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SUMMARY 

Land cost escalation in Ban kok metropolitan area have pushed the building 
industry and developers to shift into igh-rise building of 40 to 91 storeys. This new era 
d,emands more advanced building design and construction technology. The obsolete 
design code presently in' use is inefficient and not cost effective for major real estate 
investment. High strength concrete technology has been introduced into the Thai's 
building industry with the expectation of overall cost saving of the project. Major 
cement and concrete suppliers in Thailand have all attempted to develop their own 
formulation of high strength concrete. In so far, the stren hs of these concretes are in 
the range of SO0 to 800 ksc which cost about 4500 to 5 odS baht per cubic meter. The 
expensive ingredients incorporated into the hi strength concrete are microsilica and 
high dosage of super lasticner. These microsi ? ica concretes were generally considered 
to be too expensive. Rewly developed hi strength concrete then emphaszes more on 
the use of fly ash and superplasticizer. 8 o matter what additive is to be used, the users 
need to thoroughly understand the behavior and failure mechanism of these high 
strength concretes prior to its placement in all the high-rise buildings, 

This aper presents the results of an on-going investigation conducted at the King 
Mongkut's 7 nstitute of Technology Thonburi on the mechanical properties and failure 
mechanism of high strength concrete. The stud was focused on the influence of various 
coarse aggregates on high strength concrete. 6 ailure mechmism and the effect of tie 
reinforcement were also investigated. The results indicate that granite commonly 
rovides higher stren h concrete than conventional crushed limestone aggregate and f EasaIt. Also observe is the significant effect of ca ping on the measured strength of 

these concretes. Laferal reinforcement shows no in t! uence on the ultimate corn ressive, 
strength of concrete based on the type of conventional testing machine ava'able f in 
Thailand. However, it is believed that its enhancement is more on the improved ductility 
or post-cracking behavior of the composites, 

INTRODUCTION 

Development of hi h strength concrete first started in 1977 b a task force on E high strength concrete in hicago high-rise buildinks [I]. Then, in 197 d' , an international 
workshop on high strength concrete was orgamed at the University of Illinois at 
Chicago Circle to define and provide direction of research need for the deuelo ment of 
hi strength concrete [2]. The result out of the workshop Ied to the creation o the ACI 
3 t? 3 -committee on high strength concrete. 

P 
The definition of high strength concrete was first set to be any concrete with 

stren h higher than 6,000 psi (400 ksc) [3]. Since *then many high strength concretes t have een used in new high-rise buildin projects. The strength of these concretes gets 
higher and higher. Several buildings in 8 cattle area have used concrete of up to 19,000 

si (1,300 ksc) [4]. The world's tallest reinforced concrete building, the 311 Wacker 
brive, also contains an 850 lcsc hi stiength concrete. In Thailand, designers of many 
new high-rise buildings are consi f ering using high strength concrete in their projects. 
The range of these concrete is about 500 ksc. Since the product is new to Thai en 'neers 
and designers, debate over the cost of these high strength concretes seems to ho ? d back 
the actual implementation of hi h strength concrete in Thailand. Furthermore, many 
designers do not fully understan d the performance of these. high strength concrete. The 
design concept presently in use depends solely on the strength of concrete alone. Very 
little effort was made to thoroughly account for other important sensitive material 



properties. 

Development of high strength concrete lies solely in the hand of cokcrete 
suppliers with very little participation from designers or structural engineers of the 
project. More interestingly, selection of mix proportions and raw materials was based on 
a very low quality assurance process where coarse and fine aggregates were not 
thoroughly evaluated for its suitability. It seems that engineers of most concrete 
suppliers do not have any choices or control over the type and quality of a egates used. 
The mix proportion used, in general, was rather rich in cement content wlt y poor quality 
of aggregates. Problems of uality control at the construction site remain the 

! 9 dominatin factor governs the inal condition of any type of concrete placed. For 
instance, i concrete delivered to the site did not meet the workability requirement, often 
water was added to resolve the problem. Obviously, such a practice is not acceptable 
especially when high strength concrete is to be used in the project. 

