gopalan(1993) studied the change in strength resulting from 

the addition of fly ash. He showed that as the amount of fly ash 

increased, the initial stage strength of the concrete decreased 

from the delay in the hydration reaction due to the pozzolanic 

reaction, but the long-term strength of the concrete improved 

compared with ordinary concrete. Sivasundaram et al.(1991) 

measured the water permeability characteristics of concrete 

with fly ash using an electric charge quantity measurement test 

based on chloride ion penetration. Their results showed that the 

quantity of electric charge passed decreased as the amount of 

fly ash increased. Such a phenomenon is due to an increase in 

resistance to water permeability from the fine powder of the fly 

ash filling the micro-crevices of the concrete. Alhozaimy et 

al.(1996) performed tests on mortar with fly ash added and their 

results showed that resistance to water permeability improved 

as the amount of fly ash increased. Nasser et al.(1992) tested 

the freezing and thawing resistance of fly ash concrete after 

fixing the amount of air at 4-6%. According to their test results, 

20% fly ash content produced the optimal outcome, while 35-50% 

fly ash content lowered the resistance of the concrete to freezing 

and thawing. Yoon et al.(2002) performed durability tests of 

face slab concrete in CFRDS, and their results showed that 

15% fly ash was the optimal level with excellent performance 

in durability. Woo et al.(2009) examined the durability of face 

slab concrete in CFRDs. According to their test results, 20% fly 

ash content produced an optimal outcome in the durability and 

economic efficiency of dam concrete. Woo et al.(2011) also 

tested the durability of face slab concrete in CFRDs. According 

to their test results, 15% fly ash content and a 0.1% PVA Fiber 

provided the most effective outcome for CFRDs.

Thus, polypropylene fiber improves the durability of concrete. 

Arshad et al.(1996) studied the change in tensile strength of 

low, medium and high strength concrete at early ages resulting 

from the addition of polypropylene fiber. They showed that the 

addition of polypropylene fiber increased the tensile strength of 

low, medium and high strength concrete at early ages. Parviz et 

al.(1998) studied the control of plastic shrinkage cracking with 

specialty cellulose fibers. They showed that the addition of 

cellulose fiber increased the resistance to crack occurrence in 

concrete. Won et al.(1999) also studied the shrinkage cracking 

and durability characteristics of polypropylene fiber reinforced 

concrete. According to their test results, a 0.1% polypropylene 

fiber content produced the optimal outcome in durability and 

shrinkage cracking of polypropylene fiber reinforced concrete. 

Woo et al.(2004) studied the improvement of concrete durability 

for concrete faced rockfill dams using poly vinyl alcohol fiber 

which has a hydrophilic property. They showed that a 0.1% 

poly vinyl alcohol fiber content produced better results in 

durability and crack control than that of ordinary Portland 

cement(OPC) concrete and fly ash concrete. During the initial 

stage of hardening, the compressive strength of fly ash concrete 

is lower than that of ordinary Portland cement(OPC) concrete 

because the strength of fly ash concrete develops slowly. There 

is a need to determine the appropriate amount of fly ash to be 

added to face-slab concrete to improve the durability of CFRDs. 

Table 1 Cause of damage in concrete dams

Classification
America

[%]

Canada

[%]

Japan

[%]

Korea

[%]

Overflow 23.7 - 5.3 9.7

Penetration - 6.7 2.6 3.1

Leakage 50 - 10.5 13.1

Erosion 7.9 - 18.4 8.8

Sliding 5.3 13.3 - 6.2

Freezing - 53.3 23.7 25.7

Earthquake - - - -

Degradation and 

Deformation
21.1 - 26.3 15.8

Defect of Execution 5.3 - 2.6 2.6

Damage of Spillway 7.9 26.7 - 11.5

Others - - 10.5 3.5

Total 100 100 100 100
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Because face slab concrete is mass concrete with large sectional 

