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T-shaped piers of the Hanshin Expressway in Osaka have deteriorated as 
a result of alkali-silica reaction(ASR). It was decided that some model 
tests should be carried out to evaluate the sofety of existing deteriorated 
strucLures (Blight 1983), (Poitevin 1983). 

I 11 Lhis study, a total of 26 model reinforceJ concrete beams were 
f,1liri"1Lcrl by using th2 sal!le aggregate as that in the deteriorated 
s1.r11, 1111 , •. The effL'ct r,f steel ratio and arrangement of steel bars on 
'''l"""·i,,n ,11:rl dcle1 iorati0'1 due to ASR, and the static and dynamic behaviors 
of" LI\(' d{·L<.•r i oralcd !H.:ams ':Jere invesl i gated. 

!..,_ Olfl'LINE OF TilE TESTS 

The test program was divided into two parts . l n Part I the effect of 
steel ratio and arrangement of steel bars on deterioration was examined, and 
the specimens after the expansion due to ASR reached the given value were 
tested under static loading. The specimen had a dimension of 15xl5xl 70cm . 
The steel ratios and arrangement of stee l bars are listed in Ta bl e 1. 
Concrete mixes Nl and Al as listed in Table 2 were used in Part I as normal 
and ASR concrete r espectively . Crushed gravel(Bronzite Andesite) produced in 
Teshima Island was used as the reactive coarse aggregate . In order to 
accelerate the reaction, surplus alkali(NaOH) was added in each mix , and the 
specimens of ASR concrete were cured under the accelerated condition of 40°C 
and R.H . 100% after curing for two weeks at 20°C. The expansion of the ASR 
specimens was measured by electric strain gauges attached to the 
longitudinal bars and the stirr u ps. In the sta t ic loading test, 
symmetrical two point loading was adopted as illustrated in Fig.I, in which 
the shear span effective depth ratio (a/d) was chosen to be 2. 5. The load 
was app l ied to the speci men monotonically up to its design value defined in 
such a way t hat the ca l c ul ated steel stress became 1800kgf/cm 2 , and wos 
unloaded and then re l oaded up to failure. At each load increment , mid span 
deflection and steel s t resses were measured . 

I n Part II static and fatig ue behaviors of reinforced concrete beams 
whic h had the same dimension as that in ?art I were investigated. The steel 

126 



Assessment and Repair of Damage to Concrete 127 

Table 1 Details of Specimens and Test Results 

talsion steel ~ressicr, steel stitr\4> ult1.11111te load desigl type of 
Part Beam IW( Ao ?i) As' pl' . (J) test cal . load failure 

{J) (en) {t) {t) {t) 

11A A1 2016 1.20 2010 0.4J 10 o.3 14.50 10.66 4.85 f 

12N N1 2016 1.20 2010 0.43 15 0.2 13.65 11.04 4.85 s 
I2A A1 14.65 10.66 f 

IJN N1 2019 1.74 2010 0.43 10 o.3 20.00 18.87 6.87 f 
IJA A1 19.05 15.12 f 

I 
I4N N1 2019 1.74 2010 0.43 15 0.2 20.15 18.87 6 . 87 s 
I4A A1 18.30 15.12 f 

!SN N1 2013 0. 77 2013 0.77 10 0.3 6.25 5.55 3.16 f 
ISA A1 6.00 5.19 f 

ISN N1 2016 1.20 2016 1.20 10 0.J 13.75 11.04 4.83 f 
ISA A1 13.50 10.53 f 

IINO N2 13. 75 10.08 4.85 f 

IICO A2 13.75 9.85 4.85 f 
II 1180 A2 2016 1.20 2010 0.43 15 0.2 13.30 9.83 4.85 f 

IIAO A2 13.15 10.07 4.85 f 

1150 Al 12.50 9.63 4.85 F 

note1 In the calculation of ultimate load, measured values of ccncrete strength(Table J) and 
yield strength of steel were used. 

F1 flexural failure due to yielding of steel bar, S1 shear failure 

150X11 1650 200 

~ 
Table 2 Details of Concrete Mixes 

10 6 16 

412 .5 695 
700 

Di! 
Fig. 1 Specimen and Arrangement of 

Reinforcing Bars 
ratio and arrangement of steel bars were the 
same as Beam 12 in Part I. Four levels of 
deterioration were chosen so that measured 

Part series ffllx coar98 total additional 
aggregate eq.alkali alkali 

I N1 normal• 6.Cl<g/•J Na()l 
A1 reactive•• 6.0 Na()l 

N N2 normal 6.0 NaCl 
II C,8,A A2 X-:!~tive 6.0 NaCl 

SA Al 8.0 NaCl 

note:ln all mixn, W/C•SO%, S/a:a:44%, W-176kg/m3, 
max.size of aggregate;2()n 

• l TakatSlJ<i crushed gravel 
u rTeshill'la crushed gravel(Bronzite Andesite) 
**•imixture of normal and reactive aggregates 