Hi@ strength concrete can be produced in many ways. The general principles 
are reducing the water to cement ratio ta about 0.26 to 0.30, and adding pozzolanic 
materials such as microsilica and fly ash. To maintain proper workability, high dosage of 
superplasticizer is added. The key concept is to reduce void in concrete and enhance the 
strength of the matrix. Once the strength of the matrix is improved up to a certain level, 
it is the strength and durability of the aggregate that further overns the performance of f concrete. To achieve high strength concrete of 11,500 to 1 ,000 psi (800 to 1,000 ksc), 
the coarse aggregate plays a major role in the strength development of these high 
strength cement composites. A careful scteening and selection of the type of coarse 
aggregate to be used is often the very first ste taken. As mentioned earlier that this 
critical step does not seem to exist in the mix racrice in W a n d ,  it is then the 
objective of this study to demonstrate the role of coarse aggregate on the 
strength and performance of high strength concrete. ' 

In addition, the role of lateral reinforcement and type of microsilica used on the 
strength development and property of concrete was also investigated. 

EXPERIMENTAL PROGRAM \ 

The hi h strength concrete developed in this study was based on the addition of 
microsilica. &ere were two types of microsilicq used in this study, one in the powder 
form and the other in the slurry condition, The chemical composition of the powder- 

9 ed silica fume is presented in Table I. The amount of microsilica added was 10, and 
1 %. Three types of csarse aggregates, namely crushed limestone, basalt, and granite, 
were used to evaluate the influence of coarse aggregate on the strength of concrete. The 
size of coarse aggregate was also investigated using two sizes (314" and 3/8") from each 

T= of the selected aggregate. More details on the physical and mechanical properties 
o these coarse aggregates can be obtained in Ref@ 3. 

The type of cement used was the standard e I portland cement. The fine 
aggregate selected was the ordinary river sand with a X" neness modulus of about 2.8. The 
water to cement ratio was kept constant at 0.28, All high stren concrete mixes 
contain high dosage of superplasticizer to provide for proper workab' d ity. 

The mix proportions selected in this study can be categorized into one mix of 
normal strength concrete (Mix I) which was used as reference and three mixes of high 



strength concrete (Mix 11, 111, and IV). Details of each mix proportion can be found in 
Table 11. 

Table I Chemical Compositions of Silica Fume Powder 5 p e )  

- 

Table II Mix Proportions 

Mix Proportion (kg/m3) 
Cement Sand Aggr- Water w/c Micro- Admixture 

1 silica 

.Note that the silica fume used in Mix I1 and I11 was the powder type whereas the 
one in Mix IV was in the slurry form. Mix I is a standard mix of normal strength concrete 

) provided by one of the concrete suppliers. 

Mixinn Procedure , 

All coarse aggregates were first washed to remove dust and dirt particles. Dry 
coarse aggregate was then mixed with the fine a egate in the mixing drum until they 
were thoroughly mixed to ether. Cement was zy-mixed with the powder typed silica % b 
fume prior to being adde into the mixer to further mixed with the aggregates. Then 
water with 50% of the superplasticizer dosage was added into the mix. The remaining 
superplasticizer was added into the mixer at a later stage depending on the mix 
condition. The fresh concrete was then tested for its slump and placed in the molds. 

-Workability of high strength concrete is often a problem to new users who are not 
familiar wlth these products and its setting characteristics. However, the use of 
superplasticizer can easily resolve this problem. It should be noted that most 
superplasticizers are usually effective for only about 30-40 min. Beyond that period 
rapid slump loss will take place. 



Test S~ecimeq 

The type of test s ecimens used in this study to evaluate the strength of concrete 
were the standard cylin f ers of the size 6% 12", 4'k 8", and 3% 6". The use of three 
different sizes of cylinders was meant to study the size effect of test specimen on the 
observed strength of concrete. All specimens were cast in the steer mold for 24 hours. 
The specimens were then removed and cured in the lime-saturated water until a day 
before testing. The specimens were then capped with standard sulfur capping 
compound at both ends. For high strength concrete, the same sulfur ca ing was used 
since there were no high strength capping compounds available in Railand. All 
specimens were tested under the conventional hydraulic compression machine for its 
strength at the age of 3,7, and 28 days. 

S~iral  Reinforcement 

It is commonly accepted that high strength concrete is more brittle than normal 
strength concrete. To prevent abrupt catastrophic failure, the ductility of high strength 
concrete need to be im roved. Often, this was done by adding laterai reinforcement. 
Four different pitches o F spiral reinforcement with spacing of 2', 3", 4", and 5" were cast 
in the high strength concrete cylinders. The effect of lateral .reinforcement on the 
strength of these concretes were evaluated and compared with the unreinforced high 
strength concrete. 