areas, pouring the slab all at once is, however, impossible. One 

must ensure that the initial strength of the previously poured 

concrete is sufficient to support the new concrete. Therefore, 

the constructability of a dam must be considered along with its 

durability. The primary goal of this study was to establish the 

most effective mixing ratio of fly ash that provides the best 

economic efficiency and long-term durability for face-slab 

concrete used in CFRDs. The studies described above suggest 

that the appropriate level of fly ash was in the range of 0-25%. In 

addition, they also suggest that the poly vinyl alcohol fiber has a 

hydrophilic property and good resistance to crack occurrence as well 

as a number of good results in durability tests of concrete. Thus, 

this study also evaluated the improved crack control and durability 

as a result of adding poly vinyl alcohol fibers to fly ash concrete.

2. Experiment

2.1 Material Properties

Type 1 OPC produced in Korea satisfying the KS L 5201 

standard was used in this study. The physical and chemical 

properties of the cement are listed in Table 2.

River sand and gravel obtained from Kyeonggin-ri, Kyeonbuk, 

were used as the fine and coarse aggregates, respectively; their 

physical properties are listed in Table 3.

The fly ash was produced in Samchunpo and satisfied the KS 

L 5405 standard. Its physical properties are shown in Table 4.

The physical properties of the poly vinyl alcohol fiber, which 

was also produced in Korea, are listed in Table 5.

A high-performance, air-entraining(AE), water-reducing agent 

was used to obtain the target slump and the target air content in 

the concrete. A total of sixteen different mixtures were produced. 

Table 6 shows the mixing ratios of fly ash and blended poly 

vinyl alcohol fiber in the concrete mixtures that were considered 

in the tests. The fly ash was used to retard hydration heat and 

thereby control heat-induced temperature cracks. The amount 

of fly ash ranged from 0 to 15% of the cement by weight. This 

range was selected by considering the required initial-stage 

work strength of the face concrete and the desired economic 

efficiency and constructability of the face slab. A 0.1% blended 

poly vinyl alcohol fiber mixture was used to control plastic 

shrinkage cracking.

Table 2 Physical and chemical properties of cement

Classification
Specific

gravitty

Fineness

[cm2/g]

SiO2

[%]

Al2O3

[%]

Fe2O3

[%]

CaO

[%]

MgO

[%]

SO3

[%]

Loss on 

ignition

Cement 3.05 2,900 21.1 6.5 2.9 62.5 3.3 2.2 1.0

Table 3 Physical properties of aggregates

Type Maximum Size Fineness Modulus Specific Gravity
Water Absorption

[%]

Unit Weight

[kg/cm3]

Abration

[%]

Soundness

[%]

Fine Aggregates - 2.84 2.57 1.76 1.74 - 2.1

Coarse Aggregates 40 - 2.75 0.78 1.77 29.0 2.7

Table 4 Physical properties of fly ash

Classification
Loss on ignition

[%]

Unit quantity of water

[%]

Fineness

[cm2/g]

Specific gravity

[%]

SiO2

[%]

Water content

[%]

ASTM Standard
Less than

6

Less than

105

Less than

2,400

Less than

1.95

Less than

45

Less than

1

Fly ash produced in Samchunpo 3.60 101 3,960 2.25 55 0.20

Table 5 Physical properties of poly vinyl alcohol fiber

Classification
Tensile strength

[MPa]

Elastic modulus

[GPa]
Specific gravity

Elongation at Break

[%]

Length

[mm]

Thickness

[denier]

Type I 1,180 28.4 1.3 9.2 6.0 30

Type II 1,300 32.0 1.3 12.0 12.0 300
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2.2 Test Methods and Procedure

The main objective of this research was to assess and improve 

the long-term durability of face slab concrete in CFRD. To evaluate 

the long-term durability of face-slab concrete, accelerated aging 

tests were conducted in a laboratory to simulate long-term field 

exposure conditions. The accelerated aging conditions were 

examined through compressive strength, flexural strength, 

plastic shrinkage, drying shrinkage, chloride ion resistance, 

abrasion resistance, and repeated freezing and thawing tests.