(the mixture ratio==1 r1) 

stirrup strain became about 500, 1000, lS00xl0-6 and the maximum value for 
C, B, A and SA series respectively. Concrete mixes N2, A2 and A3 in Table 2 
were used. Mixes N2 and A2 were almost the same as Nl and Al respectively, 
but NaCl was used as additional alkali in Part II, and the sampling time of 
the reactive aggregate was different. In mix A3 nearly the pessimum content 
of the reactive aggregate and more additional alkali were used to attain the 
most deteriorated level. The specimens which attained the given level of 
deterioration by accelerating curing were tested under static and dynamic 
loadings. The span and a/d ratio were the same as those in Part I. In the 
static test, five repetitions of loading from zero to the maximum load, in 
each step, were applied to the specimen. Five steps were set so that the 
maximum load in each step was varied at an equal increment from the design 
load (4.85t) to calculated ultimate load for Beam IIC(9.85t). In the 
fatigue test the minimum load was lt and the maximum load was determined by 
the same manner as that in the static test. In each step 105 repetitions of 
loading were applied to the specimen. When the specimen did not fail in the 
final step, the test was followed by an additional step at a higher maximum 
load increased by lt. Deflection of the beam and strains of longitudinal 
bars and stirrups were measured in both tests. 

b_ TEST RESULTS AND DISCUSSIONS 

Fig.2 shows, as an example, the strains measured at the middle of the 
longitudinal bars and the stirrup after the age of 14 days. Cracks due to 
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Table 3 Properties of Concrete 
2 utlt.kgf/cm 

Part series mix ~ressive tensile 
:r~(x104) strength strength 

I 
., 4061,ool 20., 111l0l 29.9),ooj 
Al 241 59 14.2 51 10.1 JJ 

N N2 
SOJ!HII! 40.01100! JJ. 71100! C A2 418 BJ 26.e 67 28.1 83 

II 8 A2 422 84 24.9 62 29.8 88 
A A2 500 99 26.8 67 24.2 72 
SA Al JS2 70 19.4 49 12.8 J8 

( )i ratio of ASR corcrete to normal concrete(:l} 

ASR were observed about two weeks 
after accelerating curing, when 
the measured strain of the 
longiLudinal bar reached about 
200xl0-6. The cracks due to ASR 

-o- stirrup 
2500 -o- compression steel 

-b.- tension steel 
2000 

~ .. 

"' I 
0 

'; 100 

time(day) 
100 

Beam I ISO 

,.., 

Fig,2 Relationship between Strains of 
Reinforcing Bars and Time 

occur red first along the longitudinal bars, and then also along the 
stirrups. Thereafter new cracks in another directions developed from the 
above cracks. AfLer 50 days of accelerating curing, the rate of expansion 
decreased gradually, and the expansion became approximately constant at 100 
days . Longitudinal strains were signifficantly affected by degree of 
constraint (steel ratio pl), being 1532-1648xl0-6 for pl=0.43%, 1053-
1279xl0-6 for pl=0.77%, 715-975xlo-6 for pl=l.20% and 638-65lxl0-6 for 
pl=l.74% at the age of 153 days irrespective of compression and tension 
steel. Similar inclination was observed in lateral strain which was l 744-
1859xl0-6 for pv=0.2% and 1120-1540xl0-6 for pv=0.3%. 

Concrete properties for the beam test are listed in Table 3. In Part 
J, compressive and tensile strengths and Young's modulus of Al concrete were 
apprt1x imately 60%, 50% and 30% of normal concrete respectively. In Part II, 
I.Ire r,•duction of concrete properties rlepenJed on the levels of expansion, 
;i11d I lie level of deterioration of AJ concrele was considered to be similar 
l" 1 li;,L oC A I concrete in Part I. 

. The compressive sLress introduced Lo the specimen (chemical pres tress} 
"' l';irt 1 by constrai.nt cf expansion due to ASR was approximately 40kgf/cm 
I or "l..l Lhe spec i.mens, and i.t was scarcely affected by arrangement and steel 
raL i o of reinforcing bars. In Part JI the pres tress al the bottom fibers 
was 11, 1 7, 26 and 52kgf/ c m2 for C, B, A and SA series re spec ti vely. 