RESULTS AND DISCUSSIONS 
\ 

Failure Characteristics 

High strength concrete generally fails in an abrupt explosive manner. The higher 
the stren h of concrete: the larger the amount of energy stored in the s ecimen prior to . 
failure. ? n a manual load-control testing system such as the one use a in this study at 
KMI'TT, the sudden release of the stored ap lied energy caused the specimen to split 
apart and failed under lateral tensile stress. h e  plane of failure was typically straight 
vertical, cutting through a egate, The remains of the test specimen were a few pieces 7 of vertical concrete strips. n some other cases, the failure plane sometimes occurred in 
an inclined angle similar to the typical shear cone except that the fracture plane slides 
through each other so fast that crushed concrete powder was found along the fracture 
plane. This type of failure usually came with an explosion of the sample. Often the 
remains were sunply the top and bottom cones of the specimen. 

Abrupt explosive failure usually takes place in the concrete samples with 
compressive stren h greater than 600 ksc. However, in some cases, when sulfur capping 
was too thick, it o Pr' en created premature failure due to local crushing of sulfur capping. 
As a result, the observed ultimate failure strengths were lower than what was su posed R to be. Under this instance, the specimen often sustained damage only at around t e end. 
To prevent this type of irregularity, su port fixture of the compression machine may g have to be modified into a so-called rushed sup ort. Furthermore, high strength 
capping compound is certainly needed to ensure relia g le test results. 

The rate of loadin obviously plays an important role on the measured strength of 
the concrete samples. Jnfortunately, most commercially available testing machines in 
Thailand have no accurate closed-loop system for test control. The accuracy of the test 
results were then at the mercy of the testing technicians who operate these testing 



machines at each laboratory. In addition, there was no means of obtaining the whole 
load-displacement curve or stress-strain curve of each concrete sample and the only 
number obtained from each of the tested sample was the magnitude of the ldtimate 
applied load which will later be converted into the compressive strength. 

All test results on the compressive stren th of both the normal strength and the fi high strength concretes are tabulated in Table f . Each of these data was an average of 
the results from at least three consistent samples. The age, e and size of aggregate 
were also clearly presented. While some of these results seem ?I' uctuated, this can mostly 
be attributed to the effect of capping which often failed first. It was clearly observed 
during the course of this study that if the strength of concrete is higher than 600 ksc with 
a good quality capping the specimen tends to explode into pieces. 

Table III Compression of Normal and High Strength Concrete 

- 
qix 
'lo. 

1 
1 
1 

2 
2 
2 

3 
3 
3 

4 
4 
4 - 

Normal 
Normal 
Normal 

High 3 
High 7 
High 28 

3 

High 28 

High 7 High 1 

- 

Compressive Strength (ksc) 

Granite Limestone Basalt 
3/4" 3/811 3/4" 3/8" 3/4" 3/8" 

To help digestin the information presented in Table 111, several comparisons % were made to evaluate t e effect of ag e ate size, the type of aggregate, and the type of 
microsilica, on the compressive strengt $ o !! both normal and high strength concretes. 

Influence of Aetareimte ' b e  

Figs. 1 shows the strength development of normal strength concrete obtained 
from three different types of aggregate, namely, granite, basal6 and limestone. The 
point-load-strength index of these aggregates are 139,192, and 60 ksc for granite, basalt, 
andlimestone respectively. In general, granite was re rted to provide a higher strength El concrete than basalt and crushed limestone [41. e results presented in Fig. l b  
indicates that for the 314" aggregate granite provides the highest compressive strength, 
with 17% stronger than limestone and 35% stronger than basalt. Limestone aggregate 
in normal strength concrete performs better than basalt. A visual investigation on the 



physical composition of basalt found a significant amount of impurity, mostly shale 
particles, mrxeda in with the grain of basalt. It is believed that these weak shale 
components cause the early failure of the concrete matrix. For the smaller size of coarse 
aggregate (3/8")(Fig. la), the same conclusions can be drawn except that there was not 
significant variation between granite and limestone concrete. Basalt concrete, on the 
other hand, remains to be the weakest. 