 

2.3 Compressive Strength Test

Compressive strength tests were performed to evaluate the 

dam concrete in accordance with the KS F 2405 standard. 

Cylindrical specimens with a diameter of 150 mm and height of 

300 mm were initially cured for one day and then cured in 

water at 23± 2℃. Each test was performed on three specimens 

after 28 and 91 days of curing, and repeated twice.

2.4 Flexural Strength Test

Flexural strength tests were carried out according to the KS 

F 2408 standard. These were repeated twice for two samples 

taken from dam concrete after 28 and 91 days of curing.

 

2.5 Plastic Shrinkage Test

The conventional experimental method for measuring the 

plastic shrinkage of concrete is to observe the process followed 

by any cracks formed due to plastic shrinkage by providing a 

constraint so that the restraint stress in the concrete is affected 

by any variation in the constraint, configuration, material or 

environment when the concrete is actually cast. We therefore 

conducted tests in accordance with the experimental method 

used in existing studies to evaluate the plastic shrinkage of dam 

concrete(Fig. 1).

The tests were conducted by observing the crack area when a 

Table 6 Mixing ratio of dam concrete

fck
[MPa]

Gmax

[mm]

Slump

[cm]

Air 

content

[%]

W/B

[%]

S/A

[%]

Fly ash 

replacement  

level[%]

Unit weight[kg/m3]

Mix ID
W C F/A S G AD

PVA fiber

Type I Type II

24 40 6±1.5 4±1.5 47 42

0 154 328.0 0 757 1,119 1.57

0.00 0.00 No.1

0.90 0.00 No.2

0.00 0.90 No.3

0.36 0.54 No.4

0.27 0.63 No.5

0.18 0.72 No.6

0.09 0.81 No.7

0.04 0.86 No.8

15 154 278.8 49.2 752 1,111 1.57

0.00 0.00 No.9

0.90 0.00 No.10

0.00 0.90 No.11

0.36 0.54 No.12

0.27 0.63 No.13

0.18 0.72 No.14

0.09 0.81 No.15

0.04 0.86 No.16

(Plan View) (Side View)

Fig. 1 Experimental apparatus for crack due to plastic shrinkage
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specimen surface was exposed to wind at 4.0-4.6 m/s at a 

temperature of 28℃ and a relative humidity of 35%. Each test 

was repeated twice.

2.6 Drying Shrinkage Test

Many studies have used the specimen shown in Fig. 2 to 

evaluate crack resistance due to drying shrinkage. The crack 

width was examined 42 days after curing at a temperature of 2

8℃ and a relative humidity of 45%.

2.7 Chloride Ion Penetration

This test was carried out according to the KS F 2711 standard 

to measure the quantity of chloride ion penetration. The amount 

of chloride ions that penetrated the specimen after 6 h was 

measured using an electrical indicator. The specimens were 

water-cured for 28 and 91 days. Each test was performed on 

two specimens and repeated twice.

 

2.8 Abrasion Resistance

This test was used to evaluate the change in abrasion resistance 

caused by adding fly ash and blended poly vinyl alcohol fiber to 

the cement mixture. The tests were performed according to the 

ASTM C 779-95 standard, following Procedure B using 

dressing wheels. The 300 mm × 300 mm × 150 mm specimens 

were water-cured for 28 and 91 days. The revolutions of the 

dressing wheels were 56 rpm. The depth of abrasion in each 

specimen was measured after exposure to an abrasive force for 

30 and 60 min. Each test was performed on two specimens and 

repeated twice.