The reduction in load bearing capacity of the memh~rs deLerioraLeJ by 
ASR was expected especially for shear in the members wiLh a lower web steel 
ratio when the test was programmed (Wood 1983), and Lhen web steel ratio pv 
was chosen to be 0.2% (minimum requirement for shear) and 0.3%. The ulti
mate load bearing capacity of the ASR specimen obtained from the experiment, 
however, was almost the same as, or slightly less than that of the specimen 
of normal concreLe. The failure of the ASR specimen was determined by yiel
ding of main reinforcing bar and crushing of concrete both in Part I and II, 
while shear failure occurred in two normal specimens 12N and I4N in Part I. 

The crack pattern of the specimen after static loading test is shown in 
Fig.3. In ASR specimens there were not as many cracks due to loading in 
flexural span as in the normal concrete specimens. Then in shear span 
significant diagonal cracks such as are found were not observed in the ASR 
specimens, probably because the prestress due to the ASR expansion enhanced 
the shear strength more than the reduction of shear strength due to 
deterioration. 

Fig.4 shows the relationships between load and mid span deflection. 
The reduction of Young's modulus and tensile strength of the ASR concrete 
cylinders as listed in Table 3 suggests to decrease the rigidity at the 
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Table 4 Results of Fatigue Test 
series beam max.load no.of cycles failure 

(t) to failure• ocx:urred at 

N IIN1 10.85 28500 " IIN2 10.85 17400 s 

C 
nc, rn.es 49800 " IIC2 10.85 72000 " 

8 II81 11.85 5000 " IIB2 10.85 100000 " 
A IIA1 10.85 26800 " IIA2 ,a.as 41700 " 

SA us, 9.85 65000 " !152 9.85 58600 " 
Fig.3 Crack Pattern after Static Test 

•:nL.ffl:ler of cycles in the step of the maxi.mun load at 
which the specimen failed. The specimen had been 
already sl.Ojected to 100000 cycles of loading in 
each step. 

flhflexural span, S:shear span 
All the specimens failed by breaking of steel bar. 

20 

:;- ,, 
'-10 10 ~ 

0 ,, 
~ 
0 

0 0 0 5 
mid span deflection (mm) 

Fig.4 Relationship between Load and Mid Span Deflection 

whole loading stage and the cracking strength of the beams. On the other 
hand the chemical prestress introduced by ASR expansion increased the 
cracking strength, and in addition the properties of the core concrete 
subjected to three dimensional constraint should be less deteriorated than 
those in Table 3 which were obtained with unconstrained specimens. The 
deflection of the ASR specimen in Part I was similar to that of each 
coresponding normal concrete specimen at a load stage prior to cracking, and 
the former was rather small than the latter after cracking as shown in 
Fig.4. The same inclination was observed in series SA of PartII, but the 
deflection of series A, Band C specimen was slightly greater than that of 
IINO one. 

The relation
ships between load 
and stirrup strain 
obtained in Part II 
are shown in Fig.S. 
Since marked diago
nal cracks did not 
occur in the ASR 
specimens because of 
the chemical pre-
stress, the stirrup 
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Fig.5 Relationship between Load and Stirrup Strain 

strain of the ASR specimen was remarkably less than that of IINO specimen. 
The results of the fatigue test are listed in Table 4. The crack 

width, the mid span deflection, the strains of longitudinal bars and stir
rups are shown in Figs. 6, 7, 8 and 9 respectively. In all the series the 
specimen failed hy breaking of main steel due to fatigue. The crack patterns 
after fatigue test were similar Lo those after the static test. The crack 
width did not increase remarkably with re~~~ition of loading except IICl 
specimen. The deflection as well as the c,ack width of IICl specimen 
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increased suddenly in the second step, but there was no significant differe
nce in fatigue life. The number of cycles to failure of the ASR specimen 
was greater than that of the normal concrete specimen probably because the 
stress range of steel bar decreased by the chemical prestress as shown in 
Fig.8. The stirrup strain of the ASR specimen decreased with the level of 
expansion. As the result, deterioration due to ASR was not directly related 
to the reduction of fatigue properties of the specimen, but in some of the 
ASR specimen compressive strain increased with load repetitions. 

1,_ CONCLUSIONS 

The following conclusions may be drawn . 
(1) A decrease of the static load bearing capacity due to alkali-silica 
reaction was not observed. 
(2) Compressive stresses of 20-40kgf/cm 2 were introduced to the concrete of 
the ASR specimen by constraint of expansion due tu reinforcement. 
(3) The diagonal cracks observed in the normal concrete specimen could not 
be clearly observed in the ASR specimen. 
(4) Deformational behavior of the ASR specimen was almost the same as that 
of the normal concrete specimen, although marked potential surface cracks 
due to the reaction were observed. 
(5) Fatigue failure was caused by breaking of main reinforcing bars in all 
the specimen, and the fatigue life was not affected by ASR. 
(6) Slight increase of bending compressive strain in some of the ASR 
specimen with increase of load repetitions was observed. 
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