Fig. la 

Fig. l b  
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Fig. 1 Effect of Coarse Aggregate on Normal Strength Concrete 
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Figs. 2,3, and 4 shows the influence of apegate on the strength development of 
high strength concrete. Fig. 2 and 3 are from MJX I1 and III which contain 10 and 12% of 
the powder- ed microsilica, respectively. Fig. 4 is for Mix IV which has 12% of the 
slurry-typed 7! si ica hme. With 10% microsilica, the strengths of concrete shown in Fig. 2 
for both the 314" and 3/8" ag regates are in the range of 500 to 700 ksc. The granite 
concrete of 314" aggregate s ff ows a significant strength development as compared to 
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basalt and limestone concrete of the same size. The 318" aggregates, on the other hand, 
do not indicate any variation due to aggregate type. It should be noted that in Fig. 2b the 
strength of granite concrete at 28 days is lower than the Fday value. This is.primarily a 
variation which resulted from the local damage of capping that subsequently caused the - - -  - 

ovkrall failure of the test specimen. 
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The stren th of concrete obtained with the addition of 12% microsilica is in the 
range of 700 to I! 50 ksc which is roughly about 200 ksc (20 to 40% increase) stronger 
than the one with 10% microsilica. Occasionally, the cap ing failure caused a lower 
concrete strength at 28 days (data designated with ???). I! general, the strength at 7 
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days represents the stren th development of up to 85% of the ultimate compressive 
strength of the concrete. !tapid strength gained d g the first 7 days of high strength 

% W" concrete as shown in Fi . 3  and 4 can be quite bene cia1 to thq overall cost saving of the 
construction pro'ect. 0 viously, en 'neers and desi ers involved with any high strength d d r concrete relate construction nee to clearly un erstand these performance so that 
proper adjustment of the construction process can be made. The design and 
construction practice that relies solely on the 28-day stren~th of concrete is certainly 
inadequate to take the advantage on these enhanced propemes of concrete. 

Fig. 3 Strength Development of Mix IIl High Strehgth Concrete 
with 12% (Powder) Micrusilica 

40 

900 

800 - 
700 - 
600 - 
500 - 
400 - 
300 - 
200 - 
100 - 
0 

'r i 

AGE ( 3 ~ s )  

f-====. 
+ GRANITE. 3 / 6  

V BASALT 3/8" 
A LIKSTONE 3/8" 

mii STRENGTH CONCRETE MIX 3 

I I I I I I I 

0 10 20 30 

900 

- 

800 - 
700 - 
600 - 
500 

4.00 - 
300 - 
200 - 
100 - 
0 

a C R M T C .  3/*" 

X BASALT 3/4" 

o LIMSTONE 314" m 
HIGH STRENGTH CONCRETE MIX 3 

I I I I I I I 1 
0 10 20 50 4.0 

ACE !SAYS) 



900 

700 

600 

500 

400 

300 - 
200 - 

Fig. 4 Strength Development of Mix IV High Strength Concrete 
with 12% (Slurry) Microsilica 
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A gre ate size was reported to have influence on the strength of high strength 
concretef6]. !hg. 5 compares the effect of aggregate size on the strength development of 
granite concrete. It can be seen that 3/4" aggtegate performs better than 3/8" aggre ate 
both in normal strength concrete as well as in hi strength concrete matrices. h e  
differences in both cases are about 14%. Fig. 6 s f' ows the effect of aggregate size of 
basalt on high strength concrete. Hardly any difference was observed between the 3/4" 
and 3/8" aggregates. However, for limestone aggregate s h m  in Fig. 7, the aggregate 
size effect is quite significant. The 318" limestone gives a 14% higher strength than the 
3/4" aggregate. The question on which size of aggregate will be more suitable for the 
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development of hi@ strength since there are 
many factors affectmg the stren h of The major factor is 
probably the bond stren h o the aggre interfacial bond r strength depends not on y on the size of aggregate. 
Limestone which is rich in calcium oxide may be more reactive to 
microsilica and cement paste than basalt. Depending on the strength of the matrix, the 
size of aggregate may have different role. If the matrix is stronger than the aggregate 
such as in the case of limestone, the size effect is more pronounced. This is because the 
weak aggregate will behave as a weak link to the system. As a result, the larger the 
particle, the weaker the overall system becomes. On the other hand, if the aggregate is 
stronger than the matrix such as in the case of basalt and granite, the presence of 
aggregate strengthens the cement composites. Therefore, the effect of aggregate size 
may not have a clear influence as in the case of basalt. 
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Fig. 6 Effect of Aggregate Size on the Strength otBasalt Concrete 
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that any local defect in the specimen will occur.'Table IV svmmarizes the test results of 
h i p  strength concrete using three different sizes of test cylinders, 3% 6", 4'51 8", and 6"x 
12'. Although some variation exists, a general trend indicates that the larger test 
cylinder provides a more reliable test results. The 4% 8" cylinder provides a very 
consistent test results and may be used as a smaller standard test specimen than the 6% 
12" cylinder. One major advantage for this selection is probably that the applied load is 
lower and the energy released at failure will not cause any damage to the testing 
machine. To thoroughly understand the size effect on the of concrete, one 
needs to consider the fracture behavior of concrete of fracture 
mechanics. For the sake of brevity, these will not be 
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Fig. 8 E f f i  of Microsilica on High Strength Concrete 
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Table IV Compression of High Strength Concrete with 
Different Size of Samples 