2.9 Repeated Freezing and Thawing

This test was used to investigate any possible degradation of 

the cement-based material exposed to repeated freezing and 

thawing cycles. The freezing of water in mortar capillary pores 

causes an internal pressure that leads to the cracking and 

deterioration of concrete. This is because the water volume 

increases when it turns to ice, creating an expansion pressure 

which can exceed the tensile strength of the concrete. This test 

was used to analyze the effect of fly ash and blended poly vinyl 

alcohol fiber on the resistance of concrete to specific cycles of 

freezing and thawing. It was carried out according to the KS F 

2456 standard. The dynamic modulus of elasticity of each 

specimen after 300 cycles was used as the durability factor.

3. Experimental Results and Discussion

3.1 Compressive Strength Test

The compressive strengths measured in specimens cured for 

28 and 91 days are shown Fig. 3. The test results shows that in 

the case of the 28-day cured specimens, the compressive strength 

tended to decrease in all mixture combinations when fly ash 

and fiber were added. Additionally, in the mixture using 100% 

structural fiber, the addition of fly ash did not have any effect 

with respect to reducing to the compressive strength; however, 

when blended fiber or 100% non-structural fiber was used, the 

(Plan View) (Side View)

Fig. 2 Experimental apparatus for crack due to drying shrinkage

(a) Compressive strength at 28days

(b) Compressive strength at 91days

Fig. 3 Results of compressive strength test
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compressive strength decreased regardless of the addition of fly 

ash. On the other hand, mixing in fly ash and fiber did affect the 

compressive strength in the 91-day cured samples. The analysis 

results shows that the addition of fly ash increased the 

compressive strength, while the addition of fiber slightly 

reduced the compressive strength, but this effect was not 

substantial.

3.2 Flexural Strength Test

The results of the flexural strength test are shown in Fig. 4. 

From the test results, it is difficult to predict the tendency of 

flexural strength change from the addition of fly ash and fiber 

in the 28-day cured specimens; however, based on the measured 

values of the 91-day cured samples, the addition of fly ash and 

fiber was found to have practically no effect on the flexural 

strength.

3.3 Plastic Shrinkage Test

The results of the plastic shrinkage test are shown in Fig. 5. 

From the test result mixtures, when fly ash was not added, the 

No. 7 and No. 8 mixtures showed the best resistance against 

plastic shrinkage cracks; however, when fly ash was added, the 

No. 11 and No. 15 mixtures showed the best resistance. 

3.4 Drying Shrinkage Test

The results of the drying shrinkage test are shown in Fig. 6. 

A drying shrinkage test of surface curtain wall concrete in 

terms of the added quantity of fly ash and the blended fiber 

mixture ratio was performed over 91 days; however, the results 

showed no occurrence of drying shrinkage cracks. The reason 

for this is that the addition of fly ash and hydrophilic blended 

fiber significantly suppressed the occurrence of dry shrinkage 

cracks, and cracks did not occur because the use of a constant 

temperature and humidity room in the dry shrinkage test 

prevented any effect from temperature changes during the test.

In this test, shown in Fig. 6, a small amount of dry shrinkage 

occurred in the mixture using structural fiber, and as the 

non-structural fiber mixture ratio increased, the dry shrinkage 

amount tended to increase slightly.

3.5 Chloride Ion Penetration

The quantity of electric charge passing through the concrete 

was used to estimate its permeability characteristics, but not to 

obtain an exact coefficient of permeability. Specimens were 

water cured for 28 and 91 days. The results are shown in Fig. 7.

(a) Flexural strength at 28days

(b) Flexural strength at 91days

Fig. 4 Results of flexural strength test

Fig. 5 Results of plastic shrinkage test Fig. 6 Results of drying shrinkage test
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From the test results, a much higher resistance against chloride 

ion penetration was seen in the fly ash concrete compared with 

ordinary concrete. Moreover, the fly ash and blended fiber 

mixed concrete showed greater resistance than ordinary concrete 

with the No. 15 and No. 16 mixtures having the best results in 

this study.

3.6 Abrasion Resistance

The results of the abrasion resistance test are shown in Fig. 8. 

Fly ash concrete showed better abrasion resistance than 

ordinary concrete in the 28-day and 91-day cured specimens. In 

addition, the fly ash and blended fiber mixed concrete exhibited 

greater resistance than that of ordinary concrete with the No. 15 

and No. 16 mixtures having the best abrasion resistance in this 

study.

3.7 Repeated Freezing and Thawing

The repeated freezing and thawing test was conducted for 

300 cycles. The average relative dynamic moduli of elasticity 

of the specimens during the test are shown in Fig. 9. The results 

obtained after the 300th cycle were taken as the durability 

factors.

From the test results, fly ash concrete exhibited superior 

freezing and thawing resistance compared to ordinary concrete, 

and concrete with blended fiber added exhibited better resistance 

to freezing and thawing than concrete with no blended fiber 

added. Among the mixtures, the No. 15 mixture concrete had 

the best result in this study.

3.8 Discussions

Based on the above experimental results, it was found that 

the fly ash concrete reinforced by with blended poly vinyl alcohol 

fiber has better cracking resistance and durability performance 

(a) Passing electric charge at 28days

(b) Passing electric charge at 91days

Fig. 7 Results of chloride ion penetration

(a) Abrasion resistance at 28days

(b) Abrasion resistance at 91days

Fig. 8 Results of abrasion resistance

Fig. 9 Results of repeated freezing and thawing test
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results than those of OPC concrete and fly ash concrete in 

cracking resistance and durability performance. Therefore, the 

fly ash concrete with blended PVA fiber is recommended as the 

most effective material for the construction of face slab 

concrete in CFRDs.

 

4. Conclusions

The following conclusions were obtained from this study:

 

1) The amount of plastic shrinkage was the least when the fly 

ash content was 15%. The addition of blended poly vinyl 

alcohol fiber reduced the plastic shrinkage considerably.

2) The chloride penetration test showed that specimens with 

15% fly ash had the best long-term permeability resistance. 

The addition of blended poly vinyl alcohol fiber improved 

the permeability resistance slightly.

3) The abrasion resistance of the specimens was greatest when 

the fly ash content was 15%. The abrasion resistance of the 

blended poly vinyl alcohol fiber-reinforced concrete was 

better than that of concrete without fiber.

4) The freezing and thawing resistance improved slightly as 

the amount of fly ash increased. The addition of blended 

poly vinyl alcohol fiber also increased the resistance. In this 

test, the freezing and thawing resistance was the greatest 

when 15% fly ash was added to the concrete with blended 

fiber.

Based on the results of this study, we conclude that the 

optimal durability and economic efficiency of dam concrete 

can be obtained when the fly ash and blended poly vinyl 

alcohol fiber content in concrete is 15 and 0.1%, respectively, 

and is, therefore, recommended as the optimum mixing ratio 

for face-slab concrete in CFRDs.
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요 지 : 이 논문은 표면 차수벽형 석괴댐(Concrete-Faced Rock-Filled Dam) 콘크리트의 내구성능 개선에 관한 것이다. 댐은 영구 구조물이

며 그 중요성을 감안할 때 충분한 내구성능이 확보되어야 한다. 이 논문에서는 플라이애시와 PVA 섬유를 혼입함으로써 차수벽 콘크리트의 내

구성능을 개선하고자 하였으며, 플라이애시와 PVA 섬유 혼입율에 따른 내구성능 향상 검증을 위하여 기본물성 (강도, 소성수축, 자기수축)을 

포함한 내구성능 검증 실험(염소이온 침투, 마모 저항성, 동결융해 저항성)을 수행하였다. 실험 결과, 플라이애시 15%와 PVA 섬유 0.1%를 혼

입하였을 때 내구성능 개선 효과가 뛰어난 것으로 나타났다. 검증된 차수벽 콘크리트의 현장 적용을 통해 표면 차수벽형 석괴댐의 안전성 및 내

구성 개선에 기여할 수 있을 것으로 판단된다.

핵심용어 : 표면 차수벽형 석괴댐, 차수벽 콘크리트, 내구성, 플라이애시, PVA 섬유