Effect of Spiral Reinforcement 

Mix 
No. 

3 
4  

3  
4  

To enhance the brittle behavior of high strength concrete, lateral reinforcement is 
often provided. The presence of lateral reinforcement in concrete in many instances 
alters the mechanical pro erties of the cement matrices. In this study, four different 
spirals were cast in the hig ! strength concrete specimens and were tested for its strength 
improvement. Table V summarizes the test results obtained from providing different 
amount of lateral reinforcement to the high strength matrices. It is interesting to note 
that, in general, specimens with no spiral reinforcement perform better than those with 
lateral reinforcement. The failure behavior of the tested sample shows that at peak load 
the energy released from only the cover leaving only the reinforced core to further 
sustain the applied load. For unreinforced cylinders, the energy released from the whole 
specimen and the failure results to a total collapse of the specimen. The influence of 
spiral reinforcement do not improve the ultimate load of the non-reinforced high 

""8" matrix. However, a closer pitch of spiral provides a stronger reinforced core 
and t erefore results to a higher post-cracking load carrying capacity. Fig. 9 shows the 
effect of s iral reinforcement on high strength concrete tested at the New Jersey 
Institute of % ethnology [I. The results indicated that lateral reinforcement provided by 
steel hoop at a pitch distance of 1, 2, and 3 inches significantly enhanced the post- 
cracking or ductility of the high strength concrete. The closer the hoop reinforcement, 
the more ductile the concrete becomes. Unfortunately, under the existing testing 
facilities available at KMIl'T or at most concrete laboratories in Thailand, there are no 
modern testing machines which can be used to obtain such type of test results. 

Agg. 
Size- 

3/4"  
3 /4"  . 
3 /8"  
3 /8"  

Compressive Strength at 28 Days (ksc) 

Granite 
Cylinder (in.) 
3x6 4x8 6x12 

657 823 845 
7 0 1  738 804 

905 794  8 2 1  
773  8 9 1  8 7 1  

Limestone 
Cylinder (in.) 
3x6 4x8 6x12 

517 617 572 
710 788  7 1 9  

520  509 707 
733 916 820 

Basalt 
Cylinder (in.) 
3x6 4x8 6x12 

455 549 793  
476 7 4 5  696 

717 750  755  
628 7 1 6  702 



Table V Compression of High Strength Concrete 
with Different Spiral Pitch 

Aggregate 
Type 

Compressive Strength at 28 Days (ksc) 
Spiral Pitch (in.) 

2 3 4 5 No Spiral 

v & I 

0 0.aOti 
STRAIN (%)IN) 

Fig. 9 Effect of Lateral Reinforcement on High Strength Concrete 



1 CONCLUSIONS 

From this investigation, the following conclusions can be drawn: 

Coarse aggregate plays a crucial in the strength development of high strength 
concrete. Granite provides the strongest concrete as compared to limestone and 
basalt. 

The size of aggregate has certain degree of influence on the strength of concrete. 
For granite a gregate, 314" aggregate gives higher strength concrete than the 318" 
aggregate. 8 n  the contrary, for limestone concrete, 3/8" aggregate performs 
better than 3/4" one. . 

Capping defects have a strong influence on the measured compressive strength of 
high strength concrete. 

Sluny type of microsilica seems to produce higher strength concrete than the dry 
powder type one. 

The size of test cylinder also affects the observed stren h of high strength 
concrete. The larger size of test cylinder (4% 8" and 6"x 12" gives more reliable 
result than the 3% 6" cylinder. 

. !? 
Lateral reinforcement does not enhance the ultimate compressive strength of the 
high strength concrete. However, the presence of lateral reinforcement 
significantly improves the ductility of the high strength cement composites. 
